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The Letter from the Editor

Yutaka Tsuji
Editor-in-Chief

KONA No.22 (2004)

It is my pleasure to issue KONA Number 22. KONA is an annual jour-
nal and thus it is printed once a year and distributed through the KONA
web site. Paper-base KONA is also distributed to libraries although the
number of paper-base KONA is limited. The season when you see the
new volume of KONA is usually winter. Winter, particularly late Decem-
ber or early January, is the time to make general views of the year. Look-
ing back over the year 2004, I really feel that unfortunate or sad things
have happened far more than fortunate or glad things. The world of par-
ticle technology is not an exception. In September, Prof. Brian Scarlett,
the world giant of particle technology, passed away. This sad news has
spread all over the world. In Japan, we lost Prof. Kei Miyanami who was
the editor-in-chief KONA from 1991 to 1999. Prof. Miyanami, 68, passed
away on September 24th. He died of cancer. With numerous services ren-
dered by both professors, we offer this token of our deepest sympathy.

Let me briefly describe Prof. Miyanami and his achievements. After
graduating from the University of Osaka Prefecture in 1959, he was
working at the Central Research Laboratory of Hitachi, Ltd. In 1965 he
returned to work at the Department of Chemical Engineering of the uni-
versity that he graduated from. His research areas were powder mixing,
granulation and coating. He is well known as an expert of measurements
of powder processing. Long time ago when computers were not so much
developed as today, he was already very skillful to use computers for
measurements. A unique optical sensor for powder mixing was devel-
oped in his laboratory. Many valuable experimental and theoretical
results have been presented by himself and his group. Later, his main
interest turned to environmental problems like management of waste
and garbage processing. He filled various important roles in committees
concerning these problems. Another feature of his activities that we
know is his close and good relation with the Korean community of parti-
cle technology. His presence was very meaningful in that the Japanese
community of particle technology has been able to develop good relation
with Korean researchers and engineers. His contribution to KONA
journal was great. He was respected as an excellent editor and liked by
everyone who knows him because of his warm personality.

Besides these personnel losses in particle technology, many unfortu-
nate things happened in 2004. In Japan, we suffered natural disasters
such as typhoons and earthquakes. In the world, bad news and tragedies
are countless. If we try to take an example of few good things, we might
say that Japanese economy is becoming a little better. Powder industries
receive this benefit and have been revitalized in 2004. I hope that this
trend will continue and grow more in 2005.
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HISTORY OF THE JOURNAL

KONA journal has been published by the Council of Powder
Technology, Japan. (CPT), from No.1 to No.12 issues, under the
sponsorships of Hosokawa Micron Corporation (No.1 to No.9)
and Hosokawa Powder Technology Foundation (No.10 to No.12).

The CPT has been established in 1969 as a non-profit organiza-
tion to enhance the activities of research and development on
powder science and technology in Japan under the sponsorship of
Hosokawa Micron Corporation. In 1983, the CPT has decided
to issue an international journal named “KONA”, which publishes
the excellent articles appeared in Japanese journals concerning
powder science and technology, after translated into English,
throughout the world. After the seventh volume issued in 1989,
the CPT has changed its policy to internationalize the “KONA”
from the 8th issue (1990) and on by incorporating the monographs
originally written in English from the authors throughout the
world. Immediately, the present editorial board including Asian,
Americas’ and European Blocks has been organized.

From the 13th issue and on, the Hosokawa Powder Technology
Foundation has taken over the role of KONA publisher from the
CPT in 1995 (No.13) and the Foundation has entrusted the editor-
ial duty to the present KONA editorial board organized by the CPT
without requesting any shift in our present editorial policies. This
switching of publisher has been simply and only to make the aim
and scope of the Foundation definite. Essentially no change has
been observed in continuously editing and publishing this journal
except in the designation on a part of the journal cover.

AIMS AND SCOPE OF THE JOURNAL

KONA Journal is to publish the papers in a broad field of
powder science and technology, ranging from fundamental princi-
ples to practical applications. The papers discussing technological
experiences and critical reviews of existing knowledge in special-
ized areas will be welcome.

These papers will be published only when they are judged, by
the Editor, to be suitable for the progress of powder science and
technology, and are approved by any of the three Editorial Com-
mittees. The paper submitted to the Editorial Secretariat should
not have been previously published except the translated papers
which would be selected by the Editorial Committees.

CATEGORY OF PAPERS

e Invited papers
Original research and review papers invited by the KONA
Editorial Committees.

e Contributed papers
Original research and review papers submitted to the KONA
Editorial Committees, and refereed by the Editors.

e Translated papers
Papers translated into English, which were previously publi-
shed in other languages, selected by the KONA Editorial
Committees with the permission of the authors and / or the
copyright holder.

SUBMISSON OF PAPERS
Papers should be sent to each KONA Editorial Secretariat.
e Asia / Oceania Editorial Secretariat
T. Kawamura
Hosokawa Micron Corporation Micromeritics Laboratory 1-9,
Shoudai Tajika, Hirakata 573-1132 JAPAN
e Europe / Africa Editorial Secretariat
Dr. P. van der Wel or Mrs. P. Krubeck
Hosokawa Micron GmbH
Welserstr. 9-11, 51149 Koln
P.O. Box 920262, 51152 Koln
GERMANY

KONA
GENERAL INFORMATION

e Americas Editorial Secretariat
D.A. Scott
Hosokawa Micron International Inc.
10 Chatham Road, Summit, NJ 07901 USA

PUBLICATION SCHEDULE
KONA is published once a year.

SUBSCRIPTION

KONA is distributed free of charge to senior researchers at
universities and laboratories as well as to institutions and libraries
in the field throughout the world. The publisher is always glad to
consider the addition of names of those who wish to obtain this
journal regularly to the mailing list. Distribution of KONA is made
by each Secretariat.

Free electronic publication of KONA is available in
http://www.kona.or.jp

INSTRUCTIONS TO AUTHORS
(1) Manuscript format

e Two copies should be submitted to the Editorial Secretariat, in
double-spaces typing on pages of uniform size.

e Authorship is to give author’s names, and the mailing address
where the work has been carried out on the title page.

e Abstract of 100-180 words should be given at the beginning of
the paper.

e Nomenclature should appear at the end of each paper.
Symbols and units are listed in alphabetical order with their
definitions and dimensions in SI units.

e Literature references should be numbered and listed together
at the end of paper, not in footnotes. Please give information
as in the following examples:

1) Carslaw, H.C. and J.C. Jaeger: “Conduction of Heat in

Solids”, 2nd ed., Clarendon Press, Oxford, England (1960).
2) Howell, PA.: US Patent, 3,334,603 (1963).

3) Rushton, J.H., S. Nagata and D.L. Engle: AIChE]., 10. 294

(1964).

4) Seborg, D.E.: Ph.D. Dissertation, Princeton Univ., N.J., U.S.

A. (1969).

Original figures with each single copy should be submitted, on
separate sheets. Authors’ names and figure numbers are
marked in the corner.

Figure numbers and captions are listed on a separate sheet.
Place of figure insertion is to be indicated in the margin of the
manuscript.

Tables should be typed on separated sheets.

Author’s short biography and photograph should be attached.
For data and text submissions we accept PC-format floppy and
CD-ROM discs with unformatted text files in ASCII code. Files
in Microsoft Word format are also acceptable. When submit-
ting images, please insure that the files are compatible with
Adobe Photoshop and have a resolution of at least 350 dpi.

(2) Reprints

The authors shall receive 50 free reprints. Additional reprints
will be furnished when ordered with return of galley proofs.
(3) Publication policy

All papers submitted for publication become immediately the
property of the CPT and remain so unless withdrawn by the
author prior to acceptance for publication or unless released
by the Editor. Papers are not to be reproduced or published in
any form without the written permission of the CPT.
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It is my deep grief that I have to inform the death of
Professor Kei Miyanami, the former editor-in-chief of
KONA. On September 24th. 2004, Professor Dr. Kei
Miyanami passed away in an age of 68. He died of
cancer.

Towards the end of autumn in 2003, he felt strange
around his belly and had difficulty in urination. The
medical examination diagnosed his illness as disorder
of urinary bladder muscle due to the autonomic ataxia.
For nearly one year, he spent normal life with taking
medicines for the illness. At the beginning of summer
in 2004, he had medical examination again since he
felt unexpected fatigue and lumber pain. The doctor
found cancer on his prostate gland and advised him to
take hormone therapy at home. At the end of August,
he could not stand up anymore and his family brought
him into a hospital. Three weeks later, he breathed
his last, very gently like sleeping.

Prof. Kei Miyanami was born in Osaka (Japan) on
July 22th. 1936. He graduated from Osaka Prefecture
University (OPU) and obtained his bachelor (1959)
and master degrees (1961). He studied chemical engi-
neering at OPU. From 1961 to 1965, he worked in
industry (Hitach Ltd.). He carried out research on
computer control of chemical plants at the Central
Research Laboratory, Hitach Ltd. His experiences in
computer technology were of great use for his later
research on powder technology.

In 1965, he obtained faculty position at Chemical
Engineering, OPU. After several years research on

KONA No.22 (2004)

Obituary

the dynamics of mixing process, he received PhD
degree in Chemical Engineering from OPU in 1971.
The next year (1972), he became Associate Professor
of Chemical Engineering at OPU. He also had an
experience of staying in the U.S. for one year as a vis-
iting scholar. He worked with Prof. L.T. Fan at Kansas
State University (U.S.A.). By using his excellent skills
on computer, which he gained at Hitach Ltd., he car-
ried out research intensively on developing math-
ematical models of complicated diffusion problems
and chemical engineering themes. After coming back
from the U.S, he became Professor of Chemical Engi-
neering at OPU in 1979.

His major interest lied on measurement, control,
and optimization of powder handling processes. In
the early 1970°, when the computer was very expen-
sive and not so much developed as today, he devel-
oped many novel sensors including optical sensor
for continuously detecting mixing degree and then
applied to several powder handling processes. These
technologies contributed very much to the progress
of automated production of particulate materials.
Later, his main interest turned to environmental prob-
lems such as recycling, waste management and pollu-
tion control.

Prof. Miyanami served on many committees, coun-
cils and working parties. He was member of many
councils and committees in local governments
for environmental assessment-protection-affairs and
wastes management. In regard to the environmental
assessment-protection field, he was one of the most
famous scientists in Japan. He also served as editor-
in-chief of KONA from 1991 to 1999. In 2000, he
retired university (OPU) and became a professor
emeritus.

He had a sharp brain and very good “eyes” of
observation and insight; he always had an insight into
the current trend and tried to be a frontier. Contrary
to his serious attitude in the daytime, he behaved
cheerfully after 5 o’clock. He loved alcohol, smoking
and singing at Karaoke bar. He was a beloved and a
requested partner in industry, university, local gov-
ernments, committees and in private life. He had
enormous number of friends, which he considered as
his treasure. We lost “giant” of particle technology.

S. Watano
Professor, Osaka Prefecture University, Japan
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The 2nd of September 2004 was a very sad day, as
our dear friend Prof. Scarlett passed away. It was actu-
ally in November, two years ago, when I received an
Email from Prof. Scarlett, saying “I have been diag-
nosed with rectal cancer, and will have an operation at
the beginning of the New Year following radio/chemo
therapy treatment.” In the Email, he also wrote “Do
not worry. I have a plan to attend a meeting in
Budapest in May of next year.” I was really touched
by his courage and resolve in confronting the disease
that had afflicted him, but hoped that he would con-
centrate on the treatment without trying to do too
much. After that, I heard from some people that he
was fine and attending various international meet-
ings, including IFPRI and ISO. So when his death
came so suddenly, I was really shocked and felt great
sadness for he was only 66 years old, and was expected
to take an even more important role as a world leader
in the field of powder technology. His passing is a
tremendous loss, and extremely difficult for us to
come to terms with.

Prof. Scarlett was a great powder technology spe-
cialist, not only as an academic but also as a person
who engendered trust, loyalty and love. It was in
August 1983 in the party of an international confer-
ence held in Hawaii that I met Prof. Scarlett for the
first time. As I remember, Prof. Jimbo introduced me
to him, and I immediately thought him to have a kind
and warm personality. I told him that I was looking
for a place to study overseas, and he answered quite
casually, “Why don’t you come to my place? I'll con-
tact you when I get funding.” However, there was no
correspondence after that for at first six months, and
then one year, so I almost gave up. Then in Septem-
ber 1984, I had an out-of-the-blue international call

Mourning the Passing of Professor Scarlett

from Prof. Scarlett in which he said “I met Prof. Emi
and Prof. Kousaka recently at an international confer-
ence in Minneapolis, and heard that you would like to
study in America. I have now managed to get funding,
so please come to Holland, not America.” 1 still
remember vividly that I was very moved by his sin-
cerity as he had been trying for a year for me, a per-
son he had only met once in his life before.

This is how I came to attend his laboratory at Delft
University of Technology from November 1984 to
March 1986. This was just after Prof. Scarlett had
moved from England to Holland, and he was devoting
all his energy to his work, which made the atmos-
phere of the laboratory very dynamic. As my research
theme was static electricity, Prof. Scarlett asked me to
gain knowledge of the electrostatic charging of pow-
der from Prof. Senichi Masuda of our university, who
was a world-class authority on electrostatics. After
consulting with Prof. Masuda, he let me have the
drawing of the “Boxer Charger”, which he was very
proud of that time, along with other items as research
souvenirs to take with me to Delft. That was how
Prof. Scarlett and I came to start a profound relation-
ship with Prof. Masuda. This story tells us how much
Prof. Scarlett considered it important to have wide-
ranging exchanges with people in different fields, in
order to expand and nurture the scale of his research.

Being a lover of Japan, Prof. Scarlett respected Prof.
Iinoya very much, and was also a close friend of Prof.
Jimbo. Thanks to this, I had the opportunity to be
taken under his wing at Delft, and he thereafter
invited Japanese researchers to Delft almost every
year, including Dr. Igasaki from AIST (National Insti-
tute of Advanced Industrial Science and Technology),
and Prof. Mori and Prof. Hidaka from Doshisha Uni-
versity. He even said that he would be happy to
receive any Japanese if they were introduced by
Yamamoto. The Japanese persons who were directly
looked after by him numbered more than ten. This
was counted among his numerous achievements,
which resulted in his receiving the Iinoya Award of
The Society of Powder Technology, Japan in 1998. On
the night of the award, Prof. Scarlett, his wife Joan,
and I toasted this achievement at a hotel in Brighton,
and I will never forget the wonderful look of happi-
ness on his face at that time.

Prof. Scarlett always treasured opportunities to
meet people, and treated everybody in an equal way.
There are numerous such episodes one could men-
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tior{\@ngg@@be his fine character, but one example
évﬁ aga?é‘mall international conference related to pow-
Q@l&ln Xian, China in May 2000. I decided to attend it
\Sas a lecturer because Prof. Scarlett was invited to give
a lecture. During this three-day conference, there
were a number of quite poor research presentations,
to be honest, but the professor listened to every lec-
ture with a sincere and serious manner, and also took
part in question-and-answer discussions. He told me
after that he had treated the discussions with respect,
as they were young human resources who would
forge the future of China’s powder technology, and
had attended and taken part fully in the conference.
At that moment, I felt I had witnessed his earnest
desires for the real prosperity of the world’s powder
technology future and would make any efforts to real-
ize this.

Towards the end, I was determined to see Prof.
Scarlett at any cost, and made great efforts to visit
Gainesville, Florida two weeks before his death. At
that time, the doctors were saying he had only 2 to 8
weeks left to live. The professor used to be a very
large man, but his body was reduced to almost half its
size after his heroic fight against his disease. How-
ever, his passion for powder technology was even
stronger, perhaps even fierce. He appeared in the lab-
oratory at the University of Florida dressed in a suit
and tie to meet me and Dr. Matsuyama who accompa-

KONA No.22 (2004)

nied me, and talked enthusiastically in a dignified
voice, which made his disease almost unnoticeable,
about the procedure of the joint program of powder
technology between America and Japan. He brought
in some PhD students and had them explain the mod-
eling of powder process, and had an intense discus-
sion with them without compromising his condition.
He was even worried about me, remarking “Hideo,
are you all right? You look very serious.” I guess my
face was showing fatigue from jet lag and the stress of
using English. Two weeks after that, he passed away.
I would like to say, “I know you must have had a lot
more things you wanted to do, but Prof. Scarlett,
please do not worry and please rest in peace. We will
try hard to take over your work.”

This photo was taken at the Space Center in Florida,
and shows the professor happily with his wife, Joan, at
an event to commemorate his retirement from Delft
University of Technology. It was taken with a digital
camera that his disciples from Japan gave him as a
memento. I would like to leave this photo of Professor
Scarlett and his beloved wife whom he fell in love with
in Sherwood Forest, as a true memory to the man.

Hideo Yamamoto
Dean of Faculty of Engineering
Soka University
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()@6\“ A Explanation of the Cover Photographs
$‘?~Q W Application of three-dimensional electron tomography
\(\O on a TiO,-Ag composite powder

Kenji Kaneko
University of Kyushu
Department of Materials Science and Engineering

The movie shows a reconstructed three-dimensional image of a TiO,-Ag composite powder.

It has been known that the bactericidal activity under dark conditions and very weak UV intensity, such as
indoor UV light, TiO, should be deposited with antibacterial metals such as silver. TiO,-25mol%Ag composite pow-
ders were successfully synthesized by ultrasonic spray pyrolysis from the solution of TiO, sol and AgNOs.

Three-dimensional image, reconstructed from a series of projections from —60° to 60° with every 2° interval,
clearly presents a clear morphology of a spherical shape TiO,-Ag nanocomposite powder with finely dispersed Ag
particles within the TiO, matrix (anatase).
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@hg&ﬁﬂuence of Relative Humidity on Particle Adhesion — a Review of
oW *Previous Work and the Anomalous Behaviour of Soda-lime Glass'

J.A.S. Cleaver* and J.W.G. Tyrrell
Chemical and Process Engineering

School of Engineering
University of Surrey**

Abstract

The adhesion of fine particles plays a significant role in the performance of particulate processes
and in the quality of particulate products. The extent of adsorption of water on the particles from the
surrounding atmosphere is governed directly by the relative humidity of the air. Published evidence
suggests that changes in relative humidity of the air can have a profound influence on the adhesion
of individual particles. However, there are numerous conflicting reports in the literature suggesting
that adhesion can increase, decrease or pass through a maximum as the relative humidity increases.

A thorough review of the relevant literature is presented in which the experimental evidence relat-
ing to the influence of relative humidity on particle adhesion is gathered and discussed. Apart from
the amount of water adsorbed on the surface, it is clear that the adhesion depends upon the surface
roughmess which prevents the formation of a complete capillary meniscus at the particle contact
point until a critical relative humidity is reached. At this point, sufficient water is adsorbed to engulf
the asperities and a marked increase in adhesion is noted. Many surfaces undergo some physical or
chemical change in the presence of adsorbed water, e.g. solubility, softening, or phase change. This
can lead to complex adhesion behaviour. Hysteresis of adhesion with increase/decrease of relative
humidity is commonly observed. Theoretical approaches correctly recognise the role of the Laplace
pressure in the capillary bridge as being dominant in controlling adhesion. However, evidence sug-
gests that contributions from the solid-solid interaction, surface tension of the bridging film and dis-
joining pressure can also be important under certain circumstances.

As an illustration of complex behaviour, original data for the adhesion of a glass microsphere on a
flat glass surface are presented. The data were obtained using a custom-built AFM instrument.
Upon desorption, a critical relative humidity lying between 30% and 40% was observed. At this
point, a singular peak in adhesion occurred which was accompanied by long-range repulsion
between the surfaces prior to contact. The long-range repulsion was found to be an exponential func-
tion of separation distance. This phenomenon has been attributed to the spontaneous formation of
glass corrosion products from the liquid layer on desorption when the two surfaces approach each
other. According to published literature, these corrosion products can take the form of needle-like or
dendritic structures. The resulting steric repulsion is observed to be exponential with respect to dis-
tance, in agreement with the established trend. Once contact is made between the surfaces, the strong
adhesion may be due to either sintering or entanglement of the corrosion products. Further work is
required to determine the precise chemistry of the process. At high humidities, the force-separation
curves exhibit an extended pull-off region, suggesting that the adsorbed film is mobile. This effectively
reduces the adhesion by increasing the volume of the liquid bridge as the surfaces are pulled apart.
This may explain why some reports in the literature show decreases in adhesion at high humidity.

Key words: Humidity, particle adhesion, inter-particle force, AFM, soda-lime glass, corrosion products
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cules takes place on the particle surface. The extent
of adsorption will naturally depend upon the partial
pressure of water vapour, the system temperature and
the affinity of the particles for water molecules. The
presence of an adsorbed water layer modifies the
interactions between individual particles and has an
effect on a number of process operations, e.g. fluidisa-
tion, compaction, agglomeration, conveying of pow-
ders and hopper flow. Adsorbed water can also
influence the interaction between particles and a sur-
face leading to unpredictable behaviour for processes
such as gas filtration, coating, and deposition. The
driving force for adsorption is usually expressed in
terms of the relative humidity (RH) defined as fol-
lows:

p
Po

RH= @)
where p is the partial pressure of water vapour in the
air, and P° is the vapour pressure of water. Relative
humidity therefore accounts for variation in tempera-
ture through the associated variation in P°.

The influence of RH on various processes is dis-
cussed by Harriman and Simkins [1] and Bracken
[2]. They advocate a pragmatic approach, recom-
mending RH limits for certain processes and dis-
cussing the relative merits of various methods of RH
control. Whilst this approach may solve practical prob-
lems, a fundamental understanding of the influence of
adsorbed water on particle interactions will lead to
the development of more efficient processes and more
effective products. All too frequently, adsorbed water
is seen to be problematic in processes, but it must be
borne in mind that there are potential benefits which
can be identified through understanding the funda-
mental mechanisms involved.

The significance of air humidity in powder process-
ing is stressed by Harnby et al. [3]. They comment
that small changes in RH can produce a drastic
change in powder cohesion, leading to loss of process
control. They review some experimental attempts to
characterise the effect of RH on cohesion by studies
on single particles and on bulk powder samples. The
main conclusion of their study is that there are large
discrepancies between the findings of various work-
ers. Apart from differences in measurement tech-
niques, they attribute the discrepancies to the large
number of variables, the most significant of which
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were thought to be the chemical nature of the sur-
face, the particle size, shape and surface roughness.

The influence of adsorbed moisture on particle
adhesion is not straightforward, and is expected to
depend on the thickness of the adsorbed layer, the
surface roughness, the surface chemistry, the contact
geometry and any dissolution, intra-particle absorp-
tion or chemical changes that might arise due to the
presence of water. To further complicate the issue,
one can expect that some changes may happen over a
long time scale whilst others may be instantaneous.
There has therefore been much evidence in the litera-
ture that is apparently conflicting, whilst theoretical
approaches have tended to oversimplify the issues. In
the following sections we review the published evi-
dence relating to the influence of humidity on particle
adhesion, starting with pioneering experimental ef-
forts in the first half of the last century, following the
progress through to the present day. We report some
original data for adhesion between glass surfaces that
exhibit an anomalously high value of adhesion at a
critical humidity. The singular peak in adhesion is
accompanied by strong repulsion prior to contact that
is not observed at any other humidity. It is this kind of
behaviour that typifies the complexity of the influ-
ence of adsorbed water on particle adhesion.

A HISTORICAL PERSPECTIVE OF
EXPERIMENTAL STUDIES

The first clues as to the influence of humidity on
the force between surfaces came to light towards the
end of the 1920s. Stone [4] made a qualitative study of
the adhesion between pairs of glass spheres (diame-
ter 1 — 2 mm) suspended on silk threads. He noted a
significant decrease in adhesion when conducting the
experiment in dry air, compared with the adhesion
observed in ambient air. The difference was attrib-
uted to the presence of adsorbed water. From his
adhesion observations he also inferred that adsorbed
moisture could be removed from the spheres by a
current of dry air provided the beads are separated. If
the beads are in contact then adhesion still persists in
spite of the dry air flow. This observation has implica-
tions for the storage and drying of static bulk pow-
ders. It is unfortunate that Stone made no report of
relative humidities or force values for his otherwise
carefully conducted experiments.

Tomlinson [5,6] conducted studies of the adhesion
between pairs of quartz fibres and pairs of glass
spheres by measuring the deflection of the fibres. He
studied freshly formed surfaces in a vacuum, and noted
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o abé oss in adhesion to the accumulation of conta-

minating matter from the air, reducing the surface
energy of the solid surfaces. The striking difference
in the trend between the observations of Tomlinson
and Stone no doubt stem from Tomlinson’s use of
freshly prepared surfaces in vacuum, which will main-
tain much higher surface energies compared with the
dry air conditions of Stone.

Bradley [7] used a spring technique to study adhe-
sion between two spheres of quartz. In contrast to the
findings of Tomlinson, Bradley reported that the
adhesion was independent of whether the measure-
ment was made in a vacuum or in air. Experiments
were also conducted with freshly fused sodium pyrob-
orate (Na,B40O;) spheres. The adhesion in air was
found to be about twice that measured for quartz. Fur-
thermore in a vacuum, the adhesion was observed to
drop to about a third of its value measured in ambient
air. The high value of adhesion in air was attributed to
the adsorption of water. The difference between the
adhesion of quartz surfaces and borate glass surfaces
is most likely due to the glass being more hydrophilic
than the quartz. In the work of Stone, Bradley and
Tomlinson, it is unfortunate that no values of relative
humidity were quoted.

A more systematic study of the influence of relative
humidity was made by McFarlane and Tabor [8] for
the interaction between a spherical glass bead on a
glass plate using a pendulum technique similar to that
of Tomlinson [5]. They produced direct verification of
the expression for the adhesive force due to capillary
action (F})

F.=4nRy cos 0 @

between a sphere of radius R and a flat with a thin
film of liquid interposed, having a specific surface
energy ¥ and a contact angle 6. Note that equation (2)
is an approximation which is strictly valid only when
the film thickness is very much smaller than the
sphere radius (R) and the contact angle is small [9].
McFarlane and Tabor found equation (2) applied at or
close to 100% RH. The value of the surface tension for
the air-water interface was calculated from the graph
of adhesion versus R to be 67.3 mJ.m~2, which is less
than the recognised value of 72.7 mJ.m~2. The dis-
crepancy was attributed to a systematic experimental
error. For McFarlane and Tabor’s system, the adhe-
sion was negligible at low RH values, only showing a
notable increase at an RH of around 80%. This increase
was shown to correspond closely to a notable increase
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in experimental values for the adsorbed film thick-
ness of water on glass. It is interesting that the maxi-
mum adhesion was observed to occur at RH values of
88% for glass on glass, even though the adsorbed film
thickness is shown to carry on increasing until com-
plete saturation is attained.

McFarlane and Tabor [8] studied the effect of sur-
face roughness in the presence of adsorbed water,
and concluded that increasing the roughness will
decrease the adhesion. They proposed that adhesion
falls as soon as the mean asperity height becomes
comparable to the thickness of the adsorbed moisture
film. At this point, multiple asperity contact was
thought to occur with an associated decrease in adhe-
sion.

A range of detailed studies of the influence of rela-
tive humidity on adhesion was made by Zimon in the
1960s and early 1970s, and these have been translated
and summarised [10]. Zimon characterised the adhe-
sion between glass spheres coated on to flat glass sur-
faces by the extent of particle detachment either in a
centrifuge or by applying force via a pulsed vibration.
This yielded an adhesion number, defined as the ratio
of the number of particles remaining on the surface
after an applied load to the number of particles origi-
nally present.

Zimon’s experiments [10] showed that there was lit-
tle change in adhesion over an RH range of 5 — 50%.
Above an RH of 50%, Zimon noted a marked increase
in adhesion. By comparison of experimentally deter-
mined values of adhesion with values predicted from
equation (2), Zimon concluded that over an RH range
of 50 — 65%, capillary forces are only beginning to take
effect, whilst above 65% they prevail over other force
mechanisms. This observation can be interpreted in
terms of McFarlane and Tabor’s inference [8] that
capillary forces dominate once the adsorbed layer is
sufficiently thick to engulf the surface asperities.

Zimon [10] modified the hydrophobicity of one
or both contact surfaces by adsorption of various
chlorosilanes. Compared with uncoated glass (adhe-
sion numbers >90%), the adhesion number dropped
drastically to between 2% at an RH of 25% and 40% at
an RH of 90% when both surfaces were rendered
hydrophobic. When only one of the contact surfaces
was coated, the adhesion number lay roughly midway
between the two above extremes. In all cases, how-
ever, the adhesion number was observed to increase
monotonically with increasing RH. Values of the con-
tact angle for water on uncoated and coated glass
were given by Zimon as 30° and 80°, respectively.
This gives a factor of 0.2 between the two adhesive
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Zimon observed in many cases that the adhesive
force at saturation was significantly less than the cor-
responding theoretical values calculated from equa-
tion (2). He explained this phenomenon by invoking
the concept of disjoining pressure exerted by the
trapped film of water at the contact site. The disjoin-
ing pressure is a consequence of repulsive van der
Waals forces that arise when the dielectric permittiv-
ity of the water is intermediate in value between the
dielectric permittivity of the two solid surfaces, [9].
Zimon proposed that a finite separation distance will
be established at mechanical equilibrium, the magni-
tude of which is determined by the disjoining pres-
sure. He embodied this in the following equation for
the force of adhesion F,q

Faszt_Fdisj (3)

where F, is the force due to capillary bridging and
Fs is the disjoining pressure. It is possible that dis-
joining pressure could account for the difference
between the measured adhesion and the adhesion
predicted from capillary bridging at saturation. How-
ever, there are many other factors that can influence
the adhesion, e.g. mobility of the adsorbed film, vis-
cous effects and uncertainty of the contact angle. It
is worth noting also that disjoining pressure is only
manifest for specific combinations of interacting com-
ponents. Furthermore, disjoining pressure does not
arise for the interaction between surfaces of the same
material, irrespective of the interposing medium.

The final observation of Zimon [10] that is notewor-
thy relates to adhesion hysteresis with relative humid-
ity. He reported higher adhesion on desorption than
on adsorption for spherical glass particles interacting
with a flat quartz surface. This is most likely due to
the reduced tendency for water to evaporate from a
capillary meniscus once it has formed. Thus for a
given humidity, more water will be held at a particle
contact point when desorbing compared with the
amount of water present when adsorbing.

The centrifuge technique employed by Zimon [10]
has been used with good effect by Podczeck et al.
[11,12,13] to study the effect of relative humidity on
the adhesion of pharmaceutical powders to various
surfaces. In general, their findings were specific to
each system studied, which were by nature very com-
plex; their irregularly shaped particles ranged from
hydrophobic to hydrophilic, with varying degrees of
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solubility. Adhesion of the hydrophilic particles at
high RH could be described by capillary bridging.
This could not be applied to hydrophobic surfaces.
They examined the effect of press-on force and con-
tact time for their material. In some instances the
press-on force had a profound effect, depending on the
prevailing humidity. This set of work from Podczeck
et al. successfully characterises the dependence of
adhesion on humidity for these specific materials.
It also gives an indication of the complexity of the
underlying mechanisms, implying that broad general-
isations regarding the effect of RH on adhesion can-
not necessarily be transposed to other systems with
success.

Further evidence relating to the fundamental na-
ture of capillary menisci was gathered by Fisher and
Israelachvili [14] and Christenson [15] using the sur-
face force apparatus. This instrument and its applica-
tions to force measurement have been reviewed by
Luckham [16]. The contacting surfaces comprise two
crossed mica cylinders, which give an almost per-
fectly smooth contact with a geometry equivalent to a
sphere on a flat surface. Christenson [15] found that
the conclusions of Fisher and Israelachvili were in
error in some instances by their use of a spring that
permitted rolling and shearing of the surfaces in
contact. The general trend observed by Fisher and
Israelachvili, and Christenson, was that adhesion in-
creased monotonically with increasing relative humid-
ity to a maximum value corresponding to the value
predicted by equation (2). Christenson identified this
to occur at an RH of 70%, however, this is very sys-
tem-specific, depending on the hydrophilicity and sur-
face roughness, and the value is therefore somewhat
arbitrary. The agreement between theory and experi-
ment implied that the adhesion was dominated by the
reduced Laplace pressure in the meniscus. Any other
possible contributions to adhesion were negligible,
i.e. solid-solid interaction, electrostatic double-layer
force, disjoining pressure or the resolved component
of the surface tension in the liquid neck. None of the
authors attempted to address the adhesive mecha-
nisms prevailing at lower RH values, prior to the
onset of capillary formation. In a virtually saturated
atmosphere, Fisher and Israelachvili observed that
upon contact of the surfaces, the adsorbed moisture
films become displaced from the contact region, leav-
ing a residual monolayer of molecules sandwiched
between the solids. This evidence must be taken into
account when modelling the interaction between sur-
faces. It must be borne in mind that the surfaces used
in these experiments had a smoothness verging on
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\Sprior to the onset of capillary bridging has been
addressed by Chikazawa ef al. [17]. They used an
electrobalance to measure the adhesion between sur-
faces of Pyrex glass, soda-lime glass, KCI and KBr.
The potassium halide samples first showed notable
adhesion at an RH of 20%. The configuration for the
tests was sphere-on-flat. As the RH was increased, a
sudden increase in adhesion was observed at around
65%, dropping sharply off again at an RH of 70%. A
similar event occurred for the glass samples although
the onset of adhesion was not detected until RH=
40%, and the peak adhesion occurred between an RH
of 70% and 85%.

Chikazawa et al. complimented their adhesion stud-
ies with measured adsorption isotherms of water on
samples of the various materials studied. They con-
cluded that there was insufficient coverage of water
on the surfaces to facilitate capillary condensation at
the onset of adhesion at an RH of 20% for the alkyl
halides (40% for the glass samples). Between this
point and the point at which adhesion was observed
to peak, the authors proposed that hydrogen bonding
was responsible for the interaction. The peak adhe-
sion was proposed to coincide with the adsorption of
sufficient water to allow capillary formation. No expla-
nation was offered for the subsequent sharp drop in
adhesion on increasing the RH. In the work of
Chikazawa et al., the issue of surface dissolution of
the KCI and KBr is expected to add to the complex
interplay of surface roughness, microporosity and
hydrophobicity.

A novel technique for measuring the adhesion force
between an array of individual particles and a flat sur-
face has been developed by Harnby et al. [18]. Sev-
eral thousand particles of either glass ballotini or
sand were painstakingly positioned in the apertures
of an electroformed microsieve. The adhesive force
between the array and a flat surface of brass, glass or
stainless steel was measured to within 0.1 mg using a
top pan balance. The force between individual parti-
cles was then inferred by dividing the measured force
by the total number of particles in the array. For
example, the measured value for adhesion of a single
glass ballotini particle (diameter=155 um) on a glass
surface was 1.7x10~7 N, at conditions approaching
100% RH. This is over two orders of magnitude lower
than the result predicted from equation (2), i.e.
6.3x107° N, using Harnby et al.’s measured contact
angle of 26°. This is in contrast to the majority of
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other workers who find at least relatively good agree-
ment close to saturation. It is therefore most likely
that in spite of the careful efforts of Harnby ef al. in
the preparation of their array, there would have been
some deviation in the height of the protruding parti-
cles. This would cause a significant reduction in the
number of contacts compared with the number of par-
ticles present in the array, and hence is the most
likely explanation for the low adhesion force mea-
sured.

In spite of the unrealistically small values of single
particle adhesion reported by Harnby et al. [18], the
overall trends are worthy of mention. No significant
effect on adhesion was observed for different times
of contact or predetermined loading values, implying
that the contacts did not involve plastic deformation.
However, the separation velocity was seen to exert a
strong influence on adhesion, with the lowest separa-
tion velocities providing the strongest adhesion. It
was concluded that low separation velocities allow the
water sufficient time to flow into the liquid bridges,
thereby strengthening them. In all conditions they
observed an increase in adhesion with increase in
RH, with no significant hysteresis. The critical value
of RH at which the adhesion increased markedly was
found to lie between 60% and 90%, which is broadly in
agreement with the observations of Zimon [10].

The effect of surface roughness was also studied by
Harnby et al. At close to 100% RH, sand particles con-
tacting polished brass had only half the adherence of
the same particles contacting roughened brass (4.4
pm). Harnby et al. consider this to be due to an
increase in the contact area for the angular sand parti-
cles with the roughened surface. This is thought to
be unlikely because the difference only manifested
itself at close to 100% RH, whilst at all other values of
RH, there is no discernible dependence of adhesion
on roughness. It is more likely that the roughened
surface promotes water condensation compared with
the polished surface, and that the increase in adhe-
sion is purely a result of more water present to form
capillary bridges. The reverse trend was observed for
glass ballotini on stainless steel. Smooth stainless
steel resulted in significantly higher adhesion than
roughened stainless steel. This trend was observed
between RH values of 50% and 100%, suggesting that
the roughened surface prevented effective contact
between the glass ballotini and the adsorbed water
layer, as previously identified by McFarlane and
Tabor [8].

By analogy, the interaction between particles in a
humid environment can be extended to the contact
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tive humidity. Both groups reported an increase in
static friction coefficient with increasing thickness of
adsorbed water film. Attempts have been made to
derive a theoretical model for the contribution to sta-
tic friction between the head and disk from capillary
forces, taking into account surface roughness and
adsorbed film thickness [21,22]. The model by Gao et
al. [22] predicted critical conditions for the minimisa-
tion of static friction, but unfortunately the authors
did not support their analysis with experimental
observation.

ADHESION STUDIES USING ATOMIC FORCE
MICROSCOPY

The study of particle adhesion entered a new phase
with the development of the atomic force microscope
(AFM). The high sensitivity of this instrumentation
enabled the measurement of nano-scale forces and
separations between particles with diameters of only
a few micrometres. Sugawara et al. [23] used an AFM
to measure the adhesion between a standard SisNy
probe tip and a mica surface. They measured the
adhesion under UHV conditions and under ambient
pressure with relative humidities of between 23%
and 65%. Their data revealed a smooth monotonic
increase in adhesion with increasing humidity. The
maximum adhesion they recorded was in the region
of 1.7x10~8 N (at RH=65%), whereas the adhesion
calculated from equation (2) is 2.3x1078 N, given
their quoted value of 25 nm for the probe tip radius.
The authors attribute the discrepancy to the surface
roughness of the cantilever probe. It is indeed likely
that the effective tip radius is less than quoted due to
irregularities or roughness. However, the agreement
is close given that perfect wetting has been assumed.

Binggeli and Mate [24] used an AFM to study the
adhesion and sliding friction between an AFM probe
tip and a hydrophilic surface of silicon oxide as well
as a hydrophobic surface of amorphous carbon. They
assessed the amount of water adsorbed as a function
of RH by studying the break-free length of the capil-
lary meniscus when the probe tip is retracted from
the surface. This method provides qualitative infor-
mation regarding the film thickness. For more reli-
able measurements, account must be made of the film
mobility and the fact that the presence of the probe
tip on the surface will promote the localised conden-
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sation of water [25]. The enhanced adsorption of
water on the hydrophilic surface was shown to act as
a lubricant, reducing the coefficient of friction. No
reduction in friction coefficient was observed for the
hydrophobic carbon surface, explained by the relative
absence of water molecules on the surface. It is inter-
esting to note that the adhesion for both surfaces was
shown to decrease with increasing RH, over the range
of 75% to 95%. The authors explained this reduction
using a simple thermodynamic argument involving
the chemical potential of the water film. This can be
interpreted in terms of the decrease in adhesion that
is predicted by a number of capillary bridge models
as the volume of liquid between a sphere and a flat
plate increases, e.g. [26,27]. The principle can be under-
stood in terms of the reduction in Laplace pressure
inside the bridge as the radius of curvature increases.
It is worth noting that the opposite trend is predicted
for conical geometry contacting a flat surface as the
bridge volume (i.e. the RH) increases, e.g. [28,29].
This is due to the lessened dependence on the
Laplace pressure for adhesion for this geometry, com-
pared with the force required to overcome the sur-
face tension of the film.

Tang et al. [30] also studied the adhesion between
an AFM probe tip and various surfaces including
mica, calcium fluoride (CaF5) and potassium chloride
(KCI). In contrast to Sugawara et al. [23], Tang et al.
found that the adhesion for both mica and CaF, did
not vary with humidity over the range 20% to 80% RH.
The authors conclude that the surface tension of the
adsorbed film is responsible for the adhesion. This is
likely to be the case for these very smooth surfaces.
Studies with the KCI revealed adhesion values of
nearly an order of magnitude higher than those for
CaF,. In addition, they observed an increase in adhe-
sion between 60% and 80% RH. The authors explain
the difference by the increased surface tension pro-
moted by the dissolution of KCI which is readily solu-
ble compared with the other components. It is likely
that there are other effects occurring here. The sur-
face tension of water does not increase by an order of
magnitude when adding KCl [31]. Furthermore, there
is evidence that at high concentrations, a solution of
KCl in water becomes “capillary inactive”, refuting
the fundamental mechanism underlying equation (2).
It is more likely that the high adhesion observed with
the KCI arises due to the tip embedding into the sur-
face that has been softened by the presence of
adsorbed water.

Sugawara et al. [23], Binggeli and Mate [24], and
Tang et al. [30] used the AFM probe tip as a surro-
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gatg\epgrtigle\%or studying interactions. However, it is
é}‘o@sig{@(b mount an individual particle on to an AFM
t\ﬁever using adhesive. Interactions between the

\Sprobe particle and other surfaces or particles can

then be measured directly. A number of researchers
have used this principle to good effect. A study by
Berard et al. [32] has looked at the interaction
between the anti-influenza drug Zanamivir and a-
lactose monohydrate. The interaction between active
drug particles and carrier or excipient particles is
important for the effective operation of dry powder
inhalation devices. They reported a significant in-
crease in adhesion as the humidity was increased
from 0% to 85% RH. They attributed this to capillary
bridging. However, they also observed modification
of the surface of lactose due to adsorbed water.
Smaller surface features preferentially dissolve and
the resulting supersaturation promotes growth on
larger features. This process, known as Ostwald rip-
ening, has also been observed for boric acid particles
[33]. It results in a significant change in surface
roughness which is expected to modify adhesion. It
may also lead to the production of a different phase
on the particle surface which will modify its proper-
ties.

Using an AFM, Jones et al. [34] conducted a thor-
ough study of adhesion between flat surfaces of glass
or silicon and silicon AFM tips or glass microspheres.
Adhesion as a function of relative humidity was
observed over the range 5 — 90% RH. The flat sub-
strates were treated to render them hydrophilic or
hydrophobic. The interaction between the silicon
probe tip and hydrophilic glass or silicon showed a
steady increase in adhesion with RH that was rever-
sible. The magnitude of adhesion agreed well with
the Laplace-Kelvin theory of equation (2). The inter-
action between hydrophilic surfaces and glass micros-
pheres (radius ~20 pum) also showed a steady and
reversible increase in adhesion with increasing RH.
However, these data fell at least three times below the
adhesion predicted by equation (2), implying that full
capillary formation was prevented by the surface
roughness. Measurements of the surface profile of a
glass microsphere revealed asperities of the order of
15 nm high and 50 nm across. Using the Kelvin equa-
tion, Jones et al. calculate the critical meniscus radii
to range from 0.2 to 5 nm over the RH range 10 —
90%. This further supports the notion that full capil-
lary meniscus formation was not achieved.

With hydrophobic flat surfaces, Jones et al. [34]
observed a lower force, as expected, for all surfaces
studied. However, they observed an anomaly for
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experiments with glass (glass microsphere on glass
flat, and silicon probe tip on glass flat) in the form of
a high peak in adhesion at a relative humidity of
between 20% and 40%. Their corresponding data are
reproduced here in Figure 1. This adhesion peak
was accompanied by a long-range attraction prior to
contact, effective over a distance of around 2 pm. The
effect disappeared on repeating experiments at the
same contact spot, but reappeared when moving to a
new region on the surface. It was also shown to occur
both during adsorption and desorption. The authors
attribute the anomalous attraction to an electrostatic
effect and acknowledge that it is likely to be a tran-
sient and dynamic in nature, rather than being a true
equilibrium phenomenon. The presence of electrosta-
tic charges on surfaces at this level of humidity is
somewhat surprising. Visser [35] stated that humidity
eliminates or greatly reduces the effect of electrical
forces. This statement has been corroborated by Wan
et al. [36], who measured adhesive forces and surface
charges for surfaces of mica and silica. High values of
adhesion were observed during experiments in dry
nitrogen when the relative humidity was between 1
and 2%. Upon increasing the RH slightly (still with
RH < 10%), the adhesive force fell by about an order
of magnitude. The drop in adhesion coincided with a
decrease in the time taken for electrical charge dissi-
pation from the surfaces; the exponential decay time
constant fell by about two orders of magnitude.

In addition to their experimental study, Jones et al.
[34] give a review of theoretical attempts to describe

Hydrophobic glass / glass sphere / IN/m

700 = Tip moved between measurements

B % Same spot throughout
E 600 1 .
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§ i
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Fig. 1 Anomalous adhesion between a glass microsphere and a

flat glass surface, both of which were rendered hydropho-
bic. Reproduced from Jones et al. [34].
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In a later paper, Jones et al. [37] used an AFM to
measure adhesion for powders of commercial inter-
est. They observed a mix of behaviour with some
powders exhibiting a marked increase in adhesion
with increase in RH, whilst others showed no effect.
This again confirms the complex nature of the pre-
vailing phenomena. It is interesting to note that for
the majority of powders tested, the adhesion was seen
to increase with increasing maximum applied load
(push-on force), suggesting that permanent deforma-
tion was occurring at contact areas.

A recent paper by Rabinovich et al. [38] addressed
the transition between asperity contact and full capil-
lary condensation for glass microspheres on a range
of flat surfaces having varying degrees of roughness.
The authors developed a model for the prediction of
adhesion comprising two components. The first com-
ponent accounts for the van der Waals forces between
dry asperities, and incorporates the RMS roughness
and the peak-to-peak distance between the asperities.
The second component predicts the adhesion due to
capillary bridging in an equation similar to equation
(2) with a modification for the effective separation
between the particle and the average surface plane,
allowing for the presence of asperities on the surface.
The first component was considered to be dominant
prior to engulfment of the asperities by the capillary
meniscus. Once engulfment occurred, the second
component was considered to dominate. The transi-
tion between the components was shown to occur at a
critical humidity. Experimental measurements gave
excellent agreement with the theoretical approach.
The critical humidity was observed to increase with
increasing roughness. For the smoothest surfaces
considered (RMS roughness 0.2 nm), the transition
occurred at an RH of approximately 25%, rising to a
value of 65% for a surface with an RMS roughness
of 3 nm. Rabinovich et al. acknowledge the work of
Coelho and Harnby [39,40] in predicting this critical
humidity from a thermodynamic perspective involv-
ing the BET model for water sorption coupled with
the Kelvin equation for liquid bridge stability. How-
ever, this model typically results in a critical RH in the
region of 70 — 99%. Rabinovich ef al. commented that
a critical RH of 25% observed for smooth surfaces cor-
responds to a critical meniscus radius of approxi-
mately 0.4 nm as predicted by the Kelvin equation.
This is an order of magnitude smaller than the
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accepted lower limit for this macroscopic analysis
[14,15], indeed it is of the same order as the nominal
diameter of a water molecule. Doubt is therefore cast
on the model of Coelho and Harnby for predicting
critical humidity. Rabinovich ef al. propose that a cap-
illary meniscus existing at this low level of RH may
well not be in thermodynamic equilibrium with the
surrounding vapour, but may be in a metastable state.
The work of Rabinovich et al. elegantly demonstrates
the profound influence of nano-scale surface rough-
ness on adhesion, and their modelling approach in-
corporating surface roughness shows great promise.
Of course, the implication is that roughness data can
be readily obtained in a form that realistically repre-
sents the specific physical situation.

The development of adhesion measurement as a
function of relative humidity has been tracked, and
the key experimental techniques have been identi-
fied. For fine powders, the centrifuge techniques give
useful results that relate to the powder assembly.
However, it is the AFM that enables detailed study of
the relevant mechanisms at the level of the single par-
ticle. The disadvantage with the AFM technique is
the large statistical variability that arises between
individual measurements. In order to obtain statisti-
cally meaningful data, it is important to take sufficient
measurements and apply some statistical criterion of
confidence. The experimental evidence regarding the
influence of humidity on particle adhesion has been
presented. It is clear that the mechanisms responsible
for adhesion are a complex interplay of surface rough-
ness, amount of adsorbed water, electrical and me-
chanical properties of the solid, applied load and
strain rate for separation. Further complexity is intro-
duced for surfaces that interact with water in terms of
solubility or plasticization. The modelling of particle
adhesion as a function of relative humidity is still in
its infancy.

ANOMALOUS BEHAVIOUR OF GLASS
SURFACES

Jones et al. [34] have reported anomalously high
values of adhesion for glass systems at certain values
of relative humidity. Their data are reproduced here
in Fig. 1. Note how a singularly high value of adhe-
sion was observed at a relative humidity of 40%. We
now report original data that are reminiscent of this
anomaly. The study was conducted on a custom-built
instrument based on the principle of an AFM with
vertical displacement but no facility for scanning. A
full description of the development and operation of
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the g&?@&t has been given in a previous publica-
6Qt}\iori)l B{ﬂ’, including details of cantilever spring con-
0‘“ %ﬁl\%\determination and methodology for mounting
particles on to the cantilever.

Adhesion was studied using single particles inter-
acting with a flat surface. The particles repeatedly
cycled in and out of contact with the surface at a fre-
quency of 0.1 Hz, corresponding to an approach and
retraction velocity of ~0.5 pm.s~%. The interaction
between glass on glass and gold on gold was studied.
The glass surfaces were cleaned in iso-propyl alcohol
prior to measurement, to remove any organic contam-
inants. The gold surfaces were formed by sputter-
coating gold on to a glass microsphere and glass
slide. Sufficient time was allowed for sputtering to
ensure a layer of gold in excess of 50 nm thick.
Humidity control during an experiment was achieved
by placing the entire instrument in a Perspex cham-
ber and incorporating a beaker of distilled water or a
tray of silica gel to raise or lower the RH accordingly.
In practice, this gave a sufficiently slow change in
RH such that instantaneous equilibrium could be
assumed. This was tested experimentally by inducing
a step-change in RH and observing that the adhesion
force reached its equilibrium value directly.

Typical force-separation curves are shown in Fig-
ures 2 and 3 for glass-on-glass at different values of
RH. Each force curve, comprising 1000 data points,
has been corrected to account for the cantilever
deflection [41] to give true separation between the
surfaces. The force data are therefore vertical for
zero separation, as expected for rigid body contact.
Both figures show the presence of attractive force
prior to contact. The adhesion force was obtained
from the minimum in the cantilever retraction curve,
corresponding to the maximum deflection experi-
enced by the cantilever prior to detachment from the
surface. Note that at the moderate humidity shown
in Fig. 2, there is little or no elongation of the lig-
uid bridge when the particle is retracted from the
surface. However, at the high humidity shown in
Fig. 3, there is substantial elongation of the liquid
bridge prior to complete detachment at a separation
distance of ~1500 nm, suggesting that the liquid film
is mobile at 83% RH. This mobility effectively in-
creases the volume of the liquid bridge, and conse-
quently reduces the measured adhesion for this
geometry. If the film were not mobile, the adhesive
force should correspond closely to that predicted by
equation (2). It would be interesting to study the
effect of strain rate on adhesion at this level of humid-
ity to assess the contribution to adhesion from the vis-
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No bridge mobility at RH=54%
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Fig. 2 Force-separation curve for the interaction between a glass
microsphere (diameter=40 um) and a flat glass surface at
RH=54%.
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Fig. 3  Force-separation curve for the interaction between a glass
microsphere (diameter=30 pm) and a flat glass surface
at RH=83%. Bridge elongation is characterised by the
extended separation distance in the retraction curve,
(lower line).

cosity of the mobile film.

A typical plot of adhesion as a function of relative
humidity is shown in Figure 4 for glass-on-glass.
Three data points were taken at each humidity, hence
the scatter in the graph. Also superimposed on Fig. 4
are the adhesion data for gold-coated surfaces. Adhe-
sion values for the glass system and gold systems
generally lay in the range 2000 to 6000 nN. This is
well below the value of 17000 nN predicted by equa-
tion (2) for a sphere-on-flat configuration. On increas-
ing the RH, little change in adhesion was observed
with relative humidity for all surfaces studied. How-
ever, on desorption, a singular peak in adhesion was
repeatedly observed to occur between a relative
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humidi ? 4%(1}% 30%. This is apparent in Fig. 4 at a

%h@ﬁ’fﬁdﬁy of 32.4%. The bizarre feature of this

@ﬁl peak is that the strong adhesion is accompa-

$?\Q nied by a long-range (~300 nm) repulsion between

the surfaces. The force curve corresponding to the
peak in Fig. 4 is shown in Figure 5. Repulsion is
seen as the positive force prior to contact between the
surfaces.

The nature of the strong adhesion and strong repul-
sion at this peak force is of great interest. Regard-
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Fig. 4 Adhesion as a function of relative humidity for sphere
(diameter 37 pm) interacting with a flat surface. The glass
interactions are shown for decreasing humidity. The same
peak in adhesion was not observed during increasing
humidity. The data for gold-coated glass were obtained
whilst increasing and decreasing humidity.
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Fig. 5 Force-separation curve corresponding to the peak in adhe-
sion shown in figure 4 for a 37-um-diameter glass sphere
interacting with a flat glass surface. Note the repulsion
(positive force) prior to rigid body contact occurring at a
separation distance of between 200 and 300 nm.
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ing the repulsion prior to contact, the possibility of
electrostatic repulsion was considered. Experiments
were therefore repreated with an a-radiation source
(Americium 241) in close proximity to the surfaces.
This technique is advocated by Tomlinson [5] and
Zimon [10] amongst others, to dissipate electrostatic
charge. The strong repulsion pervaded even in the
presence of the a-radiation source, suggesting that
the force was not electrostatic in nature. Further evi-
dence against electrostatic repulsion was gained by
analysing the dependence of repulsive force on sepa-
ration distance for a power law dependence. A log-log
plot of repulsive force versus distance yielded a curve
rather than a linear relationship, suggesting that elec-
trostatic charging was not responsible for the observed
repulsion.

Further analysis of the repulsive section of the
curve revealed that the force decayed exponentially
with separation distance. It is significant that others
have also observed this dependence for repulsive
forces between surfaces. Vigil et al. [42], examining
the adhesion of silica surfaces in air, describe an
exponentially decaying repulsion which they explain
by the presence of a brush-like structure on the sur-
face formed by the interaction between the silica sur-
face and water vapour. Exponentially decaying steric
repulsion has been observed by others working with
polymer systems [43,44].

Vigil et al. [42] explain their brush-like structure on
silica by growth of silanol and silicilic acid chains on
the surface which give rise to the steric repulsion on
the surface and have a sintering effect when contact
is made, giving rise to high values of adhesion. It is
likely that a similar process can account for the repul-
sion and strong adhesion observed in the data pre-
sented here. A further possibility comes from the
presence of glass corrosion products. It is well-estab-
lished that soda-lime glass can undergo a range of
water-induced surface reactions [45,46]. For example,
soda (Na,O) can react with water to give sodium
hydroxide, which will in turn react with any carbon
dioxide present to yield sodium bicarbonate and ulti-
mately sodium carbonate [46]. We postulate that this
kind of reaction can occur at high humidity in the rel-
atively thick adsorbed liquid layer. Upon desorption,
the water layer becomes supersaturated and the cor-
rosion products precipitate out as a needle-like struc-
ture on the surface. Needles of this type up to 1 um in
length have been reported by Arman and Kuban [47]
for soda-lime glass stored in a humid environment.
Figure 6 shows a scanning electron microscope
image of the contact region of a glass microsphere
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SEM image of the contact site of a glass sphere directly
after the repulsion and peak adhesion were observed. The
features are proposed to be glass corrosion products that
have spontaneously formed by crystallisation from the
supersaturated liquid layer on decreasing the humidity.

taken immediately after it had experienced repulsion
and peak adhesion. The features on the surface are
thought to be corrosion products that have crys-
tallised from the supersaturated water layer. They
have subsequently been flattened by the forced con-
tact between the surfaces. It is not clear at this stage
exactly what reactions are occurring on the surface.
Further work is required in this area to identify the
precise chemistry that occurs on the surface of glass
surfaces contacting in the presence of water vapour.

The anomalous adhesion for glass is reminiscent of
the work of Jones ef al. [34] who studied a similar sys-
tem, see Fig. 1. However, Jones et al. observed this
behaviour for glass surfaces that had been rendered
hydrophobic. No anomalous peak was observed by
them for untreated (hydrophilic) glass surfaces, on
increasing or decreasing the relative humidity. They
also observed similar behaviour to that in Fig. 1 for
a silicon probe tip interacting with hydrophobic glass.
Note that Jones et al. observed their anomalously
high force during both increases and decreases in rel-
ative humidity. In all cases, their peak in adhesion was
accompanied by a strong attractive force prior to con-
tact. This is in contrast to the work presented here, in
which the peak adhesion was accompanied by strong
repulsion prior to contact. In spite of the ostensible
similarity in the adhesion peak between the work of
Jones et al. and this present work, the large number
of differences suggests that the responsible mecha-
nisms may be different in each case.
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CONCLUSION

A review of the literature relating to the influence of
relative humidity on particle adhesion reveals that the
behaviour is exceedingly complex. Adhesion is shown
to depend on the thickness of the adsorbed layer of
water, which in turn depends on the surface chem-
istry of the surfaces. Surface roughness plays a signif-
icant role, preventing the formation of a complete
capillary meniscus at the particle contact point until
a critical relative humidity is reached. At this, point
sufficient water is adsorbed to engulf the asperi-
ties. Some systems exhibit adhesion hysteresis with
relative humidity. More complex behaviour can be
expected if the surfaces experience some modifica-
tion induced by adsorbed water, or if the surfaces are
partially soluble. Theoretical approaches correctly
recognise the role of the Laplace pressure in the cap-
illary bridge as being dominant in controlling adhe-
sion. However, evidence suggests that contributions
from the solid-solid interaction, surface tension of the
bridging film and disjoining pressure may also be
important under certain circumstances. There is also
evidence that water in the contact region may not nec-
essarily be in thermodynamic equilibrium, existing
instead in a metastable state. Adhesion data also have
reportedly shown dependence on the separation strain
rate in certain cases.

Original data have been presented for the adhesion
of a glass microsphere on a flat glass surface. At high
humidities, there is strong evidence that the adsorbed
film is mobile, effectively reducing the adhesion by
increasing the volume of the liquid bridge as the sur-
faces are pulled apart. Upon desorption, a critical rela-
tive humidity has been observed that yields a singular
peak in adhesion, which is accompanied by long-
range repulsion between the surfaces prior to contact.
The long-range repulsion is an exponential function
of separation distance. This phenomenon has been
attributed to the formation of glass corrosion prod-
ucts which crystallise spontaneously from the liquid
layer on desorption when the two surfaces approach
each other. These are suspected to be in the form of
needle-like structures that give rise to steric repul-
sion. Once contact is made, the strong adhesion may
be due to either sintering or entanglement of the cor-
rosion products. Further work is required to deter-
mine the precise chemistry of the process.
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Table 1 ‘@gmwﬁexperimenuﬂ studies of the influence of relative humidity on particle adhesion.

fo N
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SN
)“QG\ AR&}\I%I'S M;acs}llﬁﬁlrﬁgnt Contact geometry Materials RH range Comments
<

Stone [4] Pendulum Sphere-sphere Soda glass beads, diameter | Not Adhesion in ambient air much greater

< 1.72 mm specified than adhesion in dry air

Tomlinson [5,6] Deflection of Sphere-sphere Quartz fibres and glass Not Reduction in adhesion of freshly formed

fibres Fibre-fibre spheres 0.12 — 1.22 cm specified surfaces after exposure to ambient air
diameter

Bradley [7] Quartz spring | Sphere-sphere Quartz beads and sodium | Not Quartz — no difference in adhesion

balance pyroborate spheres of specified measured in vacuum and ambient air.
unequal size. Borate — adhesion in vacuum one-third of
0.2 mm < (dids)/ (d1+ ds) the adhesion in ambient air
< 1.5mm

McFarlane and Pendulum Sphere-flat Glass spheres 0.25 — 1 78% — 100% | Equation (2) validated close to saturation.

Tabor [8] mm diameter Role of surface roughness and adsorbed

layer thickness demonstrated.

Zimon [10] Centrifuge Sphere-flat Glass spheres 30 — 70 um | 25% — 90% | Increase in adhesion observed above 50%

Pulsed diameter RH. Reduction in adhesion for
vibration Flat surfaces of glass, hydrophobic surfaces. Adhesion
quartz and steel. hysteresis reported.

Podczeck et al. Centrifuge Particle-flat Lactose, salmeterol 5% — 100% | Influence of press-on force and contact

[11,12,13] Particle-particle xinafoate time studied. Difference between

hydrophobic and hydrophilic surfaces
identified.

Fisher and Surface force Crossed cylinders | Mica. Cylinder radii 14.6 — | 0% — 100% | Validation of equation (2) for capillary

Israelachvili [14] | apparatus 24.1 mm bridging above 70% RH.

Christenson [15]

Chikazawa et al. | Electro-balance | Sphere-flat Pyrex glass, soda-lime 3% — 98% Capillary bridge formation observed above

[17] glass, KCl, KBr 60% RH. Adhesion below this value

2 mm — 16 mm diameter attributed to hydrogen bonding. Peaks in
adhesion observed between 70% and
85%RH.

Harnby ef al. [18] | Particle array | Particle-flat Glass and sand particles 20% — 98% | Higher adhesion observed for low

and on brass, glass or stainless separation velocities. Onset of capillary
microbalance steel flat. bridging occurred between 60% and 90%
Particle diameter range 85 RH. Poor agreement with equation (2).
— 460 pum Surface roughness effects studied.
Sugarwara et al. | AFM Probe tip on flat | Silicon nitride on mica flat | 23% — 65% | Increase in adhesion with RH. Measured
[23] Tip radius 25 nm adhesion was less than predicted by
equation (2).

Binggeli and AFM Probe tip on flat | Tungsten tip (r ~100 nm) |0 — 100% Decrease in adhesion observed for

Mate [24] on silicon oxide and increase in RH from 75% to 95%.

amorphous carbon.

Tang et al. [30] AFM Probe tip on flat Flat surfaces of mica, CaFs | 20% — 95% | No influence of RH on adhesion for mica

and KCl1 and CaF; surfaces. Higher adhesion values
for KCl surface, showing increase from 60
— 80% RH.
Berard et al. [32] | AFM Particle on flat Zanamivir drug (10 — 100 | 0%, 32% Increase in adhesion with increase in RH.
pm) on lactose compact. 85% Large scatter in data due to surface
roughness. Modification of lactose surface
observed at high RH.

Jones et al. [34] AFM Sphere on flat Si probe tip and glass 0% — 90% Effect of hydrophobic and hydrophilic

microsphere (r=20 um surfaces, and surface roughness

and 100 um) on glass or examined. Anomalously high adhesion

silicon flat observed for hydrophobic glass surface
between 20% and 40% RH.

Jones et al. [37] AFM Particle on flat Alumina, silica, limestone, | 4% — 90% Range of RH dependence of adhesion
Particle on titania, zeolite. shown. Increase in adhesion observed
particle with increase in push-on force.

Rabinovich et al. | AFM Sphere on flat Glass spheres (20 and 40 | 0% — 80% Transition between dry adhesion and

pum diameter) on treated capillary bridge adhesion clearly identified
silica flat surfaces and linked to surface roughness via
theoretical model.
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Trends in Microencapsulation Research’

Hidekazu Yoshizawa

Department of Environmental Chemistry and
Materials, Faculty of Environmental Science
and Technology, Okayama University*

Abstract

A microcapsule is a tiny capsule and its preparation procedure, called microencapsulation, can
endow various traits to the core material in ovder to add secondary functions and/or compensate for
shortcomings. This paper first gives a general overview of microencapsulation technology and subse-
quent sections cover topics of microencapsulation vesearch, including application of microcapsules to
information and image technologies for microparticle-based paper-like display systems, a use that
has attracted considerable attention recently. The research rvesults of the project conducted by the
Japan Chemical Innovation Institute under the commission of NEDO, as one of the projects of the
METI Nanotechnology Program to develop microparticle-based paper-like display systems, are also

introduced.

1. Introduction

Microencapsulation is a technique to prepare tiny
packaged materials called microcapsules that have
many interesting features. This technique has been
employed in a diverse range of fields from chemicals
and pharmaceuticals to cosmetics and printing. For
this reason widespread interest has developed in
microencapsulation technology.

The first industrial product employing microencap-
sulation was carbonless copy paper developed by
Green and Schleicher in the 1950s. The microcap-
sules used in it were prepared by complex coacerva-
tion of gelatin and gum arabic [1]. To this day,
carbonless copy paper is one of the most significant
products to utilize microencapsulation technology,
and is still produced commercially. The technologies
developed for carbonless copy paper have led to the
development of various microcapsule products in
recent years.

Further function integration in microcapsules is
essential to make products with excellent properties.
Likewise, strategies should be considered to make
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smaller microcapsules with thinner membranes. This
direction of microencapsulation research is suited to
current needs and matches the features of nanotech-
nology efforts initiated in the United States of Amer-
ica in 2000.

We have developed, so far, microcapsules with func-
tions for separation and purification [2-7], controlled
release of drugs [8-20], and the triboelectric property
required by toner microparticles [21, 22]. Hollow
microcapsules and microcapsules enclosing microor-
ganisms have also been prepared [23, 24]. In this
paper, after an introduction to microcapsules and
microencapsulation, special attention is paid to re-
search on a type of microparticle-based paper-like
display, called the microencapsulated electrophoretic
display system [25-27].

2. General features of microcapsules

Microcapsules are tiny microparticles with diame-
ters in the range of nanometers or millimeters that
consist of core materials and covering membranes
(sometimes also called walls). The most significant
feature of microcapsules is their microscopic size that
allows for a huge surface or interface area. Through
selection of the composition materials (core material
and membrane), we can endow microcapsules with a
variety of functions. Generally, membrane materials
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meﬁ%rials are used for the preparation of microcap-
sules.

Some well-known products prepared using microen-
capsulation techniques are artificial salmon roe and
carbonless copy paper. Microcapsules can be classi-
fied into three basic categories according to their
morphology as mono-cored, poly-cored, and matrix
types, as shown in Figure 1. Morphological control
is important and much effort has been given to con-
trolling internal structures, which largely depend on
the protocol and the microencapsulation methods
employed.

Microcapsules have a number of interesting advan-
tages and the main reasons for microencapsulation
can be exemplified as (1) controlled release of encap-
sulating drugs, (2) protection of the encapsulated
materials against oxidation or deactivation due to reac-
tion in the environment, (3) masking of odor and/or
taste of encapsulating materials, (4) isolation of encap-
sulating materials from undesirable phenomena, and
(5) easy handling as powder-like materials.

More detailed features of microcapsules are sum-
marized in books by Gutcho [28] and Arshady [29],
and in review papers by Makino [30], Arshady [31],
Kondo [32], Hatate, et al. [33], and Yoshizawa [34-36].

\_ Microparticle -_'__.

Microcapsule | Microsphere

e ———a

(a) Mono-core type  (b) Poly-core type (c) Matrix type

Fig. 1  Classification of microparticles from their morphology

3. Microcapsules in the information and
imaging fields

The first successful application of microencapsula-
tion technology in the information and imaging fields
was the carbonless copy paper developed by the
National Cash Register Company to solve the prob-
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lems of solvent evaporation and diffusion of ink into
paper substrate. Carbonless copy paper has become a
$5.5 billion business worldwide.

In the 1960s, microencapsulation of cholesteric lig-
uid crystal by complex coacervation of gelatin and
acacia was reported to produce a thermosensitive dis-
play material. J. L. Fergason developed nematic curvi-
linear aligned phase (NCAP), a liquid crystal display
system using microencapsulation of nematic liquid
crystal [37]. Encapsulation technology has provided
the enlargement of display areas and wider viewing
angles.

The functions endowed by microencapsulation in
the development of carbonless copy paper and NCAP
can be summarized as the protection of core materials
from deterioration such as oxidation and easy han-
dling and treatment as powder-like substances.

4. Why a microparticle-based display is
desirable

Creation of a paper-like display with low power con-
sumption has been an ambition of display researchers
for many years. To realize this beneficial technology,
many researchers have tried to make microparticle-
based display systems. An electrophoretic image dis-
play system and a rotating bichromal microspheres
system are representative of trials to create paper-like
display systems [37, 38]. Particle-based display sys-
tems are attractive for their optical and electronic
properties. These beneficial properties result from
the highly scattering and absorbing microparticles
that contain pigments like titanium dioxide and car-
bon black.

Figure 2 shows a schematic illustration of the
rotating bichromal microspheres system (a) and the
electrophoretic image display system (b). The rotat-
ing bichromal system called Gyricon has been devel-
oped by Nicholas K. Sheridon at the Xerox Palo Alto
Research Center. In the rotating bichromal system, a
microsphere with white and black hemispherical sur-
faces is in each cavity of a silicon polymer film that is
placed between a transparent top electrode and a bot-
tom electrode. The principle of the rotating bichromal
microspheres system is the rotation of the micros-
pheres to correspond to the addressed external electric
field. That is, the positively-charged black hemispher-
ical surface rotates toward the negatively-charged top
electrode. In contrast, at the same moment, the nega-
tively-charged white hemispherical surface has an
electrostatic affinity to the positively-charged elec-
trode. Thus, the color change is attributable to the
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(a) Rotating bichromal microsphere system

Transparent electrode

e ‘White microparticles
S —— —

Power source — | #
T

Rear electrode — Blue dye solution

(b) Electrophoretic image display system

Fig. 2 Schematic illustration of the rotating bichromal micros-
phere system (a) and the electrophoretic image display
system (b)

rotation of bichromal microspheres. On the other
hand, the fundamental aspect in the electrophoretic
image display systems is caused by electrophoretic
migration of charged microparticles in a fluid with a
low dielectric constant. This system was presented by
Isao Ota of Matsushita Electric Industrial Co., Ltd.

5. Microencapsulated electrophoretic display
system

Despite many attractive features, however, the
microparticle-based display systems mentioned above
suffer from some shortcomings, including difficulty
achieving perfect rotation (in the case of the rotating
bichromal microspheres system) and short lifetime
due to coagulation and agglomeration caused by col-
loidal instability (in the case of the electrophoretic
image display system).

I had a chance to conduct research on paper-like
display systems at the Media Laboratory of Massa-
chusetts Institute of Technology with Prof. Joseph
Jacobson, a key person in the development of paper-
like display systems employing electrophoresis of
microparticles. To overcome the previously mentioned
shortcomings, we created E-ink, a new display system
utilizing microencapsulation techniques with a fusion
of chemistry, physics, electronics and other technolo-
gies [25]. The schematic illustration is shown in Fig-
ure 3. As this figure shows, the structure of E-ink is
simple and each microcapsule, with about the diame-
ter of a human hair, contains millions of tiny pigment

KONA No.22 (2004)

Transpare.nt electrode Blue dye
Power T solution

source

Rear electrode

Fig. 3 Schematic illustration of the microencapsulated elec-
trophoretic display system

microparticles that are well dispersed in an organic
solution with a low dielectric constant. The microen-
capsulated electrophoretic display system prototype
that we proposed in the journal Nature in 1998 was a
one-particle system. Microcapsules contained one type
of charged white microparticles dispersed in a blue
dye solution. At present, we have developed a two-
particle system that uses two kinds of microparticles
(one white, one black) enclosed in a microcapsule.
In the two-particle system, the dispersion medium in
microcapsules is a transparent fluid.

When an electric field is applied between microcap-
sules, the microparticles move in the low dielectric
constant solution toward the oppositely charged elec-
trode in the phenomenon of electrophoretic migra-
tion. If the top transparent electrode is positively
charged, white microparticles with negative charges
should move toward the top electrode, making the
surface appear white at that spot. At the same time,
an opposite electric field pulls the black particles to
the bottom of the microcapsules. By reversing this
process, the black microparticles appear at the top of
the microcapsules, which makes the surface become
black at that spot. This is how microencapsulated ink
(E-ink) forms letters and pictures on the display.

Figure 4 presents microphotographs of the microen-
capsulated electrophoretic display system at different
magnifications, in which the letter ‘K’ was electroni-
cally induced. The prepared microcapsules were dis-
persed in UV-curable polymer and covered with a
transparent electrode. The microcapsules were sieved
to have an average diameter of about 40 mm. This
diameter allows for a resolution of up to 600 dpi.

The contrast ratio and the reflectance of the proto-
type were 7:1 and 35%, respectively. Using the same
measurement system, a newspaper had 5:1 contrast
ratio and 55% reflectance. Furthermore, we observed
the microencapsulated electrophoretic display system
had bistability (image storage performance) for sev-
eral months. Bistability is an important performance
trait of rewritable paper and paper-like displays,
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Fig. 4 Photograph of display image of microencapsulated elec-
trophoretic display system

because it allows image retention even when the
power is turned off. This trait allows for both portabil-
ity and low-power consumption.

For electrophoretic image display systems, the
remaining problems had been particle clustering,
agglomeration and lateral migration. The benefit of
microencapsulation in this case is the isolation of elec-
trophoretic dispersion in discrete compartments. In
other words, agglomeration of electrophoretic disper-
sion in a microcapsules has no influence on elec-
trophoretic dispersion in neighboring microcapsules.

Prof. Joseph Jacobson and other cofounders estab-
lished E Ink Corporation in Cambridge, Massachusetts
in 1997 to produce a next-generation display which
has many of the advantages of paperlike media,
including the ability to access information anytime,
anywhere [40]. This technology can be said to be the
future of paper. E Ink advertises that paper-like dis-
plays have the following advantages. (1) Paper-like
readability means that the display can be read in dim
light with the same contrast as in bright sunlight, and
at any angle without loss of contrast. (2) Ultra-low
power consumption results from the performance of
bistability, which allows a fixed image to be kept even
when the power is turned off. (3) Exceptional portabil-
ity because of the reduced use of both polarizer and
glass compared to liquid crystal display systems.

E ink Corporation first demonstrated these systems
as store signs under the brand name of Immedia in
1999. They were tested at various places including J.
C. Penny retailing stores (Figure 5), and by the Ari-
zona Republic newspaper for headline displays [27].
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Fig. 5 Photograph of first commercial display with elec-
trophoretic ink by E-ink’s Immedia Technology in J.C.
Penney stores

E ink Corporation recently announced that they
have sold their first electronic paper display module
for application in Sony’s new e-Book reader, LIBRIé
(Figure 6), produced in cooperation with Toppan
Printing, Royal Philips Electronics and Sony Corpora-
tion [41-43]. They claim that more than 10,000 pages

Fig. 6 Photograph of Sony Corporation LIBRI¢ that uses the elec-
trophoretic ink technology of E-ink Corporation

KONA No.22 (2004)
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can bﬁQregd-‘gfith just four AAA Alkaline batteries. In
éﬁ& 8{@ LIBRI¢ is lightweight and displays images
ithr a white/black contrast that is as high as a news-
\ﬁpaper. The LIBRI¢ is reported to have reflectance of
50%, contrast ratio of 15:1, power requirements of 15
V, and a response time of 40 ms.

This milestone in microencapsulated electrophoretic
display system development is the culmination of fun-
damental investigations of microparticle science and
engineering, which have been conducted to make
microcapsules with homogeneously transparent mem-
branes, and microparticles enclosing pigment with
superior dispersion stability, as well as the develop-
ment of electronic parts.

6. Full color rewritable paper using functional
capsules project

As mentioned above, the electrophoretic image dis-
play system shown in Fig. 2 was developed by a com-
pany in Japan. A paper-like display system employing
microparticle technology has also gathered much
attention from companies in Japan in the fields of
electronics and information. For example, a toner-
type display system [44], an in-plain-type display sys-
tem [45], a liquid powder display system [46] and a
Gyricon-like cylindrical display system [47] have been
developed by Fuji Xerox Co., Ltd., Canon Inc., Bridge-
stone Corporation, and Oji paper Co., Ltd., respec-
tively. Powder engineers have also achieved marvelous
results with the development of liquid powder that is
10 times smaller in bulk density (Figure 7). This
allows for quicker response to polar change with a
time of 0.2 ms, which is one-tenth of that of liquid

Ol 8 6377+ 20

Fig. 7 Photograph of typical liquid powder developed by Bridge-
stone Corporation
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crystal display systems.

Japan is one of the leading countries in microencap-
sulation technology. Creation of functional materials
and achievement of high productivity are the final
subjects of technology fusion with microencapsula-
tion fabrication technology. The Japanese Ministry of
Economy, Trade and Industry (METI) has created a
national project concerning paper-like displays that
employ microencapsulation, called the Full Color
Rewritable Paper Using Functional Capsules Project.
This project is conducted by JCII under the Commis-
sion of NEDO, as one of the projects in the METI
Nanotechnology Program. In 2004, this project is also
included as a special project to reinvigorate the econ-
omy in a program called Focus 21.

The paramount objective of this project is the devel-
opment of a paper-like display prototype. The follow-
ing three subjects have been identified as requiring
research in order to achieve this goal.

(1) Encapsulation technology

(2) Nano-functional particle surface physical-prop-

erties control technology

(3) Display material and functional evaluation tech-

nology using the encapsulation technology of
nano functional particles

The goals of encapsulation technology research are
the development of a microencapsulation procedure
that achieves high efficiency for functional nanoparti-
cle encapsulation, and the determination of factors
that control microcapsule diameter, membrane thick-
ness and membrane properties. Representative results
are shown in Figures 8 ~10.

Fig. 8 shows a photograph of polyurea microcap-
sules that were prepared by interfacial polymerization

Fig. 8 SEM photograph of microcapsules prepared by interfacial
in situ polymerization
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Fig. 9 Monodispersed microcapsules prepared by interfacial
polyaddition after emulsification by the ink-jet method

(a) O/W emulsion

Cross Section

(b) Microcapsule

Fig. 10  Photographs of O/W emulsion and microcapsules pre-
pared by phase-inversion emulsification and the subse-
quent hardening

between isocyanate groups of the acrylic resin and
diamine substances. As the figure shows, the pre-
pared microcapsules were found to be monodispersed
satisfactorily because emulsification using an ink-jet
apparatus provided fairly evenly monodispersed oil
droplets. Membrane thickness can be controlled in a
range of up to 800 nm.

Fig. 9 is an SEM photograph of microcapsules pre-
pared by interfacial radical polymerization (interfacial
in situ polymerization). In conventional iz situ poly-
merization, the polymerization reaction occurs in lig-

28

uid droplets with dissolved monomers and initiators.
Therefore, tiny microparticles dispersed in liquid
droplets can be embedded in a polymer membrane
to make a microencapsulated electrophoretic display
system. By modifying the procedure with a reactive
surfactant, the reaction site for radical polymerization
of acrylonitrile was successfully localized at the O/W
interface.

Phase-inversion emulsification was adopted to
make monodispersed O/W emulsion. A photograph
of a typical O/W emulsion is shown in Fig. 10a. At
present, we can control monodispersion of prepared
O/W emulsions by adjusting process parameters,
including the polymer concentration, the degree of
neutralization, and the rate of water addition. The pre-
pared microcapsules are shown in Fig. 10b. Subse-
quent hardening with epoxy resin was useful to make
the microcapsule membrane.

7. Systematization of capsule technology

In this project, 6 research groups have joined forces
and worked to systematize the knowledge of microen-
capsulation methods, including phase separation, sol-
vent extraction, coacervation, i situ polymerization,
and interfacial polymerization.

As an example of the results of these capsule tech-
nology systematization efforts, the microencapsula-
tion by phase separation procedure is introduced in
some detail below.

One objective was to establish a technique to con-
trol properties of crosslinked polyamino resin micro-
capsules prepared by the phase separation method. In
order to develop a technique to control microcapsule
diameter, membrane thickness and membrane mor-
phology, the following investigations were carried
out: (1) controlling the diameter of a microcapsule
using the Shirasu Porous Glass (SPG) membrane
emulsification technique, (2) controlling microcap-
sule membrane thickness with a mixture of two kinds
of water-soluble polymeric surfactants.

(1) Investigation on controlling microcapsule diameter

Monodispersed emulsions having about 10% CV
(coefficient of variation) were successfully prepared
with the SPG membrane emulsification technique.
Diameters of the prepared O/W emulsion were in pro-
portion to the pore diameters of the SPG membrane.
The diameters of the emulsion were five times as large
as the pore diameters. Preparation of crosslinked poly-
melamine microcapsules was attempted by using the
monodispersed emulsions. Concentration of sodium
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Pore diameter of SPG membrane is 2.6 um

Pore diameter of SPG membrane is 4.8 um

Fig. 11  Photographs of crosslinked polymelamine microcapsules prepared with the SPG membrane technique

dodecyl sulfate (SDS), which is a typical emulsifier in
SPG membrane emulsification, was found to strongly
affect the dispersion stability of the prepared micro-
capsules. Decreasing the SDS concentration by using
the rich top emulsion phase allows monodispersed
microcapsules to be prepared. Figure 11 shows pho-
tographs of crosslinked polymelamine microcapsules
prepared with the SPG membrane technique. The
microcapsule diameter corresponded fairly well with
the O/W emulsion diameter. The CV value was also
about 10%. Through this investigation, control of
microcapsule diameter was achieved in the range of
10—60 pum.

(2) Investigation on controlling microcapsule mem-
brane thickness

Control of membrane thickness of crosslinked
polyurea microcapsules was investigated by using
several kinds of water-soluble polymeric surfactants,
which were added in the continuous phase in micro-
capsule preparation. The relationship between mem-
brane thickness and poly(E-MA) concentration is
shown in Figure 12. It was found that the membrane
thickness is related to the water-soluble polymeric
surfactants used. When poly(E-MA), or poly(methyl
vinyl ether-alt-maleic anhydride), was used as a water-
soluble polymeric surfactant, membrane thickness
of the prepared microcapsules were about 100 nm.
When poly (acrylic acid) was used, the membrane
thickness was about 400 nm. Control of membrane
thickness was achieved by using a mixture solution of
poly (E-MA) and poly (acrylic acid). Fig. 12 shows that
the membrane thickness could be controlled between
100— 400 nm.
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Fig. 12 Relationship between membrane thickness and poly (E-
MA) concentration

Future development

This paper has reviewed the recent developments
in microencapsulation technology, focusing on the
topic of the development of the microencapsulated
electrophoretic display system, a microparticle-based
paper-like display. Much other research on microen-
capsulation has been conducted in recent years.

Microcapsules are not raw materials in most cases.
Furthermore, microencapsulation is a technique to
give raw materials advantageous traits in order to
make superior products. This characteristic of the
microencapsulation research means that periodically
new developments lead to new products worthy of
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In order to make microencapsulation technology
more fruitful and to realize the sustainable develop-
ment of microencapsulation, I believe that fundamen-
tal studies and reconsideration of base technologies
for various microencapsulation procedures are strongly
needed and that cooperation between academic and
company researchers should be promoted. Funda-
mental research should include the elucidation of
microcapsule membrane formation mechanisms, quan-
titative analysis of the effects of process parameters to
control microcapsule properties, and the develop-
ment of new microencapsulation procedures. These
investigations would lead to the creation of new prod-
ucts with new functions.
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Abstract

Methods currently in use for the in-vitro measurement of the particle size distribution of aerosols
from medical inhalers are reviewed with emphasis on their applicability both for product develop-
ment and quality control testing and for simulation of likely performance in clinical use. Key attrib-
utes and limitations of the various techniques are identified, and consideration is also given both to
likely developments to improve the capabilities of these analyzers as well as to the procedures for their

use.

Key words: Medical Aerosols, Particle Size Analysis, Inhaler Testing

WHY IS PARTICLE SIZE FROM MEDICAL
INHALERS IMPORTANT?

Medical aerosols from pressurized metered-dose
inhalers (pMDIs), dry powder inhalers (DPIs) and
nebulizers are widely prescribed for treating ‘tradi-
tional’ diseases of the lung, particularly asthma and
chronic obstructive pulmonary disease (COPD) [1].
In addition, such devices are of interest for the deliv-
ery of medications systemically, using the lung as a
gateway [2]. In the case of oral delivery to the lower
respiratory tract, it is widely recognized that particle
size plays an important part in defining where the
aerosol particles will deposit [3]. This is because the
lungs together with the airways of the respiratory
tract, have evolved to form a particle size-selective
sampling system in which progressively finer parti-
cles are removed from the inhaled air-stream as they
pass via the mouth, larynx and larger airways towards
the alveolar spaces. If the model developed by Rudolph
et al. is taken as an example for a tidally breathing
adult [4], particles with aerodynamic diameter (d,.)
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larger than approximately 6 um deposit mainly in the
oropharyngeal region, central (bronchial) airway depo-
sition peaks with particles having d,. between 4 and
6 um, and peripheral (alveolar) deposition in the lung
reaches a maximum with particles having d,. between
2 to 4 pm (Figure 1). Aerodynamic particle size takes
into account the influences of both particle density
and shape and is related to particle physical size or
volume equivalent diameter for a sphere (d,) through
the equation:

1/2
N Cpeloe=4d, {Ppcp} (1)
XPo

where the Cunningham slip correction factors (C,,
and C,) are close to unity when d,>1.0 pm, and the
dynamic shape factor () is unity for spherical parti-
cles [5]. Therapeutic aerosols are also delivered by
the intra-nasal route both to treat topical disease [6]
and target other organs, including the brain, via sys-
temic delivery [7]. However, the particles are, in gen-
eral, an order of magnitude or more larger than those
useful for delivery to the lower respiratory tract [8].
Under these circumstances, there is also an interest
in quantifying the size fraction finer than 10 um aero-
dynamic diameter [9], since such particles may pene-
trate beyond the nasal cavity into the passage leading
to the oro-pharynx or lower respiratory tract, where
they may then deposit, possibly leading to unwanted
local and/or systemic effects.
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between 2 and 4 pm

Fig. 1 Deposition of spherical particles of 1 g cm™® density for

slow, oral tidal-breathing by an adult patient (adapted from
data in ref. 3)

From the above, it is self-evident that reliable tech-
niques that measure the particle size of inhaled
aerosols are an essential part of defining both oral
[10] and nasal [11] inhaler performance in order to
predict respiratory tract deposition as an indicator of
clinical efficacy. In connection with oral delivery of
medications to the lungs for either local or systemic
effects, it is important to distinguish the proportion of
the mass from the inhaler that is contained in so-
called ‘fine’ particles that penetrate beyond the oro-
pharynx from the total mass emitted by the inhaler.
This component is often referred to as the fine parti-
cle or ‘respirable’ fraction (FPF) [12, 13]. The precise
limits for FPF are debatable, depending upon the
eventual destination of the medication, therapeutic
action desired and category of patient (pediatric/
adult). In the US Pharmacopeia [12], FPF is defined
in terms of a size range appropriate to the formulation
being tested. In Europe, only the upper limit of 5 pm
aerodynamic diameter is stated explicitly [13], and
the user is free to select a suitable lower limit. In prac-
tice, 4.7 um is frequently chosen as the upper size
limit for FPF, because this value corresponds with the
cut-point size of stage 3 of the widely used Andersen
8-stage cascade impactor (Thermo Andersen, Franklin,
MA) operated at 28.3 L/min. However, Newhouse
[14] has proposed an upper limit of 2.0 um aerody-
namic diameter as being more appropriate for target-
ing the airways with a bronchodilator based on clinical
evidence of efficacy. A similar limit may apply for the
delivery of anticholinergics and corticosteroids, but
larger particles may be more effective at achieving
broncho-constriction in methacholine challenge test-
ing [15]. A lower limit for FPF is rarely specified, but
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should be, because a significant proportion of parti-
cles finer than about 1.0 pm aerodynamic diameter
may be exhaled before depositing in the respiratory
tract [3].

The fine particle mass (FPM) emitted by the inhaler
per actuation is calculated as the product of the total
emitted mass and FPF. This quantity should not be
confused with so-called ‘fine particle dose’, as the clin-
ically prescribed dose may require more than one
actuation of the inhaler.

SCOPE OF THE REVIEW

The focus of this article is primarily on how particle
size analysis equipment is used to evaluate the i vitro
performance of inhalers, rather than on the assess-
ment of the particle size of the constituents of formu-
lations, which is a separate topic in itself. Thus the
various methods involving optical or electron micro-
scopy, though of great value in elucidating informa-
tion about the physical size and microstructure of
individual solid particles, are not included. Microscopy
by itself does not determine particle aerodynamic size
[5], and therefore is of little value as a predictor of the
likely behavior of aerosol particles during inhalation.
It is also of limited value to measure liquid droplet
sizes, as assumptions have to be made about contact
angle with the collecting surface and evaporation of
volatile species including water can be difficult to con-
trol.

Both the choice of particle sizing equipment and
how it is configured will depend on the purpose for
which the data are required. The review examines
two distinctly different approaches to the measure-
ment of particle size of inhaler-produced aerosols that
have developed in recent years. The first is the use of
compendial methods for product development and
quality control, and the second approach is the adop-
tion of procedures that attempt to mimic more closely
clinical use of the inhaler. An assessment is also
included of the key attributes and limitations of the
different types of particle size analysis equipment that
are currently available to the user, and a brief sum-
mary of the state-of-the-art in terms of particle sizing
is provided in conclusion.

TWO APPROACHES TO INHALER PARTICLE
SIZE ASSESSMENTS: COMPENDIAL TESTING

The traditional particle size analysis methods for
medical inhalers contained in the US (USP) [12] and
European (Ph.Eur.) [13] Pharmacopias require that
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some f O%d}%g assay be undertaken of the col-

leétgd'bsqsi\?ractlons so that there is a direct link

measured particle aerodynamic size and the

$?~ mﬁs of active pharmaceutical ingredient (API). This

link is especially important when excipients, such as
surfactant particles, are present together with API.
Non-invasive techniques that are based on light
scattering or the time-of-flight principle that cannot
distinguish between API and non-volatile, non-phar-
maceutically active substances in the formulation (e.g.
surfactant) will measure an overall particle size distri-
bution that may not be reflective of the actual API-
based size distribution [16].

The current compendial techniques listed in both
USP and Ph.Eur. are summarized in Table 1. They
are all based on the principle of inertial impaction that
size-fractionates the incoming aerosol weighted in
terms of API mass. In addition, this table also in-
cludes the Next Generation Pharmaceutical Impactor
(NGI, MSP Corp., Shoreview, MN, USA), as this
equipment will be adopted as apparatus 5 (DPIs) and
6 (pMDIs) in the USP [17] and also as apparatus E
(both DPIs and pMDIs) in the Ph.Eur. [18]. It should

Table 1 Particle size analysis methods for medical aerosols listed
in the current USPland Ph.Eur.?

Apparatus Description USP Ph.Eur.rote!
Andersen 8-stage impactor/ Apparatus 1 for
no pre-separator pMDIs Apparatus D
Marple-Miller model 160 Apparatus 2 for _
5-stage impactor DPIs
Andersen 8-stage cascade Apparatus 3 for
impactor/pre-separator DPIs Apparatus D
Multi-stage liquid impinger Apparatus 4 for
(4-stages) DPIs Apparatus C
Apparatus 5 for
Next Generation DPIs
Pharmaceutical Impactor Apparatus E
(7-stages) Apparatus 6 for
MDIs

tUS Pharmacopeia 28 — National Formulary 23, January, 2003, US
Pharmacopeial Convention, Rockville, MD, USA

4™ Edition of the European Pharmacopeia, January 2002, European
Directorate for the Quality of Medicine, Strasbourg, France

Notes:

1. Apparatus A is the glass Twin Impinger and apparatus B is the
Metal Impinger that are both anticipated to be withdrawn in a
future revision of the Ph.Eur.

2. All apparatuses listed in the table utilize the USP/Ph. Eur.
Induction Port (throat).

3. The Next Generation Pharmaceutical Impactor is currently
the subject of In-Process Revisions that are to be adopted in
future editions of the USP [17] and Ph.Eur. [18].
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be noted that apparatuses A and B of the Ph.Eur. are
the glass Twin Impinger and single-stage metal im-
pactor respectively, both of which are likely to be
shortly withdrawn, as although they are useful for
rapid quantification of FPF, they provide insufficient
size resolution in the critical range from 0.5 to 5.0 um
aerodynamic diameter [19].

In the case of DPI testing, a fixed volume of air is
drawn through the inhaler with the valve to the pump
downstream of the inertial impactor or impinger oper-
ated at critical flow, so that the resistance of the inhaler
determines the precise flow rate-time profile once the
solenoid valve is actuated to begin the process of sam-
pling from the DPI [12, 13]. The final flow rate is
achieved rapidly, and is therefore used to define the
size-separating performance of the particle size analy-
sis equipment. This process is closer to actual use by
a patient, as it simulates the inhalation process, but
there is no attempt to replicate actual inhalation flow
rate-time profiles. In contrast, the impactor or impinger
is always operated at constant flow rate (i.e. 28.3
L/min for the Andersen 8-stage CI) for the testing of
pMDIs and nebulizers.

The twin emphases of compendial methods are on
robustness and reproducibility. Both characteristics
are required in order to optimize both accuracy and
precision for the purpose of inhaler product develop-
ment and quality control of production lots for batch
release testing. The methodology is therefore highly
standardized to minimize inter- and intra-operator and
laboratory differences, and there is little scope for
modification. However, minor adaptations to the basic
methodology are frequently encountered. For instance,
in a recently published standard by the Canadian
Standards Association, the use of a low flow rate cas-
cade impactor is specified for the purpose of evaluat-
ing spacer and valved holding chamber (HC) add-on
devices with pMDIs that are intended for pediatric
rather than adult use [20]. Precautions may also be
taken to minimize the impact of surface electrostatic
charge accumulation by the choice of metal to pro-
vide an electrically conductive surface, rather than
non-conducting glass collection media in impactors
[21], as well as by operating the equipment with cli-
mate control so that the ambient relative humidity is
not too low. Control of relative humidity may also be
important when testing spacers and holding cham-
bers manufactured from non-conducting polymers,
where electrostatic charge accumulation is important
[22]. Local climate control may also be appropriate
when testing DPIs, either where electrostatic charge
associated with the powder particles may have a sig-
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ﬂ“ \Ssih the case of nebulizer testing, a recently pub-
$?~ \“hshed European standard [25] specifies a fixed flow

rate of 15 L/min for the withdrawal of aerosol for the
measurement of droplet size distribution by multi-
stage impactor, this flow rate being considered repre-
sentative of a mid-inhalation flow rate during adult
tidal breathing (500-ml, at 15 respiration cycles/min)
[26]. An impactor with a flow rate<15 L/min may be
used (the Marple Series 298/6 X impactor cited in the
standard as an example CI, operates at only 2 L/min)
by sampling a portion of the aerosol leaving the nebu-
lizer, as long as the total flow rate exiting the device is
maintained at 15 L/min. However, there is a risk that
such an approach may not result in a representative
size distribution, unless precautions are taken to sam-
ple isokinetically [5].

In compendial testing, there is no attempt to sim-
ulate the variable flow rate profile associated with
the respiratory cycle [12, 13]. Furthermore, the inlet
(induction port) to the size analyzing equipment is
greatly simplified with respect to human anatomy,
comprising in its most basic form, a right-angle tube
made to very precise internal dimensions that are
consistent between both European and US Pharma-
copeias. It is worth noting, however, that pharmaceu-

tical companies have independently developed several
variants on the basic USP/Ph.Eur. design for their
particular products [27], reflecting varying view-
points on how inhaler aerosols should be sampled.

TESTING TO SIMULATE CLINICAL USE

In recent years, there has been a recent interest in
developing and adapting iz vitro particle size mea-
surement techniques to be more predictive of the clin-
ical situation, as an alternative to the use of compendial
methods [28-38]. The systems that have been devel-
oped are inevitably more complex, as the particle siz-
ing equipment (typically a cascade impactor) has to
be operated at constant flow rate, whereas the var-
iable flow rate profile associated with simulating
part or all of the respiratory cycle is linked with the
inhaler-patient interface. In many instances, tidal
breathing is simulated [30-32, 34, 38], although actual
patient-generated breathing patterns have also been
recorded as a further refinement, and used to operate
the breath simulation equipment [33, 35-37].

Pertinent details of some of the more important
arrangements that have been developed are sum-
marized in Table 2. Other refinements include the
adoption of anatomically correct inlet geometries to
resemble the human oro-pharyngeal region. These

Table 2 Studies in which particle sizing equipment has been linked with attempts to simulate oral breathing for testing medical aerosol

inhalers*
Study Particle sizing equipment Description of interface with breathing simulator
Brindley ef al. | Andersen 8-stage impactor at 28.3 Electronic Lung™ used to test DPIs. Aerosol ‘inhaled’ into a sampling chamber by

[35]
Burnell et al.
[36]

L/min

action of piston-in-tube. Recorded patient inhalation waveforms as well as standard
(e.g. sinus) patterns can be used. Impactor samples from the chamber at the end of
the inhalation maneuver.

Gehmlich [33]

Foss and Andersen 8-stage impactor at 28.3 | Used for testing pMDI with HCs. Complete respiratory cycle simulated by piston-in

Keppel [34] L/min tube pump connected to inhaler via ‘T’-piece. Other limb of ‘T -piece goes to
impactor. Pressurized air source supplies air via ‘T -piece to enable impactor to
operate without perturbing breathing pattern at inhaler.

Finlay [30], Andersen 8-stage impactor at 28.3 Used for testing pMDI with HCs. Piston-in-tube breathing simulator with electronic

Finlay and L/min trigger to operate solenoid valve supplying compressed air at start of inhalation and

Zuberbuhler terminate at start of exhalation, enabling impactor to operate continuously at 28.3

[31, 32] L/min.

Finlay and Virtual impactor (285 L/min) with | Used to test DPIs. Breathing simulator as described by Finlay and Zuberbuhler [32]

MOUDI (MSP Corp.) operated at
30 L/min to size-classify 1 — 10 pm
particles

connected to enclosure surrounding DPI. Air pushed through DPI at ‘inhalation’ to
allow downstream collection of the aerosol by virtual impactor after passing through
model oro-pharynx.

Fink and QCM 10-stage impactor (California | Used for testing pMDIs with HCs. Ventilator-test lung used to derive breathing
Dhand [37] Measurements, Sierra Madre, CA) | waveform. 1.5 L plenum located after HC from which sample is extracted to

at 0.24 L/min impactor.
Smaldone Low flow impactor at 1 — 2 L/min Used for testing nebulizers. Piston-in-tube pump simulates breathing waveform.
et al. [38] Impactor samples from side-arm of “T’-piece connecting pump to nebulizer.

* This Table provides only basic information about complex arrangements for testing inhalers. The reader should refer to the original publica-
tions for complete method details.
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models(\@g‘e &é&ed originally on cadaver casts, but
r’%c%ﬁ‘@y have been derived from imaging of live
@ﬁ% [39 40]. The Sophia anatomical infant nose-

$?~ thr‘§at (SAINT) model developed by Janssens et al. is

an example of a clinically realistic representation that
was developed from 3-dimensional computer tomog-
raphy scans of the upper airways of an obligate nasal
breathing 9-month infant [41]. The interior surfaces
of such inlets/models can be wetted with a viscous
agent such as Brij-35 (polyoxyethylene-23-lauryl ether
[41]) or glycerol [42], as a further refinement to sim-
ulate mucosal surfaces.

Simulations of delayed or poorly coordinated pMDI
actuation in the context of performance testing hold-
ing chambers are also attempts to bridge the gap
between compendial testing and more closely simulat-
ing clinical use [43, 44]. Such studies indicate a devel-
oping trend towards improved evaluation of these
so-called ‘add-on’ devices, since correct inhalation and
exhalation valve function cannot be properly investi-
gated under constant flow rate conditions [29].

From the foregoing, it is evident that when choos-
ing the most appropriate approach to undertake parti-
cle size analysis, careful thought should be given to
the purpose for which the data are required as well as
considering the appropriateness of the technique for
the class of inhaler that is being evaluated.

PARTICLE SIZE ANALYSIS TECHNIQUES
WHICH METHOD TO CHOOSE

Table 3 contains a summary of the particle size
analysis techniques that are currently in widespread
use for the evaluation of medical inhalers, showing
the operating principle, size range and inhaler types
for which they are most applicable. Most particle siz-
ing methods used for inhaler aerosol assessments are
invasive, in that they require either a sample or the
entire aerosol produced on actuation to be collected
by the measurement equipment. Techniques that are
based on either inertial impaction or time-of-flight
(TOF) both determine aerodynamic diameter. How-
ever only multi-stage CIs or liquid impingers directly
provides the mass-weighted data that are more rele-
vant than the corresponding count/number-weighted
size distribution results in predicting the mass of API
likely to be delivered to different parts of the respira-
tory tract [10].

Ideally, the measurement technique should not per-
turb the inhaler aerosol being evaluated, since the
process of moving the aerosol to the measurement
instrument may alter the size distribution by enhanc-
ing processes that cause particles to deposit prema-
turely [45], or may result in droplet size reduction as
a result of evaporation of volatile species, if care is not
taken to minimize such behavior [46]. So-called non-
invasive methods, which are all based on some form
of particle-light interaction process, have not yet been

Table 3 Summary of particle sizing methods used to characterize medical aerosols from inhalers

Technique Operating principle

Assa Direct

. y Measure of

Size Range (um) for Aerodynamic
API Diameter

Cascade impactor (CI) Inertial size separation in

0.1 — 15 um overall range, but varies from one

multi-stage liquid laminar flow instrument to another. CIs typically have 7 — 8 stages. YES YES

impinger (MSLI) The current MSLI has 4 stages+back-up filter.

Single stage impactors/ Inertial size separation in Cut size chosen to separate coarse from fine particles

Twin Impinger (TI) laminar flow likely to penetrate the lower respiratory tract (e.g. 6.4 YES YES
pum for TI at 60 L/min).

Particle time-of-flight Particle acceleration in ultra-
(TOF) Stokesian flow; transit time
between two detectors

Aerosizer® (no longer available): 0.2 — 200 pm,
extendable to 700 pm with larger nozzle. TSI 3603 NO YES
PSD analyzer is successor: 0.2 — 700 um TSI 3321
APS® with 3306 impactor inlet: 0.5 — 20 um.

several detectors observing
particle interaction with
interference fringes formed

size analysis (PDA)

Laser diffractometry Low angle laser light 0.5 um — 3 mm overall range, but varies from one NO NO
(LD) scattering instrument to another.
Phase-Doppler particle Phase shift observed by 0.3 — several hundred pm. Precise range

depends upon the optical configuration chosen.
Particle velocity can also be measured in 1-, 2- NO NO
or 3-components of direction, depending on
from intersecting laser beams | sophistication of measurement system.

36
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om an inhaler. However, a new generation of non-
invasive instruments, such as the Ultra-Violet Aero-
dynamic Particle Sizer® aerosol spectrometer (TSI Inc.,
Shoreview, MN, USA) offer the potential for combin-
ing particle sizing with an assay procedure, in this
instance by fluorescence intensity. The application of
this instrument thus far has been to detect biologi-
cally active from inanimate particles in air quality
monitoring, rather than distinguish API from non-
therapeutically active particles in studies of inhaler-
based drug delivery.

Non-invasive methods can be further sub-divided
into TOF techniques that determine aerodynamic par-
ticle size directly by particle acceleration in a well-
defined flow regime, and systems that are based on
particle-light interaction. TOF-analysis is particularly
useful for the assessment of powders in pre-formula-
tion studies [47], as various methods for dry disper-
sion of powders into aerosol form are available. Light
interaction methods can be further sub-divided into
low angle (laser diffraction (LD)) and phase Doppler
systems. LD systems measure orientation-averaged
size that corresponds closely with volume equivalent
diameter, at least for micronized, near spherical pow-
der particles [48]. They are convenient to use, as they
typically require few user defined parameters and
enable size distribution measurements to be made in
<1 min, compared with >1 h by cascade impactor.
LD is especially applicable for sizing aqueous droplets
produced either by nebulizers [49, 50] or nasal spray
pumps [11], since the technique has a very wide
dynamic range. Clark has shown that LD provides
droplet volume median droplet diameter (VMD) as a
measure of central tendency of the size distribution
that is equivalent to mass median aerodynamic diame-
ter (MMAD) for non-volatile dibutyl phthalate drop-
lets produced by a jet nebulizer [51]. It is reasonable
to expect this relationship to hold true for aqueous
droplets, provided that care is taken to control evapo-
ration [10]. Although the link between LD-measured
size distribution and VMD may be appropriate for a
homogeneous solution formulation, direct compari-
son between LD- and other techniques such as iner-
tial impaction is unlikely to apply with suspension
formulations. This is because LD quantifies droplet
size distribution without reference to the mass con-
tent of API contained within the various sizes of
droplets, in contrast to inertial methods where API
mass is directly determined [10].
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INERTIAL IMPACTORS, INCLUDING THE
MULTI-STAGE LIQUID IMPINGER (MSLI)

Inertial size-separation by CI has been used as the
‘gold standard’ to size-analyze inhaler-derived aerosols
for many years [12, 13] and is probably the widest
used method today. The application of this class of
particle size analyzer to the assessment of medical
aerosols has recently been extensively reviewed, fo-
cusing on the types of impactor that are in current
use together with their strengths and limitations for
measurements with the different classes of inhalers
[52].

The theory of impactors has been well developed
by Marple and colleagues over several years, based
on a 2-dimensional solution of the Navier-Stokes equa-
tions defining the gas flow field in the absence of par-
ticles, and then using Newton’s equation of motion to
model the passage of different sized particles through
various stage geometries [53-55]. In its simplest form,
a single stage impactor comprises a jet or nozzle plate
containing one or more circular or slot-shaped ori-
fices of diameter (W) located a fixed distance (S)
from a flat collection surface that is usually horizontal
(Figure 2). The stage functions by classifying incom-
ing particles of various sizes on the basis of their dif-
fering inertia, the magnitude of which reflects the
resistance to a change in direction of the laminar flow
streamlines [53, 54]. As the incoming flow passes
through the nozzle plate, the streamlines diverge on
approach to the collection surface, whereas the finite
inertia of the particles causes them to cross the
streamlines. The dimensionless Stokes number (S7),
which is the ratio of the stopping distance of a particle
to a characteristic dimension, in this case W (or aver-

w)

I — -NOZZLE WIDTH

. +~— IMPACTION
| PLATE

Fig. 2 Schematic of a single stage impactor, showing divergent
streamlines in flow approaching collection surface, with
particle trajectory meeting surface at point A
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age dla{l\te r,ow for a multi-orifice stage) describes

th éxrrgcqgs?defining a critical particle size that will
@éacg&he collection surface for a particular stage

ge§metry. For a single nozzle (jet) impactor, St is
related to Wthrough the expression:
paecaedzzzeU
St=——— 2
oUW @

in which p,. is particle density, C, is the Cunningham
slip correction factor, U is the air velocity at the noz-
zle exit of impaction stage and  is gas (air) viscosity
[54].

The particle collection efficiency (E) of an ideal
impactor stage, expressed as a percentage, will in-
crease in a step-wise manner between limits of zero to
100% at a critical value of St. In practice, for a well-
designed stage, E is a monotonic sigmoidal function
of St or d,. that increases steeply from E ~ 0% to
>95%, typically reaching its maximum steepness when
E is 50% (Figure 3), corresponding to the stage effec-
tive cut-off diameter, also termed its ds, value, and:

9w |z
Coodso=| 2| /Sty ®)
_ptzecan
or in terms of volumetric flow rate (Q):
[ W3 |1/2
Csodso=|———=| St 4
0ds0 4paecaeQ} 50 @

for a multi-orifice stage comprising n circular nozzles.
It is possible to take into account the shape of the

100

84.1
80

60
50.0
40 1

Collection Efficiency (%)

20
15.9

0 T T T
0 ! dlé; 351% v>84.1% ’ !

Aerodynamic Diameter (um)

0 0.49 0.94

NSt
Fig. 3 Idealized collection efficiency curve for a single round-
nozzle impactor stage
38

actual collection efficiency curve of the stage in the
analysis of impactor data [56], but this refinement
is rarely done for measurements of inhaler perfor-
mance. Instead, the assumption is made that the mass
of particles larger than ds, that penetrate the stage, is
exactly compensated by the mass associated with par-
ticles finer than this size, that are collected [57]. Thus
the ds value is a constant for a given stage at a fixed
flow rate. Marple and Liu [54] and more recently
Rader and Marple [55], with an improved theory tak-
ing into account the effect of ultra-Stokesian drag,
have identified that /St at Esy ('S5, ) should be close
to 0.49 for well-designed round-nozzle impactors (Fig.
3), where differences in particle inertia dominate the
size separation process. v/ Sts, remains close to this
value when the flow Reynolds number (Re), given by:
Re= PV Vo _

__4pQ

u nituwv ©)

is within the range from 500 to 3000 [54]. p is the gas
(air) density.

The sharpness of cut of a given stage is defined
in terms of the geometric standard deviation (GSD)
of the collection efficiency curve, derived from the
expression:

d84. 1 (7)

GSD, stage — diso

where dg,; and dis9 are the sizes corresponding to
the 84.1 and 15.9 percentiles of the curve by analogy
with the log-normal distribution function expressed in
cumulative form, to which the shape of the collection
efficiency curve approximates (Fig. 3). GSD for a
well functioning stage should ideally be<1.2 (the
GSD for an ideal size fractionator would be 1.0) [58].
However, in practice, values in many designs of com-
mercial impactor can exceed this limit, especially with
stages that classify particles larger than 5 um aerody-
namic diameter, where gravitational sedimentation
significantly contributes to the size-separation process
[59]. The influence of gravity becomes especially evi-
dent at low flow rates with impactors such as the NGI
that are designed to operate over a range of flow rates
[60].

For multi-orifice impaction stages, Fang et al. [61]
also identified the importance of the cross-flow para-
meter (X,), as a parameter that affects stage GSD. X,
is defined as:

_nW

X.=
4D,

)

where D, is the diameter of a cluster of nozzles on the
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sta; @?f tge-‘galue of this dimensionless parameter is
@r@at@f@ﬁan 1.2, the potential exists for spent air leav-

N i“qg\;ﬁe orifices closer to the centre of the nozzle plate

o interfere with the flow exiting the outer orifices,
thereby preventing their flow from reaching the col-
lection surface.

A Cl is assembled from several stages with progres-
sively decreasing cut sizes (Figure 4), so that an
incoming aerosol is size separated into the same num-
ber of fractions as there are stages. For inhaler test-
ing, it is desirable to have at least 5 stages with ds,
values located within the critical range from 0.5 to 5
pum aerodynamic diameter [62]. There is a link between
the cut sizes of individual impactor stages and the
likely deposition sites in the respiratory tract of the
particles that are size-separated, but it is important to
appreciate that diagrams, such as Figure 5, which
relates to the Andersen 8-stage impactor, are only a
guide, since the constant flow rate through a CI does
not simulate the continuously varying flow rate asso-
ciated with the respiratory cycle.

Technical details for the most widely used Cls for in-
haler aerosol testing are summarized in Table 4. Stage
ds, values for the Andersen 8-stage impactor, standard
Marple-Miller impactor (MMI, MSP Corp., Shore-
view, MN, USA) and the Multi-Stage Liquid Impinger
(MSLI) (Copley Scientific Ltd., Nottingham, UK)
have been taken from Marple ef al. [63]. Size ranges
appropriate to these and other Cls occasionally used
for inhaler testing that are based on published cali-
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bration data, are summarized in Tables 5-9. Cascade
impactors are typically calibrated on a stage-by-stage
basis using monodisperse aerosol particles [64-74]
that are ideally electrostatically charge equilibrated

i

O N |

STAGE 1

.
%

STAGE N

T
AFTER - \x_____"-_
FILTER “1_

Fig. 4 Schematic of a multi-stage impactor, showing the separa-
tion of progressively finer particles as the aerosol passes
through successive stages to the after filter

_IMPACTION
PLATE

—NOZZLE

“FILTER

=

.. Flow Rate=28.3 1/min+5% USP Metal

e, s Throat

|
|
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Andersen MK-II
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q Liw - 4

Cascade Impactor

|
|
|
[}
W
&

Vacuum Pump

Rotameter

Fig. 5 Relationship between Andersen 8-stage CI cut sizes at 28.3 L/min and likely particle deposition in the respiratory tract
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Table 4 (\Qh?ra(g\rﬁ?ics of cascade impactors used to size-analyze medical aerosols from inhalers
Fo\ O\
(%4 (%3
pa ? Flow Rate Stages and Reynolds number . .
Q( )“Qé? §§r (L/min) Size Range range Calibration Comments
A\
\a - ACI can be used at higher fl
. gher flow
\(\O$ g\gf:r:e(‘;a) 28.3 8 circular plaes 110 — 782 Yaughan [65] (66] | rates for DP! testing by modifying
g : stages [54-55] — see Table 5.
Model 160 — 60 1240 — 3160 Low flow version (model 150P)
Marple et al. [69] | designed to operate at two
Marple-Miller Model 150 — 30 5 collection cups 1240 — 3160 disgrete flow rates by i'nterchange
impactors T after filter of single-jet nozzle to first stage.
(MMI) Model 386 — 918 (4.9 L/min)
150P — 4.9 and Olson et al. [70]
12.0 945 — 1951 (12.0 L/min)
166 — 1482 Horizontal inter-stage geometry
(15 L/min — stages with hinged lid access to aid auto-
Next Generation 7 collection cups 1-7: MOC not Marple et al. [58] | mation. MOC avoids use of after
Pharmaceutical 15 - 100 + micro—orific% ret}clqrr%?lendetd at l;[ 30 {0 IPOZL[/ égin ?i:er but %n integnfal ofr extelr rtlgl
Impactor (NGI) collector (MOC) is flow rate) arple et al. ilter can be used for formulations
149 — 2938 (30 L/min) | — 15 L/min with a significant portion of extra-
298 — 5876 (60 L/min) fine particles that would
496 — 9793 (100 L/min) otherwise penetrate the MOC.
Multi-Stage S . Can be used at flow rates between
Liquid Impinger 60 4 impingement 3300 — 10310 | Askingand Olsson | 3574100 T /min.
(MSLI) stages + after filter [71]
Quartz crystal . Fairchild and Other versions that operate at
impactor 0.24 10 flgggg(l)lfsctlon Wheat [72] higher flow rates are available.
(QCM) Horton et al. [73]
8 plates (model 100) A version is available where
Micro Orifice 0.8 — 10 pm continuous deposits are collected
Uniform Deposit _ as a function of sampling time by
Impactor 30 10 plates 350 — 1680 Marple et al. [74] rotating the nozzle plates relative
(MOUDI) (model 110) to the collection surfaces.
0.056 — 10 pm

Table 5 Stage ds) values (um) for the various configurations of the
Andersen 8-stage cascade impactor at different flow rates

Table 6 Stage ds, values (um) for various models of the Marple-
Miller impactor

Flow Rate (L/min) MMI model and flow rate (L/min)
Stage st
28.3 60 90 age 150P 150P 150 160 160
4.9 12.0 30 60 90
-2 not used not used 8.0
1 10.0 10.0 10.0 10.0 8.1
-1 not used 8.6 6.5
2 7.2 4.7 5.0 5.0 4.0
0 9.0 6.5 5.2
3 4.7 3.1 2.5 2.5 2.0
1 5.8 4.4 3.5
4 3.1 2.0 1.25 1.25 1.0
2 4.7 3.2 2.6
5 0.77 0.44 0.63 0.63 0.5
3 3.3 1.9 1.7
Data for 4.9 and 12 L/min are from reference 57, and data at 30 and
4 2.1 1.2 1.0 60 L/min are from [64]. Data at 90 L/min are calculated assuming
ideal inertial size separation.
1.1 0.55 0.22f
0.7 0.26 not used
7 0.4 not used not used

t Cut size reported by Thermo Andersen for this stage is 0.43 um

Data at 28.3 L/min are nominal values supplied by the manufacturer,
data at 60 and 90 L/min are from [67] and [68].

[73]. The process is both labor intensive and time
consuming, so that measurement of stage nozzle
diameters (so-called stage mensuration) is currently

40

regarded as an acceptable substitute to verify that
impactor performance is maintained with use [12].
Although testing of pMDIs and nebulizers is conve-
niently undertaken at a fixed flow rates where calibra-
tion data are available, almost all DPIs require an
inhalation maneuver to be simulated for the bulk pow-
der to be dispersed and ejected from the inhaler. In
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A\Y
O&(\rb
AL S
®<\\0
Tabk@q S é\%so values for the multi-stage liquid impinger at 60
5 < ’b\' O(\'JL‘ ‘min
=
Qo“'A @@t‘age Cut Size (um)
A 1 13.0
\(\O
2 6.8
3 3.1
4 1.7
Data from [71].

Table 8 Stage ds, values for the QCM impactor at 0.24 L/min

Stage Cut Size (um) from [72] | Cut Size (um) from [73]
1 17.0 15.7
2 13.0 9.0
3 7.7 6.3
4 3.9 3.1
5 1.80 1.87
6 1.20 1.09
7 0.64 0.49
8 0.34 0.32
9 0.26 0.19
10 0.14° 0.07

fHigher than expected cut size for stage 10 may have been influ-
enced by calibration particle density being>1 g.cm™®

Table 9 Stage ds, values for the Model 110 MOUDI at 30 L/min

Stage? Cut Size (um) from [74]

1 9.9

2 6.2

3 3.1

4 1.8

5 1.00
6 0.56
7 0.32
8 0.18
9 0.097
10 0.057

#The ds, value of the inlet is quoted as 18 pum, but this is not nor-
mally used as an impaction stage
f Model 100 MOUDI comprises stages 1 to 8

practice, the DPI is first attached to the induction port
of the CI, flow rate adjusted until the pressure drop
across the inhaler (measured at the induction port
entry) is 4 kPa, chosen as being broadly representa-

KONA No.22 (2004)

tive of pressure drops produced by patients using
DPIs [75]. Before simulating the inhalation maneuver,
the volumetric flow rate is checked with the DPI
replaced by a flowmeter that is capable of providing
the volumetric flow rate either directly or through an
appropriate Boyles’ Law pressure correction [76]. This
flow rate is often intermediate to one of the values for
which cut off sizes have been obtained by calibration.
For the ideal inertial separator, it can be shown by
application of equations 3 or 4, that the stage cut-point
size (Ds1) at flow rate (@) is related to the cut-point
size (Dsorep) at a reference flow rate (Q..¢) where cali-
bration data are available, in accordance with:
_ Q|2
D5 DSO,ref{ ) }
This relationship is the basis of the calculation pro-
vided in the current compendial methods, where
Dsp et is fixed at 60 L/min [12, 13]. However, it is only
strictly valid when inertial forces dominate the parti-
cle separation process so that /St is constant. This
situation is not the case when gravity has a significant
effect on the size-separation process, as occurs with
components of CIs in which particles with d,.>10 pm
are being size-separated [77]. Under these circum-
stances, it may be more appropriate to fit calibration
data, if acquired at several flow rates within the range
of operation of the CI, by a power law expression of
the form:

)

(10)

where Q.. is a chosen reference condition (generally
60 L/min for DPI testing), and the parameters ‘A’ and
‘b’ are chosen to fit the calibration data. This more
general approach was therefore adopted to predict
stage cut-point sizes for the NGI between 30 and 100
L/min [17, 18, 58] (Table 10). Although not based
on a model of the underlying physics of impactor
operation, the approximation is practical to imple-
ment, and can also be applied to correct for other non-
ideal behavior, such as the effect of the slip correction
term describing particle motion, that can be signifi-
cant with stages which separate particles finer than
0.5 pm.

Particle size measurements by cascade impactor
can be affected by a number of factors that can intro-
duce bias. Recently a working group of the US Prod-
uct Quality Research Institute (PQRI), which is a
collaborative process involving representatives from
the pharmaceutical industry, academia and the FDA,
developed a guide to aid those testing inhalers by the
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Table 10 @glue@*‘o@onstants ‘A’ and ‘b’ (Equation 10) for the NGI
PPN
(%4 (\U‘

R ééog\pﬁlent A b
R W
QO \ﬂi’&separatoﬂ[ see footnote see footnote

Stage 1 8.06 0.54
Stage 2 4.46 0.52
Stage 3 2.82 0.50
Stage 4 1.66 0.47
Stage 5 0.94 0.53
Stage 6 0.55 0.60
Stage 7 0.34 0.67

flEquation 10 was replaced by Dsy;=12.8 — 0.07(Q — 60) in order to
account for the significant effect of gravity on its operation
From [60]: used by permission, Mary Ann Liebert Inc.

cascade impaction method [21]. The underlying pur-
pose of this document was to identify impactor-related
contributions to the overall uncertainty of the mass
balance of API that is used to validate the particle size
measurement. However, the investigation tree con-

tained in this summary of ‘good CI practice’ (Fig-
ure 6), that identifies a way to trace the cause of a
failed mass balance measurement, is also a useful
guide when examining anomalous particle size data.
The order of investigation has recently been validated
by the outcome from a survey of impactor users
within the pharmaceutical industry [78].

It is important to note that many of the issues listed
in Table 11 which has been derived from the PQRI
publication, including the elimination of leakage path-
ways and correct alignment of components, can be
eliminated in routine testing by careful adherence to
protocols. Particular attention needs to be paid to the
control of flow rate, as this parameter has a major
influence on performance (equations 9 and 10) [76].
The choice of a suitable viscous surface coating to
avoid particle bounce in a CI [79-82] is of critical
importance when testing DPIs [83, 84], with the
exception of the MSLI, where the liquid contained in
each impaction stage fulfils this purpose. The deci-
sion whether or not to coat, and with whatever sub-
strate, is normally made during the development of
the method for a particular inhaler/drug product

CI/MSLI MB
Determination

/

MB within acceptance criteria
determined in method development
and in validation studies

v

Mass balance check
is complete

T

MB outside validated
acceptance criteria

v

Check for analyst error

Error
confirmed

Error not
confirmed

Check environmental factors

Remedy the error and repeat
CI/MSLI test

Error not
confirmed

Error
confirmed

Check for errors in instrument

Remedy environmental factor (s)

and auxiliary equipment and repeat CI/MSLI test
Error not Error
confirmed confirmed
Remedy the error and
Check for DCU repeat CI/MSLI test
DCU unacceptable \‘CU acceptable
Check for product errors Repeat CI/MSLI test

Fig. 6 Failure investigation tree for inhaler testing by cascade impactor (from [21]: used by permission, Mary Ann Liebert Inc.)
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Ta{l;k@.l o tial causes of bias in impactor-based particle size measurements — Impactor-related issues’
6‘ O(\ Factor Potential Influence on Particle Size Distribution Accuracy
oV

$?\Q \v\%orrect location of collection surfaces Large

\[\O Proper accounting for collection surfaces (and back-up filter) Large

Assertion of stage order Large

Air leakage into impactor

Small, unless leak is massive

induction port/pre-separator/impactor

Poor seal and orientation between induction port/impactor or between

Small, unless leak is massive or components grossly out of
alignment

Inadequate liquid volume or liquid missing from collection surfaces (MSLI)

More data needed to quantify risk of bias

Flow rate

Large

Timer operation of solenoid valve (DPI-testing)

Large

Cleanliness of stage nozzles

More data needed to quantify risk of bias

Worn/corroded stage nozzles

More data needed to quantify risk of bias

Electrostatic effects

Large, when non-metallic components are used

Use of collection surface coating

Large

Environmental factors (barometric pressure, relative humidity)

Potentially large, depending more on formulation
(e.g. hygroscopic particles) than impactor

adapted from [21]: used by permission, Mary Ann Liebert Inc.

[21]. A wide variety of such methods exist, and the
European Pharmaceutical Aerosol Group (EPAG) has
therefore recently published a summary of current
procedures that are in use by member organizations
[85]. Although pMDIs have customarily been tested
using uncoated collection surfaces, recent data with
the MMI [86], Andersen 8-stage CI [87] and NGI [88,
89] indicate that a surface coating may also be neces-
sary when evaluating this class of inhaler with these
impactors, especially if the formulation contains no
surfactant and only 1 or 2 actuations of the inhaler are
performed per measurement to simulate delivery of
the clinically prescribed dose. Nevertheless, the out-
come from a recent extensive multi-organization inter-
comparison between the Andersen 8-stage CI and
NGI testing a wide variety of both pMDI- and DPI-
delivered formulations in which most measurements
were undertaken with more than 2-actuations into the
impactor, indicated that size distributions obtained by
either impactor are substantially equivalent [90].

TIME-OF-FLIGHT AERODYNAMIC PARTICLE
SIZE ANALYZERS

TOF particle size analyzers provide an attractive
alternative method to cascade impactors or impingers
for the determination of aerodynamic particle size dis-

KONA No.22 (2004)

tributions of inhaler-generated aerosols, as they oper-
ate in near real-time and are therefore rapid to use.
They also have greater size resolution capability (>10
size channels per decade). These instruments each
function on the principle of accelerating aerosol-based
particles to the point at which their velocity temporar-
ily lags behind that of the surrounding air molecules
(ultra-Stokesian flow). During this period, the time it
takes for individual particles to transit between two
light beams is accurately measured, since this TOF is
a unique function of aerodynamic size [91]. Two types
of TOF analyzer have been widely applied to the mea-
surement of medical aerosols.

1. The Aerosizer® family of TOF analyzers (Aerosizer®
Mach 2 and Aerosizer® LD) were developed in
the late 1980s and 1990s by Amherst Process
Instruments Inc. Amherst Process Instruments
Inc. was acquired by TSI Inc., Shoreview, MN,
USA in 1998, who shortly thereafter replaced the
previous systems with the DSP particle sizer. The
PSD 3603 TOF analyzer superseded this instru-
ment in 2003.

2. The Aerodynamic Particle Sizer (APS®) aerosol
spectrometer developed by TSI Inc. in 1982 as
the APS3300, followed by the APS3310 in 1987.
These early instruments were superseded in
1997, initially by the model 3320 and in 2001 by
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theo@?reat§avallable model 3321.
%@t@t “of TOF analyzer operate effectively in

Q@h% @n\ge of greatest interest for inhaler testing (0.5
$?~ to‘§0 pm aerodynamic diameter). Detailed descrip-

tions of the operating principles of each technique
together with their applications and limitations for the
assessment of all types of inhaler-generated aerosols,
have been reviewed in two previous publications [47,
92], so this summary focuses on the more important
aspects that should be considered.

The underlying principle of the APS® family of
instruments is based on the work of Wilson and Liu
[93], that was further developed by Remiarz et al.
[94]. The flow through the tapered nozzle does not
reach sonic velocity, but the particles are accelerated
in ultra-Stokesian flow. The 3300 and 3310 instru-
ments comprised a sensor unit, which contains the
sampling system, detector, preliminary data processor
and flow sensing equipment (Figure 7). Although
they offer a high degree of size resolution compared
with CI/MSLI-based measurements, both instruments
are susceptible to coincidence-related bias, when
more than one particle is detected simultaneously. In
addition, bias is caused by so-called ‘phantom’ particle
detection because the laser beams defining the mea-
surement zone were separated, so that individual par-
ticle transits are not detected [95, 96]. The 3320 and
3321 instruments therefore incorporate two overlap-

Aerosol in

Inner nozzle 1 Imin~! J

ping laser beams that define the measurement zone,
combined with improved particle detection electron-
ics. The time-of-transit of individual particles can
therefore be followed by detecting a distinct double-
crested signal as the particle traverses the illuminated
pathway between both beams (Figure 8) [97]. Rela-
tive light scattering intensity can also be measured
and correlated with the TOF-based aerodynamic size
for each particle. Despite these improvements, accu-
racy in calculating mass-weighted size distributions
most appropriate for medical inhaler assessments
using the model 3320 was still limited by a very low-
level background of false, large particle counts that
were present even after the effects of particle coinci-
dence and phantom particles had been eliminated
[98, 99]. The cause was traced to small particles that
re-circulated in the vicinity of the measurement zone,
thereby re-entering at a much slower velocity and
therefore being assigned a correspondingly larger
size. This recirculation was eliminated in the model
3321 and minor improvements were also made to the
detection electronics to optimize the time spent pro-
cessing each particle transit event. Both models 3320
and 3321 can be equipped with a single stage im-
pactor inlet ((SSI) model 3306) having a cut size of 4.7
pm aerodynamic diameter, for work with medical
aerosols. A version is also available with a cut size of
2.5 pm aerodynamic diameter for measuring the fine

Outer nozzle 5 Imin~!

Filter

[ |Flowmeter
1

LE

1T

% __,.-"" Sheath air valve 4 Imin~

Focusing optics

Flowmeter

Filter

Pressure transducer
/
hotomultiplier ]

Scattered light

—

Internal
vacuum pump

—

LI

Fig. 7  Aerosol flow path and TOF detection system for the models 3300 and 3310 APS® aerodynamic particle sizer spectrometer (courtesy TSI

Inc.)
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Fig. 8 ‘Double-crest’ particle detection system utilized by models 3320 and 3321 of the APS® aerodynamic particle sizer spectrometer (cour-

tesy TSI Inc.)

particle content of environmental aerosols, but which
might also be useful for assessing extra-fine particle
content of inhaler-generated aerosols. The entry to
the SSI is a USP/EP induction port (Figure 9).

The Aerosizer® family of TOF analyzers operates
by accelerating particles in a sonic expansion flow
and measuring their time to transit a fixed distance
defined by two parallel, but separated light beams
located in the path of the flow close to the nozzle
(Figure 10). Dahneke et al. [100] first described this
operating principle, later amplified by Dahneke and
Padiya [101], Dahneke and Cheng [102] and Cheng
and Dahneke [103]. A cross-correlation technique is
used to link measured TOFs between the two detec-
tors to individual particle transits through the mea-
surement zone, so that a meaningful size distribution
can be constructed. However, the technique is com-
plex and susceptible to non-ideal effects, particularly
at high concentrations when several particles may
be present simultaneously in the measurement zone
[91]. The measurement range of the Aerosizer® is
nominally from 0.2 to 200 um aerodynamic diameter,
making use of the standard 750 um diameter tapered
nozzle [91]. However, for research with DPIs in which
the API is attached to larger lactose carrier particles,
the measurement range can be shifted from approxi-
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mately 0.2 to 700 pm aerodynamic diameter by the
use of a larger (1500 um diameter) nozzle. Various at-
tachments were available to disperse bulk powder into
aerosol form (Pulse-Jet Disperser™, AeroDisperser™),
sample fully expanded pMD]I-generated aerosols from
a large volume (AeroSampler®), simulate the inhala-
tion portion of a breathing cycle (AeroBreather®)
and dilute the incoming aerosol (AeroDiluter®) [47].

The PSD 3603 TOF analyzer successor to the
Aerosizer® instruments utilizes a similar ‘double-crest’
particle detection arrangement as that developed for
the more recent versions of the APS® TOF systems
(Fig. 8). However, the flow path through the instru-
ment more closely resembles that of the Aerosizer®.
It can be used with a dry powder disperser attach-
ment similar to that developed for the Aerosizer® for
formulation development purposes. Other sampling
devices that would be useful for inhaler testing, such
as the AeroSampler® and AeroBreather®, are not
presently available, and no studies evaluating the PSD
3603 analyzer with inhalers have been published to
date.

Table 12 is a comparison of the features of TOF-
and Cl-based analysis methods. In contrast with most
impactors used to evaluate inhalers, TOF analyzers
operate at flow rates that are too low for direct con-
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Aerosol Flow nection to the inhaler, and therefore require the
- aerosol that is presented to the measurement zone
____#————Sheath Flow to be sampled from the flow entering the analyzer.

There is scant data on the variation of measurement
efficiency as a function of particle size with these sys-
tems, largely because such measurements require a
source of monodisperse particles in known number
concentration. Such so-called ‘aerosol concentration’
\ standards are exceedingly difficult to achieve in prac-
\ﬁ ff | Photomultiplier tice, due to the several forces that act to remove sus-
| pended particles within the size range of interest
[104]. The assumption is therefore made that par-

Prism ticles of all sizes are sampled and measured with
equal efficiency. However, recent publications by
Armendariz and Leith [105] and Peters and Leith
[106], who have established the measurement effi-
ciency-aerodynamic size relationships for the APS®
Fig. 10  Aerosol flow path and TOF detection system for the models 3320 and 3321 respectively, appear to indicate
Aerosizer® particle size analyzer substantial differences between two superficially sim-

Laser =
Beams

i Photomultiplier
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e ®\“ Cascade Impactor
$?\Q 3 Aerosizer®/PSD 3603 APS®/SSI
\[\O Direct assay for API No assay possible No assay possible by APS®, but SSI enables

assay for API to validate FPF measurement
(<4.7 pym aerodynamic diameter)

Typically 4-5 measurements/day/operator

1-measurement/minute is possible —
replicates are easy to obtain

Similar measurement rate to Aerosizer®, but
SSI samples (2 per measurement) take
similar time to assay as equivalent number of
impactor stages

Direct measure of API mass-weighted size
distribution

Number-weighted size distribution requires
transformation to mass-weighted basis with
increased risk of bias by few very large
particles if aerosol is polydisperse

Similar to Aerosizer®, but SSI provides FPF
on a mass-weighted basis

Inhaler aerosol mass concentration is not a
limitation

Particle concentrations>10* cm~ may result
in particle coincidence errors

Similar to Aerosizer®

Readily usable with variety of induction ports
for inhaler testing

Aerosizer® has array of different sampling
arrangements for different inhaler classes,
but none are compendial based

SSI is supplied with USP/Ph.Eur. induction
port

Precautions required to ensure particles are
collected efficiently (i.e. eliminate bounce/
blow-off)

Nothing is collected, so no precautions are
necessary

Similar to Aerosizer®, but SSI collection
surface below impactor requires precautions
for efficient particle recovery

Particle density and shape are both incorpo-
rated in measurement of particle aerodynamic
size because flow regime is Stokesian

Ultra-Stokesian flow introduces significant
density- and shape-related biases

Similar to Aerosizer®, although effects are
less pronounced because flow regime is
closer to Stokesian

Inhalation maneuver can be simulated for DPI
testing, and impactors have been linked with

AeroBreather® add-on option for Aerosizer®

allows simulation of inhalation maneuver

No facility to simulate inhalation
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breathing simulators during sampling

ilar instruments. Although the efficiency of the model
3321 APS® in the range from 1 to 5 pm aerodynamic
diameter was reported as approximately constant,
equivalent data for the 3320 indicated a large decrease
in efficiency between 2 and 5 pm, which would be
expected to manifest itself as a bias towards the detec-
tion of finer particles within this range. Further work
is therefore urgently needed to establish the cause of
these differences, to extend the size range evaluated
so that it ideally encompasses the full operating range
of the instrument, and also to determine comparable
data for the other TOF systems that are in use.

It is also important to appreciate that because TOF
analyzers count individual particles as they transit
between the light beams, the size distributions that
are produced after transformation of TOF-data to par-
ticle size, are number-weighted. The subsequent con-
version from a number- to mass-weighted basis may
introduce ‘noise’ arising from the largest particles
that may be present in a typical polydisperse inhaler-
produced aerosol, and which are much fewer in num-
ber than particles that comprise the bulk of the size
distribution [47, 92]. In the context of inhaler testing,
this problem was encountered by Bouchicki et al.
[107] with a pMDI-generated aerosol, in which an
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APS®-measured count median aerodynamic diameter
of an apparently unimodal size distribution with a
tail extending past 2 um aerodynamic diameter was
reported as being close to 0.7 um. However, on a
mass-weighted basis, the same aerosol was distinctly
bimodal, having one peak at 8 um, a deep trough
between 8 and 10 um, followed by a second peak at 15
pum aerodynamic diameter. In this context, the SSI is a
useful adjunct to the APS®, as by virtue of being an
impactor, it enables the FPF to be measured directly
on a mass-weighted basis. The accuracy of the TOF-
based size distribution can therefore at least be veri-
fied at either 2.5 um or 4.7 pm aerodynamic diameter.

TOF analyzers are also sensitive to the high particle
concentrations that can occur momentarily following
actuation of inhalers, especially pMDIs [108]. The
underlying causes of bias due to high particle concen-
trations are different between the Aerosizer® [109]
and both earlier [95, 96] and later [98] APS® systems,
on account of the different transit time detection
methodologies. The Aerosizer® can be used with
the AeroDiluter® to mitigate the problem, however
a systematic study with a range of different pMDI-
generated aerosols found that significant particle
coincidence occurred with some formulations with
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the m?gurgﬂh%rosol dilution that was available
(108} }@@feps taken with the latest generation of
“Qahalyzers utilizing ‘double-crest’ detection to

$?~ miﬁ\lmize particle coincidence appear to have been
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effective, to judge from the agreement achieved
between model 3320 and 3321 APS® measurements
with cascade impactor data for pMDI-generated solu-
tion formulations [89, 99, 110]. However, testing with
aerosols having a range of well-defined particle num-
ber concentrations is also necessary to confirm these
observations. As a guide, the problem is likely to be
of little concern if steps are taken to ensure that the
particle concentration does not greatly exceed 10*
particles cm ™3 [47].

Size distribution measurements by TOF analyzers
can also be biased by both particle shape and particle
density, by virtue of the acceleration associated with
particle motion through the measurement zone. Both
types of inaccuracy have been detected in calibration
studies making use of either monodisperse droplets
[111, 112] or solid particles of well-defined shape
(constant dynamic shape factor independent of aer-
odynamic size [113, 114]). In the case of liquid
droplets, acceleration in the ultra-Stokesian flow re-
gime is sufficient to distort liquid droplets larger
than about 5 um diameter, making them behave as
oblate spheroids [111, 112, 115]. This process makes
them appear to be smaller in aerodynamic size than is
the case in reality. The issue of shape-related bias in
TOF analyzers has not been investigated in a system-
atic manner in relation to the outcomes from medical
inhaler performance testing. However, although shape-
related bias might be of concern with nebulizer-based
measurements where appreciable numbers of larger
non-respirable droplets are present, very few studies
with this class of inhaler have been undertaken with
TOF analyzers to date, and the relatively high surface
tension of aqueous liquids used in formulations that
are currently delivered by nebulization, partially off-
sets droplet distortion. Shape-related bias is likely
to be much more important when sizing DPI-based
aerosols. In this context, studies with non-spherical,
cube-shaped, single crystal-based reference particles
having a well defined and size independent dynamic
shape factor (1.1940.06) have demonstrated that
both the APS® and Aerosizer® significantly undersize
non-spherical particles. The magnitude of the bias
associated with these shape standards varied from 20
to 27% in the APS®, compared with between 21 and
51% in the Aerosizer® in the range from about 4 to 10
pm true aerodynamic diameter [113, 114]. In both
investigations, the sizes measured by the TOF ana-
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lyzer being evaluated were compared to correspond-
ing particle aerodynamic size measurements by a ref-
erence Timbrell sedimentometer that operated under
Stokesian conditions. On the basis of these data, it
appears that quite small deviations from sphericity
(dynamic shape factor of unity) may be associated
with large errors by both types of TOF analyzer. How-
ever studies to quantify bias based on changes to the
magnitude of the dynamic shape factor are difficult to
perform, since very few standards having a range of
well-defined shapes exist in the size range of interest
[104].

Increases in particle density from the reference
value of 1.00x10? kg m~2 will result in an overestima-
tion of aerodynamic diameter by TOF analyzers [114,
116]. Both the APS®/PSD and Aerosizer® are cali-
brated by their manufacturers with uniform sized
polystyrene latex (PSL) particles, having a density
of 1.05%10% kg m~2. In the case of all versions of
the APS®, the software provides the user the option
to correct the size distribution for particle density,
based on the calculations of Wang and John [116].
The software for the Aerosizer® also offers the user
the option of specifying particle density that enables a
correction to be made, based on manufacturer-sup-
plied curves, linking TOF values with reported par-
ticle aerodynamic diameter. The validity of these
theoretical curves is supported by experimental data
for PSL and glass microspheres [114] (density
2.45%10° kg m~3). The user of either the APS® or
Aerosizer® therefore has to provide a value for parti-
cle density in order for a correction to be made effec-
tively. In many cases, especially for particles from
pMDI/DPI systems, this value is unknown, so that
the size distribution data are often presented assum-
ing the particles to be similar to PSL (density 1.05x 103
kg m~3) or water (density 1.00x10° kg m~3). How-
ever, the error introduced by this assumption might
be significant, depending upon the actual particle
density of the formulation being studied. As a guide,
Cheng et al. showed that particle density-related bias
was of the order of 10-15% for the APS® group of TOF
analyzers within the range from 1.05x10? to 2.30x 10°
kg m~2 [117]. This finding compares with bias of 25%
reported for the Aerosizer® family of instruments
within the range from 1.05x10° to 2.45x10° kg m~3
[114]. Fortunately, in the case of measurements of
non-spherical solid particles, bias introduced by in-
creased density compared with that of water is offset
by bias caused by deviations from sphericity, thereby
reducing the overall impact of both effects [116].

In the context of inhaler performance testing, the
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he compendia. Tsou and Shultz, in a study of pMDI-
based solution and suspension formulations, noted
that since TOF analyzers do not quantify the mass of
API contained in each particle that is detected, their
accuracy with many pMDI-based formulations that
contain excipients (surfactant) is degraded [118].
More recently, Mitchell and Nagel quantified the
magnitude of the bias associated with Aerosizer®-
based measurements of a budesonide containing sus-
pension formulation, in which a significant proportion
of the mass-weighted size distribution comprised par-
ticles of sorbitan trioleate [119]. The Andersen 8-
stage CI-measured MMAD for this formulation was
3.9 um, whereas the equivalent Aerosizer®-determined
MMAD was only 2.4 um (Figure 11). When the de-
posits on individual collection plates of the Andersen
8-stage CI were examined by microscopy, the surfac-
tant particles were seen to have size-separated from
the larger budesonide particles (Fig. 11). Tiwari et al.,
also observed that the Aerosizer®measured MMAD
for a pMDI-based salbutamol formulation (1.90 pum)
was much smaller than 6-8 um that they obtained by
CI [120]. The APS® appears to behave similarly to
the Aerosizer® in this respect, since Mitchell et al.

TOF vs ACI SIZE DISTRIBUTION DATA
FOR PULMICORT® SUSPENSION pMDI

100 7177
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Fig. 11

observed that an APS® model 3321 undersized a sus-
pension formulation containing fluticasone propionate,
with TOF analyzer- and Andersen 8-stage Cl-measured
MMAD values being 1.8 um and 2.8 um respectively
[89]. In contrast, in the same study, the APS-measured
MMAD value for the solution formulation Qvar™ (3M
Health Care, UK), at 1.0 um was very similar to MMAD
values of 1.2 um and 1.0 pm determined by Andersen
CI and NGI respectively (Figure 12). Although Qvar™
is surfactantfree, the API (beclomethasone dipropi-
onate) is solubilized in ethanol. Gupta et al. have
shown that care is required in the interpretation of
SSI-measured fine particle fraction, when this acces-
sory is used with the APS®, as this solvent may not be
completely evaporated before the aerosol is sampled
by the SSI, if used with the APS®, resulting in an
underestimation of FPF [121]. Their recommendation
is supported by recent data from Mitchell et al., who
found that FPF_47 ym for Qvar™ determined by the
SSI was only 67.1+4.1%, compared with 96.4+2.5%
by the APS® itself and 98.0+0.5% and 96.7+0.7%
by Andersen CI and NGI respectively [89]. Either
installing trace heating around the inlet pathway to the
SSI [89], or increasing inlet length [121] have been
proposed as solutions, but as yet neither have been
implemented.

In addition to the evaluation of inhaler performance,

budesonide: 3—5 pum: stages 3/4

sorbitan trioleate: 0.7—2 pm: stages 6/7

Undersizing of budesonide-based pMDI formulation by Aerosizer® TOF analyzer compared with Andersen 8-Stage impactor, caused

by lack of discrimination between particles of API and surfactant (from [119] ordinate scale: cumulative mass % < stated size used by

permission, Mary Ann Liebert Inc.)
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Fig. 12 Close agreement in TOF- and cascade impactor-mea-
sured particle size distributions for a solution formulation
(Qvar™, 3M Pharmaceuticals) containing no surfactant
(from [87]: used by permission, AAPS PharmSciTech)

TOF-based particle size analysis by Aerosizer®/DSP
systems is an appropriate technique for characteriz-
ing powders used with DPIs during pre-formulation
studies, as various tools, such as the Pulse Jet
Disperser™ [92, 122] and AeroDipserser® [123] are
available to facilitate the aerosolization process. As an
example, Hindle and Byron used an Aerosizer®-Aero-
Disperser® to size characterize a wide variety of pow-
ders used in DPI formulations, including terbutaline
sulfate and salbutamol [123]. Their study is interest-
ing in that they provided some guidance on how best
to set up the powder disperser and TOF analyzer, and
their methodology should in principle be transferable
to the powder disperser used with the PSD 3603 ana-
lyzer. Firstly, they varied the shear force (pressure
drop at the point of dispersion) applied to a sample of
powder in the Aero-Disperser® from 3.5 kPa (low
shear) to 27.6 kPa (high shear) to optimize de-aggre-
gation, using the Aerosizer® to confirm whether or not
aggregates were produced and measured. They then
noted that if the powder feed in the Aero-Disperser®
is set correctly, the sampling rate at the measurement
zone of the Aerosizer® can be kept within the range
from 5% 102 to 10* particles s~!, where the upper limit
corresponded to 4.4% loss of 5 um aerodynamic diam-
eter particles from coincidence effects. They observed
that conditions in the Aero-Disperser® must be opti-
mized on a formulation-by-formulation basis to ensure
the following:

« the sample analyzed is representative of the bulk

powder,
« the sample is completely de-aggregated,
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» de-aggregation does not comminute the sample.

The duration of the measurement appears to be crit-
ical, based on their measurements with micronized
salbutamol base. This powder was readily de-aggre-
gated, so that optimum measurement times were less
than 200 s. As the sampling time was lengthened, the
apparent number of particles in the range from 4 to
10 pm aerodynamic diameter increased, which was
attributed to a gradual accumulation of electrostatic
charge and resulting triboelectric agglomeration. They
also noted that it is essential to clean the components
of the Aero-Disperser® thoroughly between samples.
They commented that it was also necessary to period-
ically clean exposed surfaces of the lenses at the mea-
surement zone of the Aerosizer® to avoid both loss of
sensitivity to the finest particles as well as a system-
atic shift in the distribution to larger sizes.

LIGHT INTERACTION METHODS
OPTICAL PARTICLE COUNTERS (OPCs)

OPCs, in which particle size discrimination is based
on differences in scattered light intensity within a
well-defined angle, are widely used to characterize
aerosols in the environment as well as in specialized
applications, such as clean room monitoring, where
particle concentrations are low. However, their applic-
ability to study aerosols from medical inhalers is
severely limited by sampling problems, as many instru-
ments require focusing of individual particles in the
light path as they are measured, which restricts the
flow rate that can be achieved into the OPC. Like TOF-
analyzers, they are also susceptible to particle coinci-
dence when concentrated aerosols are sampled [124],
a situation that is likely to occur with most inhalers.
OPCs also measure particle number concentration,
irrespective of particle chemical composition, rather
than determine the mass of API as a function of parti-
cle size. However, in contrast with TOF-based sys-
tems, there is a lack of a direct relationship between
OPC-measured particle size, and aerodynamic diame-
ter. The size measured by OPCs is a complex function
of the light scattering cross-section of the particle and
the angle within which the scattered light is mea-
sured [5]. For particles larger than the wavelength
of the illuminating light, the measured size is also
dependent on refractive index [124], which is often
unknown, particularly for formulations that are mix-
tures of API and excipients. These systems are also
susceptible to a variety of environmental factors that
alter either the light intensity of the illuminating
beam or the detected scattered light, such as optical
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&i}s \1{\1@1@ always the case [124]. In spite of these limi-
0‘“ ns, Loffert ef al. used a high volume light scatter-
\slng single particle spectrometer (model CSASP-100,
Particle Measuring Systems, Boulder, CO, USA) to
measure size distributions of a variety of jet nebulizers
delivering aqueous albuterol solution containing
physiologically normal saline [125]. Their estimates
of VMD ranged from 3.77 to 7.20 um and they were
able to discriminate differences in droplet size distrib-
ution from one nebulizer type to another. Unfortu-
nately, this group did not provide any comparative
measurements utilizing other techniques, in particu-
lar laser diffractometry, so it is not possible to judge
the value of this approach by reference to the more
commonly encountered nebulizer droplet sizing
methods.

LASER DIFFRACTOMETRY (LD)

In recent years, a range of instruments based on
the principle of laser light diffraction (low angle laser
light scattering) has been developed from the original
work of Swithenbank et al. [126]. In contrast with
both TOF and OPC instruments, in which particles
are ideally measured one at a time, LD analyzers
determine the size distribution simultaneously of all
the particles in the aerosol cloud present within the
measurement zone during the course of a single mea-
surement sweep (cloud ensemble particle sizing)
[124]. The technique is very rapid, since several hun-
dred sweeps are typically undertaken within a 1-s
interval by modern instruments [127]. LD-particle
size analysis can therefore be adapted to follow tran-
sient events, such as spray evolution following pMDI
or nasal spray pump actuation [127-129]. In practice,
however, most reported size distributions, particu-
larly for continuous delivery nebulizers [51, 130] and
nasal spray pumps [8, 131], are time-averages taken
over several seconds, since these devices typically
deliver a stable aerosol during this time period. Clark
has reviewed the use of the LD technique for the
measurement of nebulizer-generated aerosols [51],
but many of the issues discussed therein are also
applicable to the other inhaler types.

The principle of the LD method is well described
in an international standard [132], and Scarlett has
recently described the measurement process on a
step-by-step basis [133], so only a brief description of
the essentials follows here. In the classical set-up, an
expanded laser beam is used to produce a parallel
beam of coherent, monochromatic light of wavelength,
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A (Figure 13). A Fourier transform (range) lens is
used to focus the diffraction pattern generated by the
collection of particles entering the measurement zone
onto a photodetector array located at the focal dis-
tance, F, from the range lens. This is the configura-
tion of most relevance to medical inhaler applications,
in which particles larger than about 0.5 um are being
size characterized. The undiffracted light is reduced
to a spot of intensity I at the center of the detector
plane, with the diffraction pattern forming concentric,
circular rings. Measuring the intensity pattern to
deduce the particle size distribution is difficult, but
measuring the light energy distributed over a finite
area of the detector is easier to perform [134]. Large
particles scatter most light energy at small angles,
whereas finer particles scatter most energy at larger
angles, and this differentiation in energy profiles pro-
vides a way to obtain information about particle size
distribution from the light diffraction pattern.

The interaction of light with a particle involves four

components:

1. diffraction at the contour of the particle,

2. internal and external reflection at the surface of
the particle,

3. refraction at the interface coming from the sup-
port gas to the particle and vice versa as light
exits the particle,

4. absorption inside the particle.

Scattering of unpolarized light of incident intensity

I, by a single, spherical particle is described by the
relationship:

I
10) =5 | Sil6)*+ (S.[6)7) (68Y
Fourier Transform
Range Lens
—F
-
L ]
Expanded
Laser Beam -
. L]
Measurement Zone

(no vignetting) Detector

Fig. 13  Classical set-up for laser diffractometer-based particle
sizing
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A
where {\(@? isotﬁg total scattered intensity as a func-
tiog@o? \{a\@(g?e 6, k is the wavenumber defined by
C}E\T{@E?\ is the wavelength of light (assumed to be in

Og?* air)ﬁ, and ‘a’ is the distance from the light scattering

particle to the detector. S;(8) and S»(6) are dimen-
sionless complex functions that describe the change
of amplitude in the perpendicular and parallel polar-
ized light components respectively as a function of
angle 8 with respect to the forward direction [132].

In the Fraunhofer approximation that only describes
diffraction of light at the contour of the particle, it is
assumed that all particles are much larger than A and
that only near forward scattering is considered (i.e. 6
is small). Under these circumstances:

1 2
(S0%= (sz>2=a4[““.5“‘9)} 12)
asin 6
and equation 11 simplifies to:
I ]1 (a sin 9) 2
1(6)= 4 13
@ #a2” | asin6 } 13

where J; is a Bessel function of the first kind of order
unity and the dimensionless size parameter, a, is
given by:

_ Tdip
=7

(14)

d;p is the particle size measured by the LD technique.

The analysis of the diffraction energy pattern can
be complex for a 31-ring detector, such as is used by
many LD instruments, since a 961-element matrix has
to be solved. In practice, this procedure is undertaken
by proprietary algorithms that involve matrix inver-
sion involving the use of least-squares minimization
criteria. These may assume a model for the size dis-
tribution, such as the Rosin-Rammler or log-normal
functions. However, instruments since the early 1990s
have also offered so-called ‘model-independent’ solu-
tions in which it is initially assumed that the size
distribution consists of one or more modes, each con-
taining a finite number of fixed-size classes [135, 136].
The detector response is then simulated based on
expectations for this relationship, optimizing the vol-
ume (mass)-fractions in each size class by minimizing
the sum-of-squared deviations from the measured
detector response. The reported size distribution is
volume-weighted [132], making conversion to a mass-
weighted basis straightforward on the basis that parti-
cle density is a constant irrespective of size. The
choice of size distribution model is a critical step in
the measurement process, and the use of a model-
independent distribution is therefore recommended

52

for the initial analysis of aerosols [124].

The Fraunhofer approximation does not require
knowledge of the optical properties (refractive index
including light absorption coefficient) of the particles
being studied, therefore its use is recommended when
mixtures are being examined, assuming the underly-
ing assumptions remain valid [132]. Annapraguda and
Adjei have concluded that the Fraunhofer approxima-
tion works well for unimodal size distributions, but
may skew the reported distribution towards the mode
that produces the strongest peak in the diffraction
pattern for multimodal systems [137].

The more rigorous Lorenz-Mie (L-M) solution that
describes light reflection, absorption and refraction
besides scattering [138] should be used when dip
approaches A, [132]. The Fraunhofer approximation
predicts only small differences in the intensity of light
scattering energy as particle size decreases finer than
about 10 pm. However, for such particles, L-M theory
predicts strong fluctuations of the maximum light
intensity in relation to changes in particle size, creat-
ing intensity values that are much higher than the
corresponding Fraunhofer prediction for some sizes
and much lower for others [132]. Merkus ef al. have
observed that the portion of fine particles <2 pm
diameter may be significantly greater when measur-
ing nebulizer-generated aqueous droplets using the
Fraunhofer approximation [139].

It is necessary to know the particle refractive index,
if L-M theory is utilized [133], and it is usually assu-
med that the particles are smooth-surfaced spheres.
These assumptions are relatively unimportant for
dilute aqueous-based formulations, and the complex
refractive index for water (1.33+0i (i.e. no light ab-
sorption component)) is well defined. However, the
matter does not appear to be so straightforward with
dry powder inhaler-produced aerosols. In this con-
text, de Boer et al. [48] commented that the L-M pro-
cedure is better (more rigorous) than the Fraunhofer
technique. However, where d;p>>A\, they observed
that the Fraunhofer approach may provide size dis-
tributions with micronized powders having diverse
chemical composition as well as size, shape and sur-
face appearance that correlate more closely with cas-
cade impactor-based data, than data obtained applying
L-M theory. This is because of the uncertainty that is
inherent in the definition of complex refractive index
required to implement L-M theory, together with the
underlying assumption that the particles are smooth-
surfaced spheres. Most modern instruments, such as
the Mastersizer-S and Mastersizer-X (Malvern Instru-
ments, UK) automatically arrive at the particle size
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\slng the Fraunhofer solution, but a software option is

available that applies L-M theory for applications
where particle sizes are in the range from ca. 0.1 to
1.0 pm diameter.

The reported size scale based on dyp approximates
well with the size scale based on d, for spherical parti-
cles (equation (1)). However, the applicability of LD
for the size distribution measurement of dry powder
aerosols that may comprise non-spherical particles
may be questionable without data from an indepen-
dent technique to validate the LD data. In this con-
text, de Boer ef al. noted that micronized powders for
use in DPIs in most cases comprise particles that
approach sphericity, under which circumstances, LD-
based size is a measure of the geometric diameters of
the particles at random orientation, and d;p~d, [48].
They also commented that comparisons with dg
obtained by cascade impactor or equivalent methods
are in many cases possible, since the proportional-
ity constant (p,/pox)'/? in equation 1, ignoring the
Cunningham slip correction factors, is between 0.96
and 1.22 for a range of particle shapes ranging from
spherical (x=1.0) to cylindrical with aspect ratio
(length/diameter) of 4 (x=1.3) and densities from 1.2
to 1.5 g cm™3).

Various features of the LD technique are summa-
rized in Table 13. Depending on choice of range
lens, these instruments operate over a wide dynamic
range, typically from 0.5 to 200 pm diameter for work
with nebulizers [140-142]. However, they can be con-
figured to size much larger droplets (e.g. from 20 to

Table 13 Particle size analysis by laser diffractometry — Features

1000 pm) for use when measuring the coarser aerosol
produced by nasal spray pumps [8, 131]. Both the
Malvern and Sympatec systems come with various at-
tachments that assist in the measurement of inhaler-
generated aerosols [128, 143]. Since LD is an absolute
method based on fundamental principles, there is
strictly no need to calibrate an instrument against a
standard [144]. However, in practice to meet needs for
validation in a regulatory environment, these instru-
ments are normally checked by either the use of a
suitable reticle containing a 2-dimensional profile of
circles representing outlines of particles having well
established diameters by microscopy [144, 145], or
with standard reference materials having well defined
optical as well as physical size properties [104, 133].
Apart from the ability to determine particle size dis-
tributions rapidly, the technique in its simplest form is
non-invasive, in that a sample of the aerosol cloud
need not be removed from where it is created to
enable the measurement to take place. In a typical
configuration used with nebulizers, the unconfined
aerosol is generated in the pathway of the laser beam
and subsequently removed by a vacuum system to
prevent recirculation of droplets in the measurement
zone (Figure 14) [141]. Care must be taken to avoid
the phenomenon of ‘vignetting’ (Table 14), whereby
light scattered at the widest angles (by the finest
droplets) misses the range lens altogether [127]. It is
therefore common practice to arrange that the aerosol
flow passes as close as possible to the range lens
without fouling its surface. Newer instruments, such
as the Malvern Spraytec® LD have a more versatile
optical bench layout so that the risk of vignetting is
reduced [127]. It may also be necessary to minimize

Feature

Comment

Wide measurement range

LD systems typically measure more than 2-orders of magnitude in size with as many as 15 channels per
decade. Precise range limits depend on configuration of optical bench. Overall range from 0.1 um to several
mm depending upon instrument type.

Volume (mass)-weighted
size distribution

Possibility of bias arising from a few large particles that may not be representative of the true size distribu-
tion is avoided, since transformation of measured data from number-to a mass-weighted basis is not required.

Rapid

Several thousand measurements are possible in 1-s (e.g. one measurement is possible every 400 ps with the
Malvern Spraytec® system). Can therefore be adapted to follow transient events, such as spray evolution fol-
lowing pMDI or nasal spray pump actuation. Most size distributions are time-averages over several seconds.

Non invasive

Measurements with many inhalers can be made by generating the aerosol in the path of the laser beam.
More sophisticated arrangements are available in which the aerosol from the inhaler is introduced through a
sample cell in the optical pathway to avoid re-circulation of particles in the measurement zone.

Excellent reproducibility
between measurements of
the same aerosol

Coefficients of variation =1-2% in terms of size distribution parameters, such as volume median diameter are
possible with currently available LD systems.
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Fig. 14  Configuration for nebulizer droplet size analysis by laser

diffractometer (from [141]: used by permission, Daedelus
Enterprises Inc.)

droplet evaporation when working with aqueous
droplets [10]. Sophisticated arrangements have there-
fore been developed so that laser diffractometer
measurements can be made either through optical
windows, for instance fitted to a USP/Ph.Eur. induc-

Table 14 Particle size analysis by laser diffractometry — Limitations

tion port attached to a CI [146, 147], or via a purpose-
built sampling cell as part of the LD instrument [128,
148]. In one recently described configuration, the LD
sample cell was located immediately downstream of a
so-called ‘inhaler module’, comprising a USP/Ph.Eur.
induction port and pre-separator of an Andersen CI to
size analyze rapidly the fraction of aerosols from both
pMDI- and DPI-based formulations that would pene-
trate as far as the entry to the CI in a conventional
measurement [147]. In all of these configurations, the
aerosol is confined within a defined volume, making
control of local environmental conditions surrounding
the aerosol readily achievable.

Care is needed to avoid the ‘beam steering’ phe-
nomenon (Table 14), when applying the LD tech-
nique to study aerosols from pMDIs [149], since the
refractive indices of both chlorofluorocarbon and hydro-
fluoroalkane propellants differ significantly from that
of the surrounding air. The problem is particularly
pronounced if the inhaler is actuated close to the laser
beam so that the propellant released on actuation has
little time for dilution with ambient air, and thereby
local fluctuations in propellant/air composition errati-
cally alter the path of the light diffracted by the parti-
cles [149]. Although Smyth and Hickey claimed that
were able to distinguish a propellant-related mode in
a tri-modal distribution resulting from a pMDI actu-
ated close to the light path [129], great care is needed
in interpreting the data that are measured in such ex-

Limitation

Comment

No assay for API is performed

Lack of a direct link between particle size and API mass limits LD use primarily
with solution formulations. LD-size distributions of aqueous suspensions are a
measure of water droplet sizes rather than the sizes of the API particles.

Particle sphericity is assumed

May be an issue when measuring DPI-generated aerosols, but many micronized

powders have shapes that are close to spherical. LD is very suited to measurement
of aqueous droplets from nebulizers and nasal spray pumps where this assumption
is valid.

The phenomenon of ‘vignetting” occurs, in which
light scattered at wide angles misses the detector
array, and therefore results in bias due to the absence
of the finest particles in the distribution

Careful choice of range lens and optical bench set-up (where adjustable) can help
minimize ‘vignetting’. Otherwise, take steps to ensure that the total body of the
spray plume is located within the working distance of the range lens (without being
so close that the lens itself is fouled by droplet impaction).

Beam steering occurs as a result of changes in
refractive index of the support gas for the aerosol
being measured

Beam steering is difficult to avoid when working with pMDI-generated aerosols
without some form of dilution so that the difference in propellant refractive index
from that of air is minimized

Multiple scattering from highly concentrated
aerosols, such as those generated locally by pMDIs
results in bias due to over-broadening of the size
distribution

Light obscurations as high as 35% can be tolerated with instruments, such as the
Malvern Mastersizer LD systems. The Malvern Spraytec® system can permit
measurements with light obscurations as high as 95% by the use of proprietary data
analysis software.

Droplet evaporation during measurement results in a
bias to finer sizes

This is more a limitation of the aerosol presentation arrangement than the LD
technique. The use of a sample cell in which environmental conditions can be
controlled may alleviate the problem.
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0‘“ @\"l‘h\{\e lack of a direct assay for API (Table 14) effec-
\“[ively precludes the use of LD for establishing the

particle size of drug particles that are formulated in
suspension [10], since the light scattering entity may,
in the case of an aqueous formulation, be an empty
water droplet, a droplet containing a single drug parti-
cle or a droplet containing more than one particle.
However, despite this limitation, Sharpe et al. used
LD to compare droplet size distributions from suspen-
sion oral and nasal pMDIs to see if they could detect
changes in the droplet size distributions brought about
by varying the size distribution of the API [150]. They
actuated the inhaler being evaluated at a fixed dis-
tance from the laser beam (12 cm), and were able to
detect changes in LD-measured droplet size distribu-
tions for formulations in which there was a 2.3-fold
difference in mass median diameter of API (1.2 um to
2.8 um). However, they reported that their LD-tech-
nique could not discriminate between formulations
when the mass median diameter difference was 1.5-
fold (1.2 um to 1.8 um). Although this study demon-
strates an innovative application of LD-based particle
size analysis, their conclusions may not be of general
application, as they are almost certainly formulation
specific as well as being dependent upon the type of
LD instrument (and data analysis method) chosen.
The light diffracted from one particle may be inter-
cepted by one or more adjacent particles rather than
being collected directly by the detector, if the particle
number concentration in the laser beam is excessive.
Particle-particle or ‘multiple’ scattering results in erro-
neous broadening of the particle size distribution and
skewing towards finer sizes, the magnitude of which
increases with increasing particle concentration [124].
Manufacturers provide a measure of multiple scatter-
ing by reporting the laser beam obscuration as a per-
centage for each measurement (an obscuration value
of 100% represents a fully attenuated light beam).
This effect is small for beam obscurations <ca. 50%
[135], but efforts to dilute the aerosol should never-
theless be considered if obscuration exceeds about
30% with a conventional LD instrument, as can be the
case with aerosols produced by air entrainment nebu-
lizers or pMDIs. The Spraytec® LD system contains
software that permits beam obscurations as high as
96% [127], thereby providing an alternative to aerosol
dilution for studying more concentrated aerosols.
Although LD does not involve direct assay for API,
its use as a rapid alternative to cascade impaction has
become widespread in recent years, and numerous
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comparisons with CI-generated size distributions have
been undertaken as part of the validation process for
particular inhaler types. In the case of nebulizers,
where the aerosol generation process is continuous
during the course of measurement, there is evidence
that agreement between LD- and Cl-based measure-
ments is good, provided that precautions are taken to
avoid heat and mass transfer from the droplets to the
CI (i.e. by cooling the impactor so that its internal
temperature matches that of the aerosol stream) [46].
Wachtel and Ziegler [146] and Ziegler and Wachtel
[151] also arrived at this conclusion when evaluating
a soft mist inhaler delivering an aqueous-based for-
mulation by Sympatec HELOS/KF system. However,
Smart et al. [142] observed that measurements of
droplet volume median diameter (VMD) made by
Mastersizer S LD analyzer were slightly, but signifi-
cantly larger than corresponding MMAD values ob-
tained by Andersen 8-stage CI for a continuously
operating vibrating membrane atomizer generating
aqueous sprays of solution and suspension formula-
tions. The fact that the relationship between LD- and
Cl-measured median diameters was linear and con-
stant within the range studied from 4 and 8 pm VMD
(corresponding to 2 to 6 um MMAD), is suggestive
that the difference may have been caused by partial
droplet evaporation in their CI, which was operated at
22+2°C and 60+4% RH. Ding et al. [152], studying
the delivery of droplets of solution formulations of
varying non-volatile concentrations in ethanol gener-
ated by electrohydrodynamic atomization also observed
a consistent correlation (r2=0.83) between LD-mea-
sured VMD (Mastersizer-X) and Cl-measured MMAD
(Andersen 8-stage CI). However, in their studies,
VMD values ranging from 2.06 to 2.52 um were
between 10 and 20% finer than the corresponding CI-
measured MMADs (2.2—2.9 pum). They attributed
this slight difference between the two techniques to
differing measurement principles. The poorer resolu-
tion of the CI may explain the significantly wider size
distributions reported by this technique (2.1<GSD
<2.7) compared with LD (1.5<GSD<1.8). Although
the authors stated that the ethanol content had evap-
orated by the time that their LD measurements were
made, they did not provide data in support of this
claim. Incomplete evaporation in the LD analyzer
compared with that taking place within their CI would
explain the slight but consistently larger size mea-
surements by the former technique.

The situation is even more complex where LD-
measurements have been made with pMDIs, because
of the presence of propellant in both vapor and liquid
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tions containing ethanol by heating the pMDI canis-
ters to 40°C and 55°C [153]. This procedure increased
the vapor pressure of the ethanol, resulting in faster
rates of volatilization compared with room ambient
conditions. However, apart from its undoubted value
in demonstrating the importance of achieving compa-
rable evaporation behavior in the LD and CI, it is
questionable whether this approach is appropriate to
characterize the inhaler as it might be used by a
patient under normal climatic conditions.

Holmes et al., [154] using a Spraytec® LD inhala-
tion cell located between the exit of a USP/Ph.Eur.
induction port and an Andersen 8-stage CI, observed
that this technique significantly undersized a chloro-
fluorocarbon (CFC)-based beclomethasone dipropi-
onate (BDP) formulation (VMD=2.65+0.37 pm) com-
pared with Andersen Cl-measured MMAD of 3.74+
0.04 pm. However, the opposite behavior occurred
when sizing the aerosol produced from a hydroflu-
oroalkane (HFA-134a) solution formulated BDP
(Qvar™; VMD=2.39+0.06 um; MMAD=1.15%+0.01
pm). In both instances, the LD-measurements indi-
cated a wider spread of the size distributions com-
pared with the equivalent Cl-generated data. They
attributed the differences between the two techniques
as arising from differing evaporation behavior of the
CFC- and HFA-propellants. However, the HFA-BDP
formulation that they studied also contains ethanol as
solubilizer. It is therefore also likely that the larger
particle sizes measured by their LD was caused by
partly evaporated ethanol, that would have been more
complete by the time that the aerosol passed into the
CI, similar to the situation with the study reported by
Ding et al. [152]. Haynes et al. also reported similar
findings with a variety of CFC- and HFA-based formu-
lations operated at room ambient conditions [153].
Although they also attributed their observations to
differences in propellant evaporation rates, they in-
cluded variation of deposition in the USP induction
port and the presence of excipients as other factors
meriting further study.

Smyth and Hickey [155], working with a range of
HFA-based solution formulations with ethanol as solu-
bilizing agent for the API, observed LD-measured
VMDs (Malvern 2600c) that were much larger (4 to
30 um) compared with Andersen 8-stage CI measure-
ments (0.48 to 1.54 um) that are similar to the Cl-data
of Holmes et al. [154] for their HFA-based formula-
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tion. Again, incomplete evaporation of propellant and
ethanol may at least partly explain their findings, par-
ticularly as their LD measurements were made close
(4 to 8 cm) from the pMDI actuator. However, it
would be interesting to see if the differences between
LD and CI measurements had persisted if a newer LD
instrument had been used. Smyth and Hickey con-
cluded that LD is particularly useful (in pre-formula-
tion studies) in characterizing the plume as it leaves
the pMDI actuator in a non-invasive manner. On the
other hand, the Cl-technique is better suited to distin-
guish small differences in particle size distribution of
the (non-volatile) API brought about by changes in
formulation. It follows that Cl-based data are likely to
be of more relevance in predicting the behavior of
pMDI-based aerosols in the lower respiratory tract,
since evaporation of volatile species is likely to be more
complete by the time that the medication is inhaled,
particularly if the patient uses a spacer or holding
chamber [156].

PHASE DOPPLER PARTICLE SIZE ANALYSIS
(PDA)

The Doppler effect can be utilized to obtain simulta-
neous information about particle size and velocity.
Bachalo and Hauser [157] have described the funda-
mentals of the technique in detail, and therefore only
a simplified explanation is provided here. The equip-
ment consists of a coherent (laser) light source, trans-
mitting optics, signal processors and data analysis
and collection software. A fluctuating scattered light
intensity-time profile is detected as individual parti-
cles traverse a series of interference fringes formed
from intersecting laser beams that define a measure-
ment volume (Figure 15). Several detectors arranged
at different scattering angles are used to sample
slightly different spatial portions of the scattered light
signal per particle. In a two-detector system, the
phase shift between detectors conveys information
about particle diameter, refractive index and receiver
geometry. PDA has a wide dynamic size range, typi-
cally from about 0.3 um to 8 mm with accuracy of 5%
for a particular optical configuration. Since the tech-
nique is an extension of laser Doppler anemometry,
particle velocity can also be measured in the range
from 1 to 200 m s~! in 2- or 3-dimensions with accu-
racy typically of 1% [124]. However, care has to be
exercised in setting up the technique, especially to
ensure that the criteria used to validate particle tran-
sition correctly across the measurement zone are
appropriately chosen so as to ensure representative
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Fig. 15 Schematic of a phase Doppler particle size analysis system

measurement of the whole population of the size dis-
tribution.

PDA has traditionally been applied to the study of
unconfined atomizer sprays and has thus far not widely
been used for the assessment of medical inhaler aero-
sols. Two significant drawbacks are that PDA provides
number-, rather than mass-weighted size distribution
data, and no API assay is undertaken. Furthermore,
the assumption of particle sphericity associated with
the L-M solution to predict the phase shift as a func-
tion of particle size, limits its application to droplet
rather than dry powder particle sizing. Nevertheless,
Stapleton ef al. [158] used PDA to measure droplet
size distributions produced by jet nebulizers, as it was
possible to make accurate and non-invasive size mea-
surements at the immediate exit of the devices before
the aqueous droplets were able to evaporate sig-
nificantly in the ambient environment. Dunbar et al.
[159] were able to obtain particle size distribution
data from CFC-propelled pMDI formulations, locating
the measurement zone as close as 25 mm from the
actuator orifice in order to investigate aerosol plume
development under room ambient conditions. It is
important to note that the measurements by Dunbar
et al. were undertaken as part of formulation develop-
ment, rather than as a means of characterizing the
likely behavior of the particles when inhaled.

Corcoran et al. [50] have provided the only system-
atic comparison to date between PDA-(Aerometrics,
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Sunnyvale, CA), LD- and TOF-measured size distribu-
tion data, based on aqueous and relatively non-volatile
propylene glycol droplets produced by two commer-
cially available jet nebulizers. In general, for aqueous
droplets they found a good agreement in both MMAD
and size corresponding to the 90™ volume-weighted
percentile of the size distribution (dy) estimated by
PDA with the LD techniques that utilize the L-M
model (Table 15). However, such agreement might
be anticipated considering that a I-M solution was
also applied in their PDA system. They further obser-
ved that TOF-analyzer measured narrower volume-
weighted size distributions compared with the other
techniques, but they were unable to assign a cause for
this behavior. Interestingly, they were able to detect
a small population of larger droplets (15-20 pm) by
PDA with the nebulizer-produced propylene glycol
droplets (data not shown here) that were not obser-
ved by the other techniques.

Currently, no systematic comparison between PDA-
and Cl-measured size distributions of inhaler aerosols
is available. However, it is reasonable to anticipate fair
agreement between these techniques, at least for aque-
ous solution-based aerosols that are homogeneous in
terms of composition, on the basis of the findings of
Corcoran et al. [50], as well as the similarity between
LD- and Cl-measured data already discussed for nebu-
lizer-produced droplets (when precautions are taken
to minimize evaporation).
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Table 15 (‘_ng i@n of MMAD and Size Corresponding to 90t

) P@fbentile of the Volume-Weighted Distribution (dg) for

<
6@ queous Droplets Produced by Two Jet Nebulizers (from

QO“'A \S®\“ [50]: Reprinted from J. Aerosol Sci. 31(1), Corcoran,

%V TE., Hitron, R., Humphrey, W. and Chigier, N., ‘Optical
\(\O measurement of nebulizer sprays: A quantitative com-
parison of diffraction, phase Doppler interferometry,
and time-of-flight techniques”, 35-50., Copyright (2000),
with permission from Elsevier.)
Nebulizer 1 Nebulizer 2
Measurement
Technique MMAD dg() MMAD dg[)
(pm) | (um) | (um) | (um)
PDA (Aerometrics) 4.9 10.5 3.7 8.1
TOF (Aerosizer®) 6.4 9.6 54 8.3
Spraytec®
(Malvern Instruments) 5.0 109 34 78
Mastersizer S
LD (Malvern Instruments) 49 9.9 42 8.6
M2600
(Malvern Instruments) 45 9.4 3.2 w7

FUTURE DIRECTIONS IN INHALER
PARTICLE SIZE MEASUREMENT

The statement made by Corcoran et al. [50] that
various groups involved with inhaler aerosol particle
size characterization rely on mechanical separation
techniques, such as the CI method, regardless of rec-
ognized problems with these methods, illustrates the
dilemma facing those trying to implement the most
satisfactory methodology. On one hand, Cl-methods
are invasive, time consuming and are susceptible to
various sources of bias that have been discussed pre-
viously. In contrast, light interaction techniques, includ-
ing TOF analysis, offer rapid measurements and in
many cases can be non invasive, making them attrac-
tive particularly when studying droplets where evapo-
ration of volatile species is important. On the other
hand, Cl-based size analysis is the only current tech-
nique in which a direct assay of the mass of API is
undertaken. Furthermore this technique provides a
direct measure of aerodynamic diameter that is of
most relevance in predicting likely deposition in the
respiratory tract. TOF-analysis also determines aero-
dynamic size, but crucially lacks specificity in terms
of relating this parameter unambiguously to API
mass. TOF- and PDA-measured size distribution data
also require transformation from number- to mass-
weighting, a process that may result in significant
error, particularly if a few large particles have been
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unrepresentatively sampled. LD and PDA methods do
not determine aerodynamic size, but various studies
have indicated a broad degree of equivalence between
light interaction measured size parameters and aero-
dynamic size at least for aqueous droplets. In sum-
mary, there is no single technique that meets all
requirements, and for this reason all of the measure-
ment methods that have been discussed in this review
are likely to persist in future applications associated
with the characterization of medical aerosol inhalers.

Looking ahead, it is reasonable to anticipate the fol-

lowing developments in the next five to ten years:

1. The CI is likely to remain the method of choice
for CMC-type testing for regulatory purposes
(batch release etc.). However, a widespread re-
placement of existing CIs by the Next Genera-
tion Pharmaceutical Impactor (NGI) will likely
take place, driven by pharmaceutical companies
seeking to submit regulatory applications for
new chemical entities. At the same time, it is
likely that existing CIs will continue to be used
to characterize existing products to avoid unnec-
essary resubmission of data to regulatory agen-
cies.

2. Efforts will continue to develop improved mod-
els of the human respiratory tract, differentiating
not only by its development from neonate to adult,
but also in terms of modifications caused by dif-
ferent disease modalities.

3. More emphasis will be placed on the importance
of both measuring and controlling electrostatic
charge, both associated with the inhalers them-
selves and also in some instances, with the mea-
surement equipment. The use of climate control-
led environments for making inhaler performance
measurements will become more widespread,
especially with increasing regulatory pressure to
minimize measurement variability.

4. Methods will be developed that more effectively
test breath-actuated inhalers, especially nebuliz-
ers and the new generation of electronically
operated devices that deliver medication at the
appropriate timing during the respiratory cycle.

5. Valved holding chamber used with pMDIs will
be increasingly tested to simulate patient (mis)
use (i.e. breath-holding, poor coordination be-
tween pMDI actuation, including delayed in-
halation, rather than being evaluated merely at
constant flow rate that does not test for inha-
lation/exhalation valve operation properly.

6. Currently available TOF-analyzers will continue
to find limited use for size characterizing homo-
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“@*‘ However, a new generation of TOF-based parti-

cle sizing instruments is likely to be developed
in which single particle chemical assay is per-
formed simultaneously with the TOF measure-
ment. This equipment will have the capability to
replace CI measurements for most types of for-
mulation development where the speed of mea-
surement is of greatest importance.

. Moves by international bodies (CEN, ISO) to
develop written standards defining both inhalers
and the methods for characterizing their perfor-
mance will continue, with most national stan-
dards being gradually replaced. This process is
well under way in Europe with the general adop-
tion of CEN 13544: 2001 for nebulizer perfor-
mance testing. Approval has recently been given
for a new ISO standard to be developed by com-
mittee TC84/JWGb5, covering inhalers for med-
ical use, with the exception of nebulizers already
encompassed by the above CEN standard.

REFERENCES

1.

Smith, S.J. and Bernstein, J.A. Therapeutic uses of
lung aerosols. In: A.]. Hickey Ed., Inhalation Aerosols:
Physical and Biological Basis for Therapy. Marcel
Dekker, NY, USA, 1996, 233-269.

Farr, S.J. and Taylor, G. Insulin inhalation: Its potential
as a non-parenteral method of administration. In: A.L.
Adjei and PK. Gupta Eds., Inhalation Delivery of Ther-
apeutic Peptides and Proteins. Marcel Dekker, NY,
USA, 1997, 371-387.

Heyder, J. and Svartengren, M.U. Basic principles of
particle behavior in the human respiratory tract. In:
Bisgaard, H., O’Callaghan, C. and G.C. Smaldone Eds.,
Drug Delivery to the Lung. Marcel Dekker, NY, USA,
2002, 21-45.

Rudolph, G., Gebhart, J., Heyder, J., Scheuch, G. and
Stahlhofen, W. Mass deposition from inspired polydis-
perse aerosols. Ann. Occup. Hyg., 196, 32(suppl. 1), 919-
938.

Hinds, W.C. Properties, Behavior and Measurement of
Airborne Particles, 2™ Ed., Wiley-Interscience, NY,
USA, 1999.

Harris, A.S., Nilsson, I.M., Wagner, Z.G. and Alkner, U.
Intranasal administration of peptides: nasal deposition,
biological response and absorption of desmopressin. /.
Pharm. Sci., 1986, 75, 1085-1088.

Frey, W.H. Intranasal delivery: By-passing the blood-
brain barrier to deliver therapeutic agents to the brain
and spinal cord. Drug Delivery Technol., 2002, 46-49.
Suman, J.D., Laube, B.L. and Dalby, R. Comparison of
nasal deposition and clearance of aerosol generated by

KONA No.22 (2004)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

a nebulizer and an aqueous spray pump. Pharm. Res.,
1999, 16, 1648-1652.

Yu, C.D., Jones, R.E. and Henesian, M. Cascade impac-
tor method for the droplet size characterization of a
metered-dose nasal spray. /. Pharm. Sci., 1984, 73, 344-
348.

Clark, A. and Borgstrom, L. In vitro testing of pharma-
ceutical aerosols and predicting lung deposition from
in vitro measurements. In: H. Bisgaard, C. O’Callaghan,
and G.C. Smaldone. Eds., Drug Delivery to the Lung.
Marcel Dekker, NY, USA, 2002, 105-142.

Suman, J.D., Laube, B.L., Lin, T-C., Brouet, G. and
Dalby, R. Are in vitro tests of nasal solutions predictive
of in vivo deposition? In: RN. Dalby, PR. Byron, S.J.
Farr and J. Peart. Eds., Respiratory Drug Delivery —
VII. Serentec Press, Raleigh, NC, USA, 2000, 137-144.
USP 28-NF 23. Chapter 601 — Physical tests and de-
terminations: Aerosols. United States Pharmacopeia,
Rockville, MD, USA, 2005, 2359-2377.

European Pharmacopeia. Section 2.9.18 — Prepara-
tions for inhalation: aerodynamic assessment of fine
particles. European Pharmacopeia: 4™ Edn., Council of
Europe, 67075 Strasbourg, France, 2002.

Newhouse, M.T. The current laboratory determination
of “respirable mass’ is not clinically relevant. J. Aerosol
Med., 1998, 1151, 122-132.

Zanen, P. and Laube, B. Targeting the Lungs with
Therapeutic Aerosols. In: Bisgaard, H., O’Callaghan,
C. and G.C. Smaldone Eds., Drug Delivery to the Lung.
Marcel Dekker, NY, USA, 2002, 211-268.

Mitchell, J.P. and Nagel, M.W. Time-of-flight aerody-
namic particle size analyzers: Their use and limitations
for the evaluation of medical aerosols. J. Aerosol Med.,
1999, 12, 217-240.

US Pharmacopeial Convention. In-Process Revision
<601> Aerosols, nasal sprays, metered-dose inhalers,
and dry powder inhalers. Pharm. Forum, 2003, 29,
1176-1210.

European Pharmacopoeia Commission. Preparations
for inhalation: Apparatus E, PharmEuropa, 2003, 15,
555-562.

Newman, S.P. and Kenyon, C.J. Asthma products bio-
equivalence. Pharm. J., 1994, 253, 42.

Canadian Standards Association. Spacers and holding
chambers for use with metered-dose inhalers. Ca-
nadian Standards Association, Mississauga, Ontario,
Canada, 2002 CAN/CSA/Z264.1-02.

Christopher, D., Curry, P. Doub, W., Furnkranz, K,
Lavery, M., Lin, K., Lyapustina, S., Mitchell, J., Rogers,
B., Strickland, H., Tougas, T., Tsong, Y. and Wyka, B.
Considerations for the development and practice of
cascade impaction testing including a mass balance
failure investigation tree. J. Aerosol Med., 2003, 16, 235-
247.

Dewsbury, N.J., Kenyon, C.J. and Newman, S.P. The
effect of handling techniques on electrostatic charge
on spacer devices: a correlation with in vitro particle
size analysis. Int. J. Pharm., 1996, 137, 261-264.

59

|/
I

»‘}
%)

D

l’"'f



o

23.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

60

(°
By a@%’%ﬂ&art J. and Staniforth, J.N. Aerosol elec-
(r@st%g{&l Properties of fine powders before and after

997, 14, 698-705.
Hindle, M., Jashnani, R.N. and Byron, PR. Dose emis-
sions from marketed inhalers: Influence of flow, vol-
ume and environment. Iz: R.N. Dalby, PR. Byron, and
S.J. Farr Eds., Respiratory Drug Delivery — IV. Inter-
pharm Press Inc., Buffalo Grove, IL, USA, 137-142.
Comité Européen de Normalisation. Respiratory ther-
apy equipment — Part 1: Nebulizing systems and their
components. prEN 13544-1. CEN Brussels, Belgium,
2001, 33-38.
Dennis, J.H. Standardization issues: In vitro assess-
ment of nebulizer performance. Respir. Care, 2002, 47,
1445-1458.
Dolovich, M. and Rhem, R. Impact of oropharyngeal
deposition on inhaled dose. J. Aerosol Med., 1998,
11(S1), 112-115.
Smaldone, G.C. and Le Soeuf, P. Nebulization: The
device and clinical considerations. In: Bisgaard, H.,
O’Callaghan, C. and G.C. Smaldone Eds., Drug Deliv-
ery to the Lung. Marcel Dekker, NY, USA, 2002, 269-
302.
Mitchell, J.P. and Nagel, M.W. Spacer and holding
chamber testing in vitro: A critical analysis with exam-
ples. In: R.N. Dalby, PR. Byron, S.J. Farr and J. Peart.
Eds., Respiratory Drug Delivery — VII. Serentec Press,
Raleigh, NC, USA, 2000, 265-273.
Finlay, W.H. Inertial sizing of aerosol inhaled during
pediatric tidal breathing from an MDI with attached
holding chamber. Int. J. Pharm., 1998, 168, 147-152.
Finlay, W.H. and Zuberbuhler, P. In vitro comparison of
salbutamol hydrofluoroalkane (Airomir) metered dose
inhaler aerosols inhaled during pediatric tidal breath-
ing from five valved holding chambers. J. Aerosol Med.,
1999, 12(4), 285-291.
Finlay, W.H. and Zuberbuhler, P. In vitro comparison of
beclomethasone and salbutamol metered-dose inhaler
aerosols inhaled during pediatric tidal breathing from
four valved holding chambers. Chest., 1999, 114(6),
1676-1680.
Finlay, WH. and Gehmlich, M.G. Inertial sizing of
aerosol inhaled from two dry powder inhalers with
realistic breath patterns versus constant flow rates.
Int. J. Pharm., 2000, 210, 83-95.
Foss, S.A. and Keppel, J.W. In vitro testing of MDI
spacers: A technique for measuring respirable dose
output with actuation in-phase or out-of-phase with
inhalation. Respir. Care. 1999, 44(12), 1474-1485.
Brindley, A., Marriott, R.M., Sumby, B.S. and Smith,
L]J. The Electronic Lung: A novel tool for the character-
ization of inhalation devices. J. Pharm. Pharmacol.,
1994, 45(S3), 1-35.
Burnell, PK.P,, Malton, A. Reavill, K. and Ball, M.H.E.
Design, validation and initial testing of the Electronic
Lung Device. J. Aerosol Sci., 1998, 29(8), 1011-1025.
Fink, J.B. and Dhand, R. Laboratory evaluation of

@K&ollzatlon by dry powder inhalers. Pharm. Res.,
PQ N

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

metered-dose inhalers with models that simulate inter-
action with the patient. Resp. Care Clinics of North
America, 2001, 7, 303-317.

Smaldone, G.C., Fuhrer, J., Steigbigel, R T. and McPeck,
M. Characteristics of nebulizers used in the treatment
of AIDS-related pneumocystis carinii pneumonia. J.
Aerosol Med., 1988, 1, 113-126.

Massoud, O., Martin, G.P, Marriott, C. and Nichols, S.
The in vitro assessment of aerosolized drug deposition
using novel oropharyngeal models. In: Drug Delivery
to the Lungs — XIII. Aerosol Society, London, UK,
2002, 27-30.

Stapleton, K.W., Guentsch, E., Hoskinson, M.K. and
Finlay, W.H. On the suitability of k-€ turbulence model-
ing for aerosol deposition in the mouth and throat: A
comparison with experiment. /. Aerosol Sci., 2000, 31,
739-749.

Janssens H.M., De Jongste J.C., Fokkens W.J., Robben
S.G.F, Wouters K., Tiddens H.AW.M. The Sophia
anatomical infant nose-throat (SAINT) model: a valu-
able tool to study aerosol deposition in infants. J
Aerosol Med., 2001, 14, 433-441.

Olsson, B., Borgstrom, L., Asking, L. and Bondesson,
E. Effect of inlet throat on the correlation between
measured fine particle dose and lung deposition. In:
R.N. Dalby, PR. Byron and S.J. Farr, Eds., Respiratory
Drug Delivery — V. Interpharm Press, Buffalo Grove,
IL, USA, 996, 273-281.

Nagel, M.W., Schmidt, J.N., Doyle, C.C., Varallo, V.M.
and Mitchell, J.P. In Vitro Performance of a New Non-
Electrostatic Transparent Valved Holding Chamber
(VHC). In: Drug Delivery to the Lungs — XIV, Lon-
don, UK, December 2003, 71-74.

Fink, J.B., Dhand, R. Duarte, A.G., Jenne, J.W., and
Tobin, M.J. Aerosol delivery from a metered-dose
inhaler during mechanical ventilation: An in vitro model.
AM. ]. Respir. Crit. Care Med., 1996, 154, 382-387.
Brockmann, J.E. Sampling and transport of aerosols.
In: K. Willeke and PA. Baron Eds., Aerosol Measure-
ment: Principles, Techniques and Applications, Van
Nostrand Reinhold, NY, USA, 1993, 77-111.

Finlay, W.H. and Stapleton, K.W. Undersizing of droplets
from a vented nebulizer caused by aerosol heating dur-
ing transit through an Andersen impactor. J. Aerosol
Sci., 1999, 30, 105-109.

Niven, R.W. Aerodynamic particle size analysis testing
using a time-of-flight aerosol beam spectrometer.
Pharm. Technol., 1993, 72-78.

de Boer, A.H., Gjaltema, D., Hagedoorn, P. and Frijlink,
H.W. Characterization of inhalation aerosols: A critical
evaluation of cascade impactor and laser diffraction
technique. Int. J. Pharm., 2002, 249, 219-231.
Nerbrink, O., Dahlbick, M. and Hansson, H-C. Why
do medical nebulizers differ in their output and parti-
cle size characteristics? J. Aerosol Med., 1994, 7, 259-
276.

Corcoran, T.E., Hitron, R., Humphrey, W. and Chigier,
N. Optical measurement of nebulizer sprays: A quanti-

KONA No.22 (2004)

|/
I

»‘}
%)

D

l’"'f



o

f()

(°
@gvecﬁoglparlson of diffraction, phase Doppler inter-
jetry, and time-of-flight techniques. J. Aerosol Sci.,

0@6 @V"zooo 31, 35-50.

oL

52.

53.

4.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Clark, A.R. The use of laser diffraction for the evalua-
tion of the aerosol clouds generated by medical nebu-
lizers. Int. J. Pharm., 1995, 115, 69-78.

Mitchell, J.P. and Nagel, M.W. Cascade impactors for
the size characterization of aerosols from medical in-
halers; Their uses and limitation. J. Aerosol Med., 2003,
16, 341-376.

Marple, V.A. A Fundamental study of inertial impactors.
Ph.D. thesis, University of Minnesota, Minneapolis,
MN, USA, 1970.

Marple, V.A. and Liu, B.Y.H. Characteristics of laminar
jet impactors. Environ. Sci. Technol., 1974, 8, 648-654.
Rader, D.J and Marple, V.A. Effect of ultra-Stokesian
drag and particle interception on impaction character-
istics. Aerosol Sci. Technol., 1985, 4, 141-156.

Picknett, R.G. A new method of determining aerosol
size distributions from multistage sampler data. J.
Aerosol Sci., 1972, 3, 185-198.

American Industrial Hygiene Association. J.Y. Young,
Ed., Particle sampling using cascade impactors: Some
practical application notes. AIHA Publications, Fairfax,
VA, USA, 1995.

Marple, V.A., Olson, B.A., Santhanakrishnan, K.,
Mitchell, J.P, Murray, S. and Hudson-Curtis, B. Next
Generation Pharmaceutical Impactor. Part II: Calibra-
tion. J. Aerosol Med., 2003, 16, 301-324.

Rader, D.J. and Marple, V.A. Effect of gravitational
forces on the calculation of impactor efficiency curves.
In BY.H. Liu, DYH. Pui and H.J. Fissan, Eds.,
Aerosols. Elsevier. N.Y., USA, 1984, 123-126.

Marple, V.A., Olson, B.A., Santhanakrishnan, K., Roberts,
D.L., Mitchell, J.P, and Hudson-Curtis, B. In: Drug
Delivery to the Lungs — XIV, The Aerosol Society, Lon-
don, UK, 2003, 37-40.

Fang, C.P, Marple, V.A. and Rubow, K.L. Influence of
Cross-flow on Particle Collection Characteristics of
Multi-nozzle Impactors. J. Aerosol Sci., 1991, 22, 403-
415.

Marple, V.A., Roberts, D.L., Romay, EJ., Miller, N.C.,
Truman, K.G., Van Oort, M., Olsson, B., Holroyd, M.]J.,
Mitchell, J.P. and Hochrainer, D. Next Generation
Pharmaceutical Impactor. Part 1: Design. J. Aerosol
Med., 2003, 16, 283-299.

Marple, V.A,, Olson, B.A. and Miller, N.C. The role of
inertial particle collectors in evaluating pharmaceutical
aerosol delivery systems. J. Aerosol Med., 1998, 11S1,
139-153.

Mitchell, J.P. Aerosol generation and instrument cali-
bration. In: 1. Colbeck Ed., Physical and Chemical Prop-
erties of Aerosols. Blackie Academic and Professional,
London, UK, 1998, 31-79.

Vaughan, N.P. The Andersen impactor: Calibration,
wall losses and numerical simulation. J. Aerosol Sci.,
1989, 20, 67-90.

Mitchell, J.P,, Costa, PA. and Waters, S. An assessment

KONA No.22 (2004)

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

of an Andersen Mark-II cascade impactor. J. Aerosol
Sci., 1987, 19, 213-221.

Nichols, S.C., Brown, D.R. and Smurthwaite, M. New
concept for the variable flow rate Andersen cascade
impactor and calibration data. J. Aerosol Med., 1998,
11(S1), 133-138.

Nichols, S.C. 2000. Calibration and mensuration issues
for the standard and modified impactor. Pharmeuropa.,
2000, 585.

Marple, V.A., Olson, B.A. and Miller, N.C. A low-loss
cascade impactor with stage collection cups: Calibra-
tion and pharmaceutical inhaler applications. Aerosol
Sci. Technol. 1995, 22, 124-134.

Olson, B.A., Marple, V.A,, Mitchell, J.P. and Nagel,
M.W. Development and calibration of a low-flow ver-
sion of the Marple-Miller impactor. Aerosol Sci. Tech-
nol., 1998, 29, 307-314.

Asking, L. and B. Olsson. Calibration at different flow
rates of a multistage liquid impinger. Aerosol Sci. Tech-
nol., 1997, 27, 39-49.

Fairchild, C.I. and Wheat, L.D. Calibration and evalua-
tion of a real time cascade impactor. Am. Ind. Hyg.
Assoc. J., 1984, 45, 205-211.

Horton, K.D., Ball, M.H.E. and Mitchell, J.P. The cali-
bration of a California Measurements PC-2 quartz
crystal cascade impactor (QCM). J. Aerosol Sci., 1992,
23, 505-524.

Marple, V.A., Rubow, K.L. and Behm, S.M. A microori-
fice uniform deposit impactor (MOUDI): Description,
Calibration and Use. Aerosol Sci. Technol., 1991, 14,
434-446.

Peart, J., Byron, PR., Staehler, T.S., and Clarke, M.].
Pressure-drop measurements made during testing of
dry powder inhalers. Pharm. Forum, 1997, 23, 3543-
3546.

Olsson, B. and L. Asking. Methods of setting and mea-
suring flow rates in pharmaceutical impactor experi-
ments. In: Drug Delivery to the Lungs — XIII. Aerosol
Society, London, UK, 2002, 168-171.

Huang, C-H and Tsai, C-J. Effect of gravity on particle
collection efficiency of inertial impactors. J. Aerosol
Sci., 2001, 32, 375-387.

Mitchell, J.P. Regarding the development and practice
of cascade impaction testing, including a mass balance
failure investigation tree. J. Aerosol Med., 2004, 16, 431.
May, K.R. The cascade impactor: An instrument for
sampling coarse aerosols. J. Sci., Instrum., 1945, 22:
187-194.

Rao, A.K. and Whitby. K. T. Non-ideal collection charac-
teristics of inertial impactors — Single stage impactors
and solid particles. J. Aerosol Sci., 1978, 9, 77-86.

Rao, A.K. and Whitby. K. T. Non-ideal collection charac-
teristics of inertial impactors — Cascade impactors. J.
Aerosol Sci., 1978, 9, 87-100

Esmen, N.A. and Lee, T.C. Distortion of cascade im-
pactor measured size distribution due to bounce and
blow-off. Am. Ind. Hyg. Assoc. J., 1980, 41, 410-419.
Byron, PR. Compendial dry powder testing: USP per-

61

|/
I

»‘}
%)

D

l’"'f



?%

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

62

(°
spe v?es O{n\QPR Byron, R.N. Dalby and S.J. Farr
?Q@pzmtory Drug Delivery IV. Interpharm Press,
o Grove, IL, USA, 1994, 153-162.

unbar, C.A., Hickey, A.J. and Holzner, P. Dispersion
and Characterization of pharmaceutical dry powder
aerosols. KONA, 1998, 16, 7-45.
Mitchell, J.P. Practices of coating collection surfaces of
cascade impactors: A survey of members of the Euro-
pean Pharmaceutical Aerosol Group (EPAG). In: Drug
Delivery to the Lungs — XIV. Aerosol Society, London,
UK, 2003, 75-78.
Nasr, M.M., Ross, D.L. and Miller, N.C. Effect of drug
load and plate coating on the particle size distribution
of a commercial albuterol metered dose inhaler (MDI)
determined using the Andersen and Marple-Miller
impactors. Pharm. Res., 1997, 14, 1437-1443.
Nasr, M.M. and Allgire, ]J.F. Loading effect on particle
size measurements by inertial sampling of albuterol
metered dose inhalers. Pharm. Res., 1995, 12, 1677-
1681.
Kamiya A, Sakagami M, Hindle M, Byron PR. Particle
sizing with the next generation impactor: a study of
Vanceril™ metered dose inhaler. J. Aerosol Med., 2003,
16, 216.
Mitchell, J.P.,, Nagel, M.W., Wiersema, K.J., and Doyle,
C.C. Aerodynamic Particle Size Analysis of Aerosols
from Pressurized Metered- Dose Inhalers: Comparison
of Andersen 8-Stage Cascade Impactor, Next Genera-
tion Pharmaceutical Impactor, and Model 3321 Aero-
dynamic Particle Sizer Aerosol Spectrometer, AAPS
PharmSciTech., 2003, 4, article 54 (available at http://
www.aapspharmscitech.org).
Asking, L. and Nichols, S. Next Generation Pharma-
ceutical Impactor (NGI): EPAG collaborative study. In:
Drug Delivery to the Lungs — XIV. Aerosol Society,
London, UK, 2003, 33-36.
Baron, PA., Mazumder, M.K. and Cheng, Y.S. Direct-
reading techniques using optical particle detection. In:
K. Willeke and PA. Baron, eds. Aerosol Measurement:
Principles, Techniques and Applications. Van Nostrand
Reinhold, N.Y., 1993, 381-409.
Mitchell, J.P. and Nagel, M.W. Time-of-Flight Aerody-
namic Particle Size Analyzers: Their Use and Limita-
tions for the Evaluation of Medical Aerosols, J. Aerosol
Med., 1999, 12, 217-239.
Wilson, J.C. and Liu, B.Y.H. Aerodynamic particle size
measurement by laser-Doppler velocimetry. J. Aerosol
Sci., 1980, 11, 139-150.
Remiarz, R.]J., Agarwal, J.K., Quant, ER. and Sem, G.]J.
Real-time aerodynamic particle size analyzer. In: V.A.
Marple and B.Y.H. Liu Eds. Aerosols in the Mining and
Industrial Work Environments. Vol. 3., Ann Arbor Sci-
ence, Ann Arbor, MI., 1983, 879-895.
Heitbrink, W.A., Baron, PA. and Willeke, K. Coincidence
in time-of-flight spectrometers: phantom particle cre-
ation. Aerosol Sci. Technol., 1991, 14, 12-26.
Heitbrink, W.A. and Baron, PA. An approach to evalu-
ating and correcting aerodynamic particle sizer mea-

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

surements for phantom particle count creation. Am.
Ind. Hyg. Assoc. J., 1992, 53, 427-431.

Hairston, PP, Dorman ED., Sem, G.J. and Agarwal,
J.K. Apparatus for measuring particle sizes and veloci-
ties. 1996, U.S. Patent 5, 561, 515.

Stein, S.W., Gabrio, B.J., Oberreit, D.R., Hairston, PP,
Myrdal, PB. and Beck, T.J. An evaluation of mass-
weighted size distribution measurements with the
model 3320 Aerodynamic Particle Sizer. Aerosol Sci.
Technol., 2002, 36, 845-854.

Stein, S.W., Beck, T.J. and Gabrio, B.J. Evaluation of a
new aerodynamic particle sizer for MDI size distribu-
tion measurements. In: R.N. Dalby, PR. Byron, S.J.
Farr and ]. Peart. Eds., Respiratory Drug Delivery —
VII. Serentec Press, Raleigh, NC, USA, 2000, 283-286.
Dahneke, B. Aerosol beam spectrometry. Nature Phys.
Sci., 1973, 244: 54-55.

Dahneke, B. and Padiya, D. 1977. Nozzle-inlet design
for aerosol beam. In: J.L. Potter Ed., Rarified Gas
Dynamics. ALAA.,, N.Y., 1977, 51, 1163-1172.
Dahneke, B. and Cheng, Y.S. Properties of continuum
source particle beams. I. Calculation methods and
results. J. Aerosol Sci. 1979, 10, 257-274.

Cheng, Y.S. and Dahneke, B. 1979. Properties of con-
tinuum source particle beams. II. Beams generated in
capillary expansion. /. Aerosol Sci., 1979, 10, 363-368.
Mitchell, J.P. Particle standards: Their development
and application. KONA, 2000, 18, 41-59.

Armendariz, A.J. and Leith, D. Concentration mea-
surement and counting efficiency for the Aerodynamic
Particle Sizer® 3320. J. Aerosol Sci., 2002, 33, 133-148.
Peters, T.M. and Leith, D. Concentration measurement
and counting efficiency of the Aerodynamic Particle
Sizer® 3321. J. Aerosol Sci., 2003, 34, 627-634.
Bouchikhi, A., Becquemin, M.H., Bignon, J., Roy, M.
and Teillac, A. Particle size study of nine metered dose
inhalers, and their deposition probabilities in the air-
ways. Eur. Resp. J., 1988, 1, 547-552.

Mitchell, J.P,, Nagel, M.W. and Cheng, Y.S. Use of the
Aerosizer® aerodynamic particle size analyzer to char-
acterize aerosols from pressurized metered-dose in-
halers for medication delivery. J. Aerosol Sci., 1999, 30,
467-477.

Thornberg, J., Cooper, S.J. and Leith, D. 1999. Count-
ing efficiency of the API Aerosizer®. J. Aerosol Sci.,
1999, 30, 479-488.

Stein, S.W., Myrdal, PB., Gabrio, B.]., Oberreit, D. and
Beck, T.J. Evaluation of a new Aerodynamic Particle
Sizer® spectrometer for size distribution measurements
of solution metered dose inhalers. J. Aerosol Med.,
2003, 16, 107-119.

Cheng, Y.S., Chen, B.T. and Yeh, H-C. A study of density
effect and droplet deformation in the TSI Aerodynamic
Particle Sizer®. Aerosol Sci. Technol., 1990, 12, 278-285.
Griffiths, W.D., Iles, PJ. and Vaughan, N.P. The behav-
ior of liquid droplets in an APS® 3300. J. Aerosol Sci.,
1986, 17, 921-930.

Marshall, I.A., Mitchell, J.P. and Griffiths, W.D. The

KONA No.22 (2004)

|/
I

»‘}
%)

D

l’"'f



L

&
&
Q© Q4
Q>
\(\O

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

KO

&®
> .
Qé&a%()?%f regular-shaped non-spherical particles in a

2 'J(‘j%@%erodynamic Particle Sizer®. J. Aerosol Sci., 1991,
22, 73-89.

. Cheng, Y.S., Barr, E.B., Marshall, I.A. and Mitchell, J.P.
Calibration and performance of an API Aerosizer®. J.
Aerosol Sci., 1993, 24, 501-514.

Ananth, G. and Wilson, J.C. Theoretical analysis of the
performance of the TSI Aerodynamic Particle Sizer®.
J. Aerosol Sci., 1988, 9, 89-199.

Wang, H. and John, W. Particle density correction for
the Aerodynamic Particle Sizer®. Aerosol Sci. Technol.,
1987, 6, 191-198.

Cheng, Y.S, Chen, B.T. and Yeh, H-S. Performance of
an Aerodynamic Particle Sizer®. Appl Occup. Environ.
Hyg., 1993, 8, 307-312.

Tzou, T-Z. and Schultz, R.K. Use and limitations of the
Aerosizer® in measuring the aerodynamic particle size
of MDIs. Pharm. Res., 1993, 10, S167.

Mitchell, J.P. Nagel, M.W. and Archer, A. Size analysis
of a pressurized metered dose inhaler (pMDI)-deliv-
ered suspension formulation by the API Aerosizer®
time-of-flight aerodynamic particle size analyzer. J.
Aerosol Med., 1999, 12, 255-264.

Tiwari, D., Goldman, D., Malick, W.A. and Madan, P.L.
Formulation and evaluation of abuterol metered dose
inhalers containing tetrafluoroethane (P134a), a non-
CFC propellant. Pharm. Dev. and Technol., 1998, 3,
163-174.

Gupta, A., Myrdal, P.B., Stein, S.W., Gabrio, B.J. and
Beck, T.J. Comparison of the TSI model 3306 impactor
inlet with the Andersen cascade impactor by testing
solution metered dose inhalers. In: R.N. Dalby, PR.
Byron, Peart, J. and S.J. Farr Eds., Respiratory Drug
Delivery VIII. Davis Horwood International, Raleigh,
NC, USA, 2002, 659-662.

Etzler, EM. and Sanderson, M.S. Particle size analysis:
a comparative study of various methods. Part. Part.
Syst. Charact., 1995, 12, 217-224.

Hindle, M. and Byron, P.R. Size distribution control
of raw materials for dry-powder inhalers using the
Aerosizer® with the AeroDisperser®. Pharm. Technol.,
1995, 19, 64-78.

Rader, D.J. and O’Hern, T.J. Optical direct-reading
techniques: In situ sensing. In: K. Willeke and PA.
Baron Eds., Aerosol Measurement: Principles, Techniques
and Applications, Van Nostrand Reinhold, NY, USA,
1993, 345-380.

Loffert, D.T., Ikle, D. and Nelson, H.S. A comparison
of commercial jet nebulizers. Chest, 1994, 106, 1788-
1792.

Swithenbank, J., Beer, J.M., Taylor, D.S., Abbot, D. and
McCreath, C.G. A Laser Diagnostic Technique for the
Measurement of Droplet and Particle Size Distribution,
Prog. Astronaut. Aeronaut., 1977, 53, 421-447.
Ward-Smith, S. and Wedd, M. Determination of contin-
uous particle size distributions of concentrated sprays.
Amer. Lab., 1999, 17-21.

Krarup, H.G., Bumiller, M and Stauffer, T. The Malvern

NA No.22 (2004)

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Spraytec® applied to pharmaceutical spray analysis. In:
R.N. Dalby, PR. Byron, Peart, J. and S.J. Farr Eds., Res-
piratory Drug Delivery VIII. Davis Horwood Interna-
tional, Raleigh, NC, USA, 2002, 505-508.

Smyth, H.D.C. and Hickey, A.J. Dynamic particle size
distributions emitted from pMDIs as determined by
laser diffraction: A function of time and space. In: R.N.
Dalby, PR. Byron, Peart, J. and S.]. Farr Eds., Respira-
tory Drug Delivery VIII. Davis Horwood International,
Raleigh, NC, USA, 2002, 727-730.

Nerbrink, O., Dahlbdck, M. and Hansson, H-C. Why
do medical nebulizers differ in their output and particle
size characteristics? J. Aerosol Med., 1994, 7, 259-276.
Moslemi, P, Najafabadi, A.R. and Tajerzadeh, H. Evalu-
ations of different parameters that affect droplet size
distribution of nasal gel sprays. Izn: R.N. Dalby, PR.
Byron, Peart, J. and S.J. Farr Eds. Respiratory Drug
Delivery VIII. Davis Horwood International, Raleigh,
NC, USA, 2002, 619-622.

International Standards Organization. Particle size
analysis — laser diffraction methods: Part 1: General
principles. ISO Geneva, Switzerland, 13320-1, 1999.
Scarlett, B. Measuring and interpreting particle size
distribution. Am. Pharm. Rev., 2003, 6, 93-101.
Brittain, H.G. Particle size distribution IV: Determina-
tion by laser light scattering. Pharm. Technol., 2003,
102-114, available at www.pharmtech.com.

Meyer, P. and Chigier, N. Dropsize measurements using
a Malvern 2200 particle sizer. Atom. Spray Technol.,
1986, 2, 261-298.

Bayvel, L.P,, Knight, J. and Robertson, G. Alternative
model-independent inversion programme for Malvern
particle sizer. Part. Charact., 1987, 4, 49-53.
Annapraguda, A. and Adjei, A. An analysis of the
Fraunhofer diffraction method for particle size distrib-
ution analysis and its application to aerosolized sprays.
Int. J. Pharm., 1996, 127, 219-227.

Van de Hulst, H.C. Light Scattering by Small Particles.
Dover, N.Y., 1981.

Merkus, H.G., Marijnissen, J.C.M., Jansma, E.H.L. and
Scarlett, B. Droplet size distribution measurements for
medical nebulizers by the forward light scattering
technique (laser diffraction). J. Aerosol Sci., 1994, 2551,
319-320.

Kwong, W.T.J., Ho, S.L. and Coates, A.L. Comparison
of nebulized particle size distribution with Malvern
laser diffraction analyzer versus Andersen cascade im-
pactor and low-flow Marple personal cascade impactor.
J. Aerosol Med., 2000, 13, 303-314.

Mitchell, J.P,, Nagel, M.W., Bates, S.L. and Doyle, C.C.
An in vitro study to investigate the use of a breath-
actuated small-volume, pneumatic nebulizer for the
delivery of methacholine chloride bronchoprovocation
agent. Respir. Care, 2003, 48, 46-51.

Smart, J., Berg, E., Nerbrink, O., Zuban, R., Blakey, D.
and New, M. Touchspray™ technology: A comparison
of the droplet size measured by cascade impaction and
laser diffraction. In: R.N. Dalby, PR. Byron, Peart, ]J.

63

|/
I

»‘}
%)

D

l’"'f



\(\O

W

<
O
Q. : :
an%@.]. gm?? Eds. Respiratory Drug Delivery VIII.
D@vi%{'@r'wood International, Raleigh, NC, USA, 2002,
2

v,

Q
?\Q 143VWolfgang, J. A laser diffraction particle size analyzer

144.

145.

146.

147.

148.

149.

150.

151.

64

with integrated modules for use with various inhalation
drug delivery devices. In: R.N. Dalby, PR. Byron, S.J.
Farr and ]J. Peart. Eds., Respiratory Drug Delivery —
VII. Serentec Press, Raleigh, NC, USA, 2000, 535-537.
Miihlenweg, H. and Hirleman, E.D. Reticles as stan-
dards in laser diffraction spectroscopy. Part. Part. Syst.
Charact., 1999, 16, 47-53.

Hirleman, E.D., Oechsle, V. and Chigier, N.A. Response
characteristics of laser diffraction particle size analyz-
ers. Opt. Eng., 1984, 23, 610-619.

Wachtel, H. and Ziegler, J. Improved assessment of
inhaler device performance using laser diffraction. In:
R.N. Dalby, PR. Byron, Peart, J. and S.J. Farr Eds., Res-
piratory Drug Delivery VIII. Davis Horwood Interna-
tional, Raleigh, NC, USA, 2002, 379-381.

Davies, P, Derbyshire, D., Kotsokechagia, T. and
Shaikh, T. Novel method for screening DPI and MDI
formulations using experimental design and laser dif-
fraction. In: Drug Delivery to the Lungs — XIV. Aerosol
Society, London, UK, 2003, 144-147.

De Boer, A.H., Gjaltema, D., Hagedoorn, P, Schaller,
M., Witt, W. and Frijlink, H.W. Design and application
of a new modular adapter for laser diffraction charac-
terization of inhalation aerosols. Int. J. Pharm., 2002,
249, 233-245.

Ranucci, J. Dynamic plume-particle size analysis using
laser diffraction. Pharm. Technol., 1992, 108-114.
Sharpe, S., Hart, J. and Sequeira, J. Effect of formula-
tion and device on particle/droplet size distribution of
metered dose inhaler (MDI) products measured by
laser diffraction. In: R.N. Dalby, PR. Byron, Peart, J.
and S.J. Farr Eds., Respiratory Drug Delivery VIII.
Davis Horwood International, Raleigh, NC, USA, 2002,
577-579.

Ziegler, J. and Wachtel, H. Particle size measurement
techniques for pharmaceutical device development. In:
Drug Delivery to the Lungs — XII. Aerosol Society,

152.

153.

154.

155.

156.

157.

158.

159.

London, UK, 2001, 54-57.

Ding, J.Y., McVeety, B.D., Busick, D.R.,, Miller, PR.,
Zimlich, W.C. and Placke, M.E. Correlation of particle
size distribution measurements between optical and
inertial impaction techniques using an ethanolic drug
formulation for inhalation. In: R.N. Dalby, PR. Byron,
Peart, J. and S.J. Farr Eds. Respiratory Drug Delivery
VIII. Davis Horwood International, Raleigh, NC, USA,
2002, 355-358.

Haynes, A., Shaik, M.S., Krarup, H. and Singh, M.
Evaluation of the Malvern Spraytec® with inhalation
cell for the measurement of particle size distribution
from metered dose inhalers. J. Pharm. Sci., 2004, 93,
349-363.

Holmes, C.E., Kippax, P.G., Newell, H.E., Southall, J.P.
and Ward, D.J. Simultaneous analysis of respirable
aerosols via laser diffraction and cascade impaction.
In: Drug Delivery to the Lungs — XII. Aerosol Society,
London, UK, 2001, 58-61.

Smyth, H.D.C. and Hickey, A.]. Comparative particle
size analysis of solution propellant driven metered dose
inhalers using cascade impaction and laser diffraction.
In: RN. Dalby, PR. Byron, Peart, J. and S.J. Farr Eds.,
Respiratory Drug Delivery VIII. Davis Horwood
International, Raleigh, NC, USA, 2002, 731-734.

Corr, D., Dolovich, M., McCormack, D., Ruffin, R,,
Obminski, G. and Newhouse, M. Design and charac-
teristics of a portable breath actuated, particle size
selective medical aerosol inhaler. J. Aerosol Sci., 1982,
13, 1-7.

Bachalo, W.D. and Hauser, M.J. Phase Doppler Spray
Analyzer for Simultaneous Measurements of Drop Size
and Velocity Distributions, Opt. Eng., 1984, 23, 583-590.
Stapleton, K.W., Finlay, W.H. and Zuberbuhler, P. An
In-Vitro Method for Determining Regional Dosages
Delivered by Jet Nebulizers, J. Aerosol Med., 1994, 7,
325-344.

Dunbar, C.A., Watkins, A.P. and Miller, J.F. An experi-
mental investigation of the spray issued from a pMDI
using laser diagnostic techniques. J. Aerosol Med., 1997,
10, 351-368.

KONA No.22 (2004)

|/
I

»‘}
%)

D

l’"'f



&“?’\
650

N

<\\0

Y
2,0

<P e , .
0@6‘:@g$\uthor s short biography
AR
¥ J.P. Mitchell

Jolyon Mitchell is currently Scientific Director of Trudell Medical International,
with responsibility for all aspects of iz vitro aerosol testing. During the past 10
years, he has built up the laboratory to the point at which more than 130 publica-
tions have been produced for the open literature, many of which have appeared
in peer-reviewed journals. He is involved in several industry-wide organizations
involved with inhaled medical aerosol delivery, including the European Pharma-
ceutical Aerosol Group (EPAG) and the US Product Quality Research Institute
(PQRI). He has participated in the development of a new Standard for Spacers and
Holding Chambers, developed by the Canadian Standards Association, and is cur-
rently a Canadian delegate to ISO/TC84/WGS5, involved with the development of a
new standard for aerosol-based inhalers. He is a member of the American Associa-
tion of Pharmaceutical Scientists (Inhalation Technology Focus Group) and is on
the Editorial Advisory Board of Journal of Aerosol Medicine.

Since graduating from the University of Salford in the United Kingdom with a doc-
torate in physical chemistry in 1976, he has had approaching 20 years experience
in the measurement and control of aerosols, initially as an experimentalist and
more recently as coordinator of major projects involved with standards and calibra-
tion of aerosol measuring equipment. He joined the UK Atomic Energy Authority
in 1980 to undertake research into the release and subsequent behavior of aerosols
that might be released from severe nuclear reactor accidents. This work involved
developing several measurement devices and tools for their calibration, and subse-
quently evolved into initiatives concerned with the development of new particle
standards. As Manager of the Aerosol Science Centre, he coordinated the first
phase of a UK government initiative to apply the principles of valid analytical mea-
surement to the assessment of aerosols. He joined Trudell Medical International in
1994 to develop their medical aerosol laboratory. He played a significant part in the
development and archival calibration of the Next Generation Pharmaceutical
Impactor (NGI).

He has published more than 200 articles in the open literature, of which about 60
are in peer-reviewed journals and 6 are invited review articles. He has also con-
tributed to two books on aerosol science, writing chapters concerned with aerosol
measurement techniques and the calibration of aerosol measurement equipment.

M.W. Nagel

Mark Nagel currently holds the position of Laboratory Manager and is responsible
for overseeing the operation of the Aerosol Laboratory for Trudell Medical
International. In the past 11 years the laboratory he has contributed to several reg-
ulatory submissions and he has contributed to over 130 publications, many of
which have been published in the peer reviewed literature.

After graduating from the University of Western Ontario with a bachelors degree
in Toxicology with Environmental Science in 1993 he joined Trudell Medical
International as a Laboratory Technician and 4 years later assumed the role of Lab-
oratory Manager.

KONA No.22 (2004)

65

|/
1A

I’"'(

ol
o}

¢
D



\&
\CJ
'b<\

) @h,gOS\evﬂla Powder Tester: A Tool for Characterizing the Physical
W \‘Pﬁpopertles of Fine Cohesive Powders at Very Small Consolidations’

Q0

A. Castellanos, J.M. Valverde,
and ML.A.S. Quintanilla
Facultad de Fisica. Universidad de Sevilla*

Abstract

We present a fluidized bed apparatus that enables us to test the bulk mechanical properties such as
the yield stresses and compressibility of fine cohesive powders. Every measurement is preceded by
driving the powder into the bubbling regime in which the material loses memory of its previous his-
tory. Then the gas flow is set to a given value to take the powder into a well defined and reproducible
initial state of low consolidation. Reverse flow is used to exert high compressive stress. A cornerstone
of our technique is that the procedure is automatized, thus making results operator insensitive.
Besides being a practical tool to diagnose the flowability of experimental powders, the Sevilla Powder
Tester (SPT) also provides us with a powerful technique to research fundamental problems in pow-

der mechanics.

1 Introduction

The mass flow of fine particles is relevant in many
industrial fields. It is estimated that 60% of products
in the chemical industry are manufactured as particu-
lates and a further 20% use powders as ingredients
[1]. In spite of this, most industrial powder processes
are dependent on empirical correlations since the link
between the physics of local grain interactions and
their global mechanical behavior is still poorly under-
stood. A clear example are fluidized beds, which are
extensively used whenever a good solid-fluid contact
is needed such as in the catalytic cracking of oil, the
combustion of coal, drying, mixing, transport, etc. A
precise knowledge of the fluidized bed structure and
behavior is quite relevant not only from a theoretical
point of view but also from the practical point of view.

The behavior of powders can be significantly influ-
enced by particle size, particle deformation, distri-
bution of forces, cohesive and frictional interaction,
contact restructuring, aggregation, interstitial gas,
etc. The presence of these multiple and usually co-
operative features makes the problem of investigat-
ing powder behavior from a fundamental perspective
a rather complicated challenge, thus empirical ap-

* Avenida Reina Mercedes s/n, 41012 Sevilla. Spain.
t Accepted: August 26, 2004
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proaches prevail. Most of the empirical studies to
characterize powder flow yield numbers which are
not clearly related to the fundamental physical proper-
ties. More importantly, due to the hysteretic nature
of interparticle contact forces, uniform powders are
hard to create and the packing arrangement is a
strong function of the previous history. Generally
speaking, the techniques employed lack a satisfactory
way of initializing the powder in order to have an ini-
tial reproducible state in which the memory of the
powder has been erased. Moreover, the more cohe-
sive the powder, the larger the memory effects are.
Consequently, the wide experimental variations in bulk
properties at low consolidations measured by the tra-
ditional testers preclude a reliable estimation of inter-
particle forces [2], which are ultimately responsible
for the ability of a powder to flow [3].

In this paper we review a Powder Tester apparatus
[4] in which the powder sample is conveniently initial-
ized by the use of fluidization. This Powder Tester
enables us to investigate fluidization properties such
as bed expansion, sedimentation, aggregation of fine
particles within the fluidized bed, onset of bubbling
for sufficiently large gas flow, transition to a solid-like
regime for gas flows smaller than a critical one, etc
[5]. For the solid state, in which particle contacts are
permanent, the tester measures the uniaxial tensile
yield stress of the powder and its average particle vol-
ume fraction as a function of the consolidation stress,
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during compaction yields information about the mech-
anism of density increase. From the bulk stresses,
we estimate the interparticle contact forces that are
well correlated to direct measurements of forces be-
tween isolated particles made using a Scanning Force
Microscope (SFM) [6]. All the measurements can be
done under complete computer control and are fully
automated. A further advantage of the SPT for testing
experimental powders is that the instrument only
needs a small volume of powder (typically around 20
g).

1.1 Some techniques of analysing powder
flowability
Schwedes recently made an extensive review on
testers for measuring the bulk flow properties of
granular materials [7]. In this section, we highlight
some of the most-used techniques in powders from a
critical perspective.

1.1.1 Empirical techniques

A traditional way of testing powder flowability is to
measure the ability of the powder to flow through
standard devices. For example, we find in the Book of
the American Society for Testing and Materials Stan-
dards a technique that consists of measuring the time
that a given mass of powder takes to discharge
through a hopper [8]. Even though this technique has
been proved to be useful for metallic powders, an
external energy source such as tapping is needed for
very cohesive powders to help powder flow [9].
Vibration, however, may consolidate the powder and,
especially in the case of fine particles, this enhances
cohesiveness. A similar technique, frequently used
for pharmaceutical tabletting applications, consists of
forcing the powder to pass through rings of decreas-
ing diameters [10]. The flowability index is defined
as the diameter of the smaller ring through which the
sample can discharge three consecutive times. There
is also a commercial rheometer similar to the ones
employed to measure the viscosity of liquids, but that
has been adapted to test powder flow [11]. The
rheometer incorporates a blade with different sec-
tions in the opposite sides of a rotation shaft. The first
section has its surface parallel to the rotation shaft
whereas the second section is twisted relative to the
rotation shaft. The Hosokawa Powder Tester [12] is
another instrument that has been extensively employed
in the xerographic industry to measure toner flowa-
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bility. In the Hosokawa test, a number of screens of
different sizes are placed vertically and are vibrated.
An estimation of the toner flowability is given by the
relative mass of powder that passes through each
screen.

The success of these techniques is hindered by the
difficulty of initializing the powder in an initial repro-
ducible state. Therefore, results are dependent on the
history of the powder: i.e. the filling procedure, previ-
ously applied stresses, etc. This is particularly impor-
tant in the case of fine cohesive powders for which
interparticle attractive forces may increase by several
orders of magnitude with the applied external load
[13]. An additional problem is that the interaction of
the powder with mechanical parts, such as the blade
of a rheometer, may produce a “heterogenous” cohe-
siveness since the load and shear applied can change
abruptly from point to point within the sample. Thus
the results achieved depend on the particular design
of the device and on the experimental procedure. In
addition, the correlation of the experimental results
to fundamental physical parameters of the powder
remains rather obscure. Therefore, it would be desir-
able to measure properties more directly linked to
fundamental parameters, thus yielding more robust
and confident results.

1.1.2 Techniques of analysing powder flowability
based on fundamental properties

The powder compressibility has usually been taken
as a measure of powder flowability [14]. Granular
materials that flow well end up in very dense pack-
ings that are quite difficult to compress, whereas
poorly flowing powders pack in open structures that
can be further compressed with ease. Compaction
tests in which a cylindrical plug of powder is com-
pacted axially by a piston are commonly used in civil
engineering [15]. A proposed number to classify pow-
der flowability is the Hausner ratio, defined as the
ratio of the tapped powder density to the untapped
powder density [16].

Most of the situations involving the flow of powders
imply the presence of shear stresses. Therefore, some
techniques to test powder flowability are focused on
measuring the yield stress as the powder sample is
sheared. Consider an arbitrary plane through the
powder sample and a shear stress 7 acting on that
plane; there will be a value of stress that will cause
the powder to shear off in the plane and cause the
powder to flow. This yield stress depends on the nor-
mal stress o acting perpendicular to the plane. In gen-
eral, 7 increases with o, and the relationship between
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T=0 tan ®+c¢ (6]

where ¢ and ® are the cohesion and the angle of inter-
nal friction. For many coarse granular materials ¢ is
negligible.

The point of the yield locus on the negative ¢ axis
is the ultimate tensile strength ;. The linear theory
is, however, inadequate to describe the behavior of
fine cohesive powders at low values of ¢ and 7 that
occur in practice. Traditionally, the Jenike shear cell
[18] has been used by engineers in powder technol-
ogy to estimate the angle of internal friction of highly
consolidated granular materials. Essentially, the tech-
nique consists of compacting a powder sample with a
known external load into a cylindrical cell composed
of two metal rings one upon the other. With the com-
paction load still applied, the minimum steady state
shear stress necessary to displace the upper ring hor-
izontally with respect to the lower one is measured.
Steady state flow means flow at constant density and
constant shear stress. These values of normal and
shear stresses define the end point of the yield locus.
Then the normal load on the powder is decreased and
the new horizontal force necessary to initiate shear-
ing of the powder is measured. In order to minimize
the influence of the operator, the Jenike cell is com-
mercialized with a reference material with which
researchers can check both their equipment and exper-
imental technique. The reference powder consists of
“3 kg of limestone powder packed in a polyethylene
jar” and is accompanied by a certificate that supplies
the limiting shear stress for four different powder
normal stresses [19]. However, in a great deal of pow-
der processing equipment there is no significant com-
pressive force while the Jenike cell is inappropriate
for low consolidation stresses. The recently devel-
oped ring shear tester represents a technical improve-
ment on the Jenike tester in order to measure the
yield locus at smaller loads (<~100 Pa) [20]. An
experimental problem that besets the Jenike cell tech-
nique and its modified versions is the lack of a reli-
able method of producing reproducible initial states.
Interparticle contact forces are very sensitive to small
variations of the previous external loads. As a result,
errors due to poor preparation methods can easily
arise. Further disadvantages of the Jenike test are
that it must be accepted that the slip plane coincides
with a horizontal plane and that the shear process
takes place uniformly throughout the sample in order
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to relate the stresses to the real stresses inside the
material. This is known to be false for overconsoli-
dated materials [21]. A commercial alternative to the
Jenike shear cell is the Peschl annular shear cell, in
which the shear stress is applied by rotating the top
part of an annular shear box containing the powder
sample [21]. While this test allows for a constant area
of shear and unlimited shear distance, making it use-
ful for quantifying powder flow after failure, wall
effects and strong uncertainty in stress distribution
are major drawbacks.

Another property that has been employed to quan-
tify powder flow is the angle of repose of a pile of
powder [22]. Even though the angle of repose is a well
defined property of noncohesive granular materials, it
is meaningless when cohesive interaction becomes
important. We may remember from our childhood that
sand castles can sustain 90° slopes but when we tried
to increase the size of the castle, landslides would
probably happen that decreased the angle of repose
to well below 90°. The influence of the size of the
powder sample on the avalanching behavior of fine
powders is well documented in the literature [23].
Therefore, the size of the pile, which is indeed an
external parameter, must be specified in the testing
procedure when dealing with cohesive powders.

A common tool to analyse the avalanching behavior
of powders is a horizontal rotating drum partially
filled with the granular sample [24]. In this device,
intermittent and nearly reproducible avalanches are
observed at low rotation speeds. For low-cohesive
well-behaved granular materials, avalanches occur
quite regularly with nearly uniform size and time
spacing, whereas in the case of poorly flowing cohe-
sive powders, the time spacing and size of avalanches
shows a noisy behavior [24]. A rotating drum-based
unit, developed by Kaye and coworkers [25], is now
commercially available. In this device, avalanches are
automatically detected by a change in the light inten-
sity captured by a grid of photocells placed behind
the drum. The avalanching behavior is characterized
by the time interval between consecutive avalanches.
The scatter of the points is a measure of the regular-
ity of the avalanche process. With this technique, a
gas conditioning system can be implemented [26] in
order to control gas conditions inside the chamber
that may have a profound effect on powder flowabil-
ity. Testing cohesive powders is, however, difficult
and the test usually yields inaccurate results. A
source of error is that the powder sticks easily to the
walls of the drum and this reduces visibility. As a
result, the light intensity series can easily become

KONA No.22 (2004)

[/
¥

Ry
€

%



o

2.

nork-\etgtioga)gf whereas the number of avalanches per

éém?t t@@ detected decreases, thus complicating analy-

0‘“ 3{&40\? the data. In the case of very cohesive powders

“*1t is also likely that the powder slips as a whole. A
further criticism is that merely the data on the time
interval between consecutive avalanches cannot be
enough to analyse cohesive systems with complex
dynamics. For instance, Quintanilla et al. [24] have
seen that for a class of cohesive powders, there is a
regular sequence of large avalanches preceded by a
number of two or three small precursors. In such
cases, an in-depth statistical analysis is needed.

Since flowability is closely linked to interparticle
forces, it can be thought that a good bulk test is to
measure the powder tensile yield stress for which the
interparticle attractive force is responsible. The split
cell tester is a commercial device able to measure a
tensile yield stress [21]. The sample is held in a ring-
shaped cell and is compacted vertically using a plunger.
Then a horizontal tensile stress is applied and steadily
increased until the sample is pulled apart. In this way,
the tensile yield stress for a given consolidation stress
is measured. In the lifting lid tester, the sample is
pulled vertically in the same direction of compaction
[21]. These techniques present some inconveniences
when applied to fine cohesive powders. One of them
is again the lack of a mechanism for initializing the
powder into a reproducible state of consolidation. As
a consequence, results are of poor reproducibility.
Another is the difficulty of measuring the tensile yield
stress of fine cohesive powders at low consolidation
stresses by means of piston consolidation [27]. It
must be remarked that the way of preparation and
compaction of the powder in the cell does not pro-
duce an isotropic state of stresses. Therefore, the ten-
sile yield stress does not have to coincide with the
tensile strength. Research tools such as triaxial tests
achieve an approximated isotropic behavior by using
hydrostatic compaction, but is applicable only to high
compression loads.

1.1.3 Direct measurement of interparticle
forces

A good estimation of the powder flowability should
be based on direct measurement of the interparticle
forces. The adhesion force between individual parti-
cles can be measured directly using a Scanning Force
Microscope [6]. With this instrument, a probe parti-
cle is attached at the end of a V-shaped tipless can-
tilever. The probe particle is brought close to an
isolated substrate particle under computer control and
a loading-unloading cycle is applied. The largest down-
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ward deflection achieved by the cantilever during
unloading gives the adhesion force. Figure 1 shows
the statistical distribution of the adhesion force mea-
sured between two micrometer-sized toner particles.
Another apparatus recently reported to measure in-
terparticle forces [28] comprises a sensor unit com-
posed of a contact needle that comes into contact with
the powder and dislodges particles, measuring the
adhesive force between the particle and sample sub-
strate. This technique, however, does not have a way
to control the previous load force on the particle that
modifies adhesion substantially for plastic contacts
[6]. The same criticism applies to the well-established
centrifugal method [28].

As can be seen in Fig. 1, the SFM data obtained for
the adhesive force between irregularly shaped parti-
cles such as xerographic toners has a broad disper-
sion. This is mainly due to the dependence of the
adhesive force on the local surface properties of the
contact. When two irregular particles are brought
into contact, we can expect a wide range for the adhe-
sive force measured depending on the exact location
of the contact that determines the asperity size. This
problem gets worse when flow conditioner additives
are dispersed on the particle surface.

1.1.4 The fluidized bed method

A method to obtain the uniaxial tensile yield stress
of the powder with high reproducibility consists of
supplying a gas flow into a powder bed [27, 29]. The
layout of the experimental system is shown schemati-
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— —— 40%
207 T 20%
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0 10 20 30 40 50 60
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Fig. 1  Statistical distribution of the adhesive force (Ft) between
two irregularly shaped toner particles with low surface addi-
tive coverage as a function of the load force (Fc). Forces
are measured using a Scanning Force Microscope. The
vertical bars indicate the cumulative distributions of the
experimental measurements for every range of load force.
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A
cally in@&lr (A’RQ Powder samples are supported on a
po %u? léf@in a vertically-oriented cylindrical vessel.

i e

perimental materials are xerographic toners

$?~ me?ﬁe of polymer and with typical particle size ~10

\(\O

um. Pore size of the distributor plate is ~5 ym to
ensure that toner particles do not penetrate into the
pores and that the gas stream is distributed uniformly
over the lower boundary of the bed. A controlled flow
of dry nitrogen is introduced into the lower part of
the vessel. By using dry nitrogen, the complicating
effect of humidity, which is known to affect particle
adhesion [30], is minimized. The gas flow is controlled
by a mass flow controller while the gas pressure drop
across the bed Ap is measured by a differential pres-
sure transducer. Readings of the pressure drop across
the porous plate (without toner in the cell) are taken
before each series of powder measurements. In all
the range of gas flows we used, there is a linear
dependence of the pressure drop across the plate on
the gas flow velocity. The powder sample is weighed
and then placed in the vessel; at this stage the sample
is quite inhomogeneous, with some loose and some
compacted areas. To homogenize the sample, the bed
is driven into the freely bubbling regime by imposing
a large gas flow. Once in the bubbling regime, the
bed loses memory of its previous history [31]. In the
case of highly cohesive powders, such as toners with
very low additive concentration, it is necessary to
shake the sample in order to break up channels that
conduct fluidizing gas away from the bulk of the pow-
der and prevent fluidization. For that purpose, an
electromagnetic shaker can be incorporated into the
set-up in the base of the bed [4]. The bed is allowed
to bubble during a time period large enough to reach
a stationary state and after that the gas flow is sud-
denly returned to zero. This gives a repeatable start-

A A A Dry
Cor powder Nitrogen
N Needle
/ Porous plate Valve
Manometer
A
Flow Meter
N —
<- | [ <
| S

Fig. 2  Original apparatus used by us for measuring the uniaxial
tensile yield stress of the powder.

70

ing condition for the powder. The height of the bed /
provides an average value of the particle volume frac-
tion

ms
PyAh

()= @
where m; is the powder mass, p, is the particle den-
sity that must be known beforehand, and A is the
cross-sectional area of the vessel. & is measured by
means of an ultrasonic sensor placed on top of the
vessel. The consolidation stress o, at the bottom of
the bed is assumed to be the total weight of the sam-
ple divided by the area of the gas distributor. To mea-
sure the uniaxial tensile yield stress o; we subject the
vertical layer of powder to an upward-directed flow of
gas that is slowly increased to put the bed under ten-
sion. The total pressure drop is measured and the pres-
sure drop across the gas distributor is subtracted from
it. This is shown in Figure 3. When the gas passes
through the packed bed of particles, the gas pressure
drop is due to frictional resistance and increases lin-
early with increasing gas flow at low Reynolds num-
bers as described in general by the Carman-Kozeny
equation [32]

dp Eu ¢°

e~ di (1-¢)*"*

&)

where x is the vertical coordinate measured down-
ward from the free surface of the bed, i is the dynamic
gas viscosity (4=1.89%x1075 Pa-s at ambient tempera-
ture for dry nitrogen), v, the superficial gas velocity,
and E=180 is an empirical constant. There is a critical

300 —
i 6,0 !
mg/A |- Y- i i i
! +
200 i
= !
& | |
5 |
100 !
i Failure point
0 T — \
0 20 40 60

Gas flow (cc/min)

Fig. 3 Pressure drop across a bed of toner (Canon CLC500 cyan)
consolidated by a consolidation stress ¢,=~70 Pa. Cross-
sectional area of the bed 20.3 cm?.
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gasoﬁe?ocgwﬁt which the powder fractures and the
@a@ eﬁ&hre drop across the bed Ap falls abruptly. In
r to find the tensile yield stress it is important to
\‘\‘know how the powder fails. Close observations reveal
that fracture of the bed always starts at the lowest
point, the bottom of the bed. This was already pre-
dicted theoretically and later observed by Tsinontides
and Jackson [33]. In their one-dimensional analysis,
they neglected the wall effect and considered the
uniaxial stress o, local particle volume fraction ¢ and
gas pressure depending only on the vertical coordi-
nate x. Next, we give a slightly modified analysis from
that of Tsinontides and Jackson [33] to show explic-
itly that the condition for tensile yield will be first met
at the lowest point of the bed as the gas flow is pro-

gressively increased.

1.1.5 Location of fracture in the fluidized bed

In the consolidated equilibrium state, prior to the
application of a gas flow, there are no external forces
acting upon the particles except for the gravity force.
Then we have a compressive stress o.(x) across the
bed that obeys the simple equation

do, _
I =pp08 @

The vertical coordinate x is measured downward
from the free surface of the bed. When the gas is
forced to pass through the bed, we must also consider
the drag force per unit total volume F; exerted by the
gas on the particles, which is given by the gas pres-
sure drop per unit length Fi=dp/dx. Then the force
balance equation is

do _dp
——=py08 o ®)

dx

Since in fine powders, the gas flow is usually at
small Reynolds numbers, it is admitted that F; is pro-
portional to the gas velocity F;=p(¢)v,. For a suffi-
ciently large gas velocity, the negative contribution of
the drag force will turn the stress o negative and equal
to the tensile yield stress o; at some point within the
bed. In order to find the yield condition, Eq. 5 must
be integrated. There are several empirical equations
in the literature for B(¢). Tsinontides and Jackson
found it reasonable to adopt the Richardson-Zaki
equation [34]:

_ Prog 1
B(9)= by (=g 6)

where 7 is ~ 5 for small Reynolds numbers and v, is
the sedimentation velocity of a single particle, v,=

KONA No.22 (2004)

(1/18) (py—po)dig/u (pg is the gas density), in the
Stokes regime. While Eq. 6 describes well the behav-
ior of fluidized beds at small values of the particle vol-
ume fraction, the Carman-Kozeny equation (Eq. 3)
gives the best results for ¢>0.3 [35]. Since we are
looking for the yield point of the granular solids at
large values of ¢, Eq. 3 seems more appropriate to us
for the pressure gradient. The integration of Eq. 5
yields

_ 10¢(5) v,
o= M)(é)g[l oo T ul% ™
where we have used E=180 and the gas density has
been neglected as compared to particle density.
Let us consider first the simplest case of a homoge-
neous bed in which ¢=¢¢ and o,=04<0 are con-
stants throughout the bed. Then we have

o) =pp¢ogx(1—(11f‘£§)3 ;;0) ®)
i.e. the uniaxial stress across the bed will increase lin-
early with a slope that decreases as the gas velocity is
increased. Eventually the slope becomes negative and
with a sufficiently large gas velocity, o will equal oy
at the point where [6[Jis maximum, which is always
the bottom of the bed. Note that if o, increases with
the depth of the bed (due to an increase in consolida-
tion, for example) the fracture will occur also at the
base of the sample as long as there is a non-vanishing
oy, at the free surface (tensile yield stress at zero
consolidation).

A more realistic approach is to take into account
that ¢(&) increases with the depth of the bed as a
result of the increase of the local consolidation stress.
In the whole range of consolidations tested, we obtain
a good fit to the experimental data on the average par-
ticle volume fraction (¢) by the modified hyperbolic
law (see as an example Figure 4)

b

A+c)? ©)

(O)E)=a—

For the commercial toner Canon CLC700, we have
a=1.366, b=1.088, ¢=3.968, and d=0.02454 with a
regression coefficient R=0.9954. To apply this for-
mula, we need to assume that the average particle vol-
ume fraction (¢)(£) from the free surface to a depth &
in a bed of total height x is equal to the measured (¢)
in a bed of total height £. From the definition of (¢)

@O=¢ [ sDaz (10)

we derive the local particle volume fraction ¢ (&)
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Fig. 4 Average particle volume fraction of a consolidated bed of
Canon CLC700 toner as a function of the consolidation
stress. The data obtained by reducing consolidation by
means of an upward-directed gas flow (see below, solid
symbols) are plotted jointly with data obtained by increas-
ing consolidation by means of a downward-directed gas
flow (see below, open symbols). The inset shows the
whole set of data of the average particle volume fraction as
a function of the effective depth measured from the top
free surface, defined as h,=0./(ps(¢)g) (the continuous
curve represents the modified hyperbola fit equation

(¢)=a— , with @=1.366, b=1.088, ¢=3.968, d=

_b
A+chyp?
0.02454, and a regression coefficient R=0.9954).

0=+ a1
to be used in Eq. 7. Figure 5 shows the new profiles
of the uniaxial stress obtained by numerical integra-
tion of Eq. 7 for different values of the gas velocity.
The essential difference with respect to the uniform
case is the convex shape of o(x) due to the increase
of the drag force with depth. The consequence is that
the yield condition is more neatly met at the base of
the sample.

According to Eq. 5, the total gas pressure drop
across a bed of height % at yield, (Ap)y, is given by
the powder weight per unit area plus the tensile yield
stress at the bottom

@p)y=py(9)gh + & (h)] (12)

Thus the overshoot of Ap beyond the bed weight
per unit area when the powder fails gives us a quan-
titative measure of the uniaxial tensile yield stress
o:(h). For practical purposes, we checked that the
tensile yield stress is not sensitive to the rate of in-
crease of the gas flow. Figure 6 shows results of o,
for a given sample obtained using different rates. It is
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Fig. 5 Continuous lines: Uniaxial tension (o) across a non-homo-
geneous bed of powder as the gas flow is increased (the
ratio of the gas velocity to the sedimentation velocity of an
individual particle v,/v is indicated for each curve). The
free surface is at x=0 and the bottom at x=4 cm. The cal-
culation is performed for a non-homogeneous bed with
average particle volume fraction (¢)=1.366—1.088/(1+
3.968&) 0:02454 (fit curve to Canon CLC500 toner experimen-
tal data) and particle density p,=1199 kg/m?®. The dotted
line is the experimental tensile yield stress (o,=1+5.5¢
Pa) for Canon CLC500. The yield condition (c=0;) is met
at the bottom of the powder (x=4 cm) for v,/v, = 0.087.
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Fig. 6 Uniaxial tensile yield stress measured by increasing quasi-
statically the gas flow (solid triangle) and by imposing
instantaneous values (void triangles) of the gas flow repre-
sented in the horizontal axis.

seen that the deviation between the results is within
the experimental scatter (+1 Pa).
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%te@(ﬁ? Tsinontides and Jackson [33], the con-
éii@mb(‘@f‘}'tensile yield can be met either at the lowest
it within the powder bed or at the contact between
he bed and the gas distributor plate. However, we
have consistently observed that the gas distributor
surface remains always covered by a thin layer of
powder after the break. Thus the measurement is
indeed that of the tensile yield stress of the powder
rather than a measure of the interface strength be-
tween the distributor plate and the powder. As further
proof, we present in Figure 7 experimental measure-
ments of o; using both metallic and ceramic gas dis-
tributor plates. Within the experimental scatter, the

results fit to a single curve.

The yield condition will be more neatly met at the
base of the powder for the most cohesive toners (&[]
large) while a large portion of powder remains far
from the yield condition. In contrast, for low-cohesive
systems ((o;Jsmall), the uniaxial stress will be close to
the tensile yield stress throughout all the material at
the yield point, therefore, in practice, the fracture will
be less clearly visible at the base. In our experimental
work, we observe a variety of behaviors at the yield
point depending on the magnitude of the tensile yield

200
F X
175 ¢ m=7 g (gas)
[ | = m=4g (gas)
150 F | % m=7 g (centrifuge) X
r ceramic filter (variable mass) %
125 | i
= E X
€ 100 | 2
I x*
75 n
50 [ -~
[ X e
25 | ax
L R
07 . \\\\\H\x-\ | | L
2.5 25 250 2500
o. (Pa)
Fig. 7 Uniaxial tensile yield stress as a function of the consolida-

tion stress for an experimental xerographic toner with 0.2%
concentration by weight of additive. The data from differ-
ent tests using consolidation by gas (two tests with sam-
ples of different masses) and centrifuging in a bed with
a metallic gas distributor are plotted jointly with data
obtained in a bed with a ceramic gas distributor where
consolidation was increased by adding new mass to the
sample.

KONA No.22 (2004)

stress and in agreement with this theoretical predic-
tion. For most cohesive powders, the fracture at the
bottom is clean and the powder rises in the bed as a
plug. Furthermore, the bottom of the plug does not
erode as it rises in the bed. The toner without flow
additives behaves in this way. For powders of medium-
large cohesiveness, fracture of the bed is still clearly
visible and plugs are still formed, but the plug erodes
as powder agglomerates fall away from its lower sur-
face. The plug then becomes unstable and collapses
at a certain height. Examples of this behavior are the
toners with 0.01% and 0.05% Aerosil concentration by
weight (12.5 um particle size). For powders of low
cohesiveness, plugs are rarely visible. After the break
at the bottom of the bed, the fracture propagates until
it reaches a certain height. Then, the gas escapes
from the powder through channels which erupt like
miniature volcanoes. The lower the cohesiveness of
the toner, the less stable are the channels. These
effects are observed, for example, in the toners with
0.1% and 0.2% Aerosil concentration. Finally, for the
least cohesive powders, for example, the experimen-
tal toner with 0.4% Aerosil concentration or the Canon
CLC500 toner, plugs do not develop, channels are
very unstable, and a state of homogeneous fluidiza-
tion is easily reached. We note, however, that this
type of behavior depends also on the consolidation
stress o, that influences the tensile yield stress — as
we will see. In that sense, beds of small o, favor the
formation of channels, whereas highly consolidated
beds favor the formation of stable plugs.

Valverde et al. [27] found that wall effects are negli-
gible for particles with a typical size of ~10 um in
beds with typical heights not larger than their diame-
ter, as can be seen in Figure 8. Data of the average
particle volume fraction from circular beds and from a
rectangular bed fit within the experimental scatter to
a single curve.

In our early investigations, two techniques were
employed in order to test the powder under different
consolidation stress. In the first one, the powder mass
was varied by adding powder to the bed [27] (see, for
example, Fig. 8). In the second one, the vessel with
the powder inside was centrifuged prior to measuring
the tensile yield stress [36], thus increasing the
apparent gravity by g,= (g>+w*?)%%, where o is the
angular velocity and 7 the average radius at which the
bed is rotating (see, for example, Fig. 7). These tech-
niques needed to be performed by human operators
and therefore none of them allowed for automation of
the measurements. Furthermore, there are some dif-
ficulties related to testing the powder under very
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Fig. 8 (a) Average particle volume fraction as a function of the
bed height. (b) Test of the uniaxial tensile yield stress ver-
sus consolidation stress. Data obtained for toner with 0.4%
of additive obtained with different bed diameters (4.09 cm,
4.72 cm, 5.08 cm, 8.0 cm) and with a rectangular bed.

low/high consolidations. For very small consolidation
stresses, beds of extremely low height must be used.
In such cases, it was likely that non-uniform consoli-
dation allowed the gas to flow preferentially through
regions of high porosity such as channels. In the
other extreme, if we wanted to achieve high consoli-
dations by adding mass to the bed, its height should
be increased up to values larger than the bed diame-
ter for which wall effects are not negligible. In those
cases, the tensile yield stress measured had an impor-
tant contribution from the wall friction as shown by
Figure 9. We will see that these inconveniences are
solved by using the gas flow as an agent to compress
or decompress the powder.
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Fig. 9 Uniaxial tensile yield stress as a function of the apparent
consolidation stress for the xerographic toner Canon
CLC700 using different techniques of consolidation. One
of them consists of adding mass to the sample contained in
a cylindrical bed (diameter D=5.08 cm), where o, at the
bottom would be given by p,(¢)gh if wall effects are
neglected. The other way of consolidation consists of cen-
trifuging the bed. With the technique of adding mass, wall
effects are not negligible for o,>~200 Pa, corresponding
to bed heights typically larger than the bed diameter (k=
o/ (pp(9)g) ~5cm).

2 The automated Sevilla Powder Tester (SPT)

In Figure 10 a schematic view of the automated
SPT is shown. The main novelty is that by means of a
series of computer-controlled valves, a controlled dry
nitrogen flow can be pumped upward or downward
through the bed while the gas pressure drop across
the bed is read from the differential pressure trans-
ducer. In this way, the gas flow can be used to auto-
matically vary the consolidation stress on the powder
while at the same time avoiding wall effects and inho-
mogeneous gas distribution through shallow layers.

To compress the powder over the sample weight
per unit area after the powder has settled, the valves
are operated to change the gas flow path to the
reverse mode. Then the downward-directed gas flow
is slowly increased from zero to a given value. The
gas imposes a distributed pressure over the granular
assembly pressing it against the distributor plate. The
consolidation stress at the base of the bed is thus
increased up to

oc.=W+Apy 13)

where W=p,(¢) gh and Ap, is the downward-directed
gas pressure drop. Further increasing the compress-
ing gas flow imposes further pressure on the sample.
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Fig. 10  Schematic diagram of the automated Powder Tester. The

powder sample is held in a 4.45-cm diameter, 17-cm high
cylinder made of polycarbonate, the base of which is a
sintered metal gas distributor of 5 um pore size. The
cylinder is placed on a shaker used to help powder flu-
idization. Dry nitrogen is supplied from a tank of com-
pressed gas and a mass flow controller is used to adjust
the flow. The pressure drop across the bed is measured
by a differential pressure transducer. A series of com-
puter-controlled valves are used to control the gas flow
path through the bed. The bed height is read from an
ultrasonic sensor. All these components are connected to
a computer by means of a data acquisition board. A filter
is placed upstream of valve 3 to catch elutriated particles
and prevent valve 3 from damage.

On the other hand, the automatic Powder Tester
provides us with a useful technique to test the powder
under very low confining pressures like in micrograv-
ity. To decrease o, below the powder weight per unit
area, we allow the powder to settle under a remaining
upward-directed flow. In this way, o, is lowered down
to

O.= wW— Ap() (14)

where Ap, is the pressure drop of the remaining gas
flow reducing consolidation.

As before, the uniaxial tensile yield stress of the
consolidated sample is measured by slowly increasing
an upward-directed gas flow that subjects the bed to a
tensile stress. The bed height is automatically mea-
sured by means of an acoustic pulse technique. Fig-
ures 11 and 12 show the gas pressure drop across
the bed during the breaking process for overconsoli-
dated and underconsolidated states, respectively. As
consolidation is increased, it is clearly seen that the
slope of the linear part increases as a consequence of
the increase of the average particle volume fraction.
The overshoot of the pressure over the weight per
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Fig. 11  Gas pressure drop versus gas flow for a given mass of
xerographic toner (with 0.05%wt of silica) previously con-
solidated with a downward-directed gas flow. Curves in
the left-hand direction correspond to increasing values of
the compressing gas flow and hence to increasing values
of the consolidation stress o,.
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Fig. 12  Gas pressure drop versus gas flow for a given mass of

xerographic toner (with 0.2%wt of silica) in states of
reduced consolidation obtained by allowing the powder
to settle under an upward-directed gas flow. Curves in
the right-hand direction correspond to increasing values
of the decompressing gas flow and hence to decreasing
values of the consolidation stress ..

unit area (i.e. the uniaxial tensile yield stress) also
increases. Conversely, when the sample consolidation
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Figure 13a is an example of the complete diagram
than can be obtained from the SPT. It shows the inter-
dependence between the consolidation stress, the ten-
sile yield stress and the particle volume fraction for
two powders with different levels of surface additive
coverage, SAC, concentration. Clearly, a higher con-
solidation implies larger particle volume fraction and
tensile yield stress. In the upper part of the figure it is
seen that for a given consolidation stress, the particle
volume fraction has a larger value for a higher addi-
tive level. This is a direct result of the increase in
flowability with increasing additive, which increases
the ability of the toner particles to rearrange them-
selves at a given stress. For a constant value of the
consolidation stress, the tensile yield stress increases
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Fig. 13  (a) Relationship between the average particle volume
fraction (¢), uniaxial tensile yield stress o, and consolida-
tion stress o, as measured by the SPT. (b) Tensile yield
stress as a function of the consolidation stress. Results
for two xerographic toners of =7 um particle size and
with different surface additive coverage (SAC) levels are
shown.
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with decreasing additive concentration (Figure 13b).
This is directly related to the increase in interparticle
force with decreasing additive concentration [6].

The SPT has been fully automated and yields
highly repeatable results [4]. This was also shown
previously in Fig. 7, where the experimental curves
o;— 0., obtained by means of gas consolidation and
centrifugation, overlap. The data plotted in Figure 14
also show that we cannot differentiate the results for
the average particle volume fraction as a function of
the consolidation stress obtained from both com-
paction techniques.

Figures 15 and 16 give an idea of the sensitivity of
the SPT to differentiate the flowability of apparently
similar powders. In Fig. 15, we present the phase dia-
grams yielded by the aeroflow meter for two samples
of different color of the toner Canon CLC700 (magenta
and cyan). It is difficult to establish a quantitative dif-
ference in the flowability of both samples. Fig. 16
shows the average particle volume fraction of both
samples as a function of the consolidation stress ap-
plied by the downward gas flow (Eq. 13). Now both
toners are well separated. As a consequence of their
better ability to flow, the magenta toner particles are
able to pack in a more compact structure for the same
consolidation stress and this is clearly captured by
the SPT. A straightforward extension of the SPT con-
sisting of using nitrogen with controlled relative
humidity enables the characterization of powder flow
under well-controlled ambient conditions.

0.45
’0
0.4 w
£ 4
0.35 %‘%
% ol
03 oY
o gas flow
& centrifuge
0.25
0.2 Il \\\HH} Il \\\HH} Il \\\HH} Il \\\HH}
2.5 25 250 2500 25000
o. (Pa)
Fig. 14  Average particle volume fraction as a function of the con-

solidation stress for a toner of 12.5 um particle size and
40% SAC. The external pressure is applied by means of a
gas flow (void symbols) and by means of centrifugation
of the cell (solid symbols).
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Fig. 15 Delay map for two samples of different color (magenta and cyan) of the commercial xerographic toner Canon CLC700. The points of
time T, at which an avalanche occurs are represented against the points of time 7, of the next avalanche.

2.0.6 Viscoplastic flow of interparticle contacts

An interesting experiment that can be performed
automatically with the Powder Tester is to subject the
sample to a fixed value of the consolidation stress for
a controlled period of time. After this time period, the
consolidation stress is removed and the tensile yield
stress is measured. The increase of the tensile yield
stress gives us an insight into the viscoplastic behav-
ior of the interparticle contacts. From a practical point

04 r
[ | o Magenta toner ‘A‘t
r | + Cyan toner N Aw e
0.37 | A
r At
L A + ++
0.34 i A+
3 r 4o+
e L A+
031 N +
L +
028
0.25 [ Il I | } Il I | }
10 100 1000
o. (Pa)
Fig. 16  Average particle volume fraction as a function of the con-

solidation stress measured using the SPT for two samples
of different color (magenta and cyan) of the commercial
xerographic toner Canon CLC700.
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of view, the increase of strength with time of consoli-
dation during storage is a relevant issue. Our mea-
surements for xerographic toners indicate that the
estimated adhesion force [6] rises exponentially to a
maximum in a time scale that depends on the load
imposed and on the surface additive coverage. Fig-
ure 17 indicates that as the load is increased while
keeping the surface additive coverage constant, the
relative increase of the adhesion force becomes more

2%10% 4

10% 4
9% 10!
8x10!
7x10"
6x10! 1

5x10"
4x10' - .

&
fﬁ

2)(101 T T T T T T |
0 20x10° 40x10° 60x10° 80x10° 100x10° 120x10°

0 5% F.=46 nN
4 40% F.=68 nN
+40% F.=37nN

>

F; (nN)

3x10" A

time (s)

Fig. 17 Estimated interparticle adhesion force as a function of
the time during which the powder is consolidated. Exam-
ples are shown for toner particles with different surface
Aerosil coverage and subjected to different load forces.
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$?\Q théS adhesive force for a given load force but also the
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time of application of the force plays a role in the com-
pression process, suggesting a viscoplastic deforma-
tion of the contact in large time scales. To avoid
viscoplastic flow, the data presented in the previous
sections of this paper were taken from measurements
made within a short time scale (t<~5 min.).

3 The tilted fluidized bed: a technique for
measuring the incipient flow of a sheared
cohesive powder

Our fluidized bed technique provides a convenient
method of generating a reproducibly consolidated
powder and can be adapted to measure the limiting
shear stress of the powder subjected to a controlled
and small consolidation stress. After initializing, the
next step is to apply a shear stress to the sample by
slowly tilting the bed. As the angle of tilt increases,
this generates a shear stress in the powder layer. For
deep beds, the location of the shear plane and the
angle of tilt o at which failure occurs depend on the
width of the bed D[23]. If we restrict our samples to
shallow layers of height 2 <<D, it is observed that
the width of the bed has no major influence and that
powder failure occurs near the base of the sample. We
then have

T1=p,{¢)gh sin « 15

Similarly, the consolidation stress is related to the
weight of the sample and to the angle of tilt

01=p,{$) gh cos & (16)

Thus, from the angle at which the sample fails in
shear, we calculate the coordinates of one point
(o1,71) on the yield locus. In order to generate more
data for the yield locus we need to be able to vary the
compressive stress on the sample. As before, we do
this by means of a small remaining gas flow reducing
consolidation. If we now tilt the apparatus, the shear
stress at the bottom of the sample is given by Eq. 15
since the component of the buoyancy force acting on
the shear direction is zero. On the other hand, the
consolidation stress ¢ acting perpendicular to the
shear plane is reduced by the gas pressure drop Ap,
and so Eq. 16, modified to take account of Ap, becomes

0=p,{¢)gh cos a—Ap 17

As the consolidation stress is decreased, the angle
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of failure decreases and for zero tilt, we recover the
measurement of the uniaxial tensile yield stress o;.
Thus, by combining gas flow and tilt, we can generate
a range of conditions of shear stress and normal
stress. Figure 18 shows the incipient yield locus
obtained in this way for the Canon CLC500 toner.
Two sets of experimental results obtained with exper-
imental toners of different cohesivity are shown in
Figure 19. For the cases illustrated in Fig. 19, the
Aerosil concentrations are 0.02% and 0.2% by weight.
Clearly, the yield loci of the two materials at low
stresses are very different. For a given normal stress,
the critical shear stress needed to make the powder
flow decreases when the flow additive is increased as
a consequence of the decrease of adhesion force.
Another remarkable feature of the yield loci is their
convex shape at small stresses. This is a well-known

40 —
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= "o
& 20— =
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—40 0 40 80 120
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Fig. 18 Yield locus of the Canon CLC700 toner determined by
the tilted fluidized bed technique.
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Fig. 19 Yield locus of experimental toners (12.7 um particle size,
0.02% and 0.2% by weight of Aerosil) determined by the
tilted fluidized bed technique.
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éo@ s%@@s‘es [7]. Moreover, we see that the cohesion ¢
e powder, defined as the critical shear stress for
zero consolidation stress, is comparable to the uniax-
ial tensile yield stress.

If we approximate the yield loci obtained at high
stresses by a Coulomb’s linear law (Eq. 1), we see in
Fig. 19 that our results predict an increase of the
angle of the internal friction with the percentage of
flow conditioner, as observed by Steeneken et al. [37]
in potato starch powders, due to the roughening of
the powder particles by the additive. We derived the
same trend on the effect of additive on the angle of
internal friction from experiments where the angle
and depth of avalanches were measured in tilted beds
of varying width and the results were fitted by a
wedge model [23].

In the tilted fluidized bed technique, the yield locus
is not defined for a “presheared” sample and the end
Mohr circle for steady state flow cannot be deter-
mined. Therefore, the initial states in the classical
shear testers and our tester are different. Neverthe-
less, a comparison of the yield loci obtained using our
technique with the yield loci obtained from other stan-
dard testing devices such as the recently developed
ring shear tester [20] is of great interest, and no
doubt it will contribute to deepen our understanding
of the behavior of powders subjected to very small
shear and normal stresses.

4 Conclusions

In this paper we have described a Powder Tester
instrument whose main advantages are i) results are
operator-insensitive since measurements are automat-
ically taken, and ii) fluidization provides a convenient
method to have the sample in a reproducible initial
state. Every step in the process is determined by gas
flow, and by means of a set of valves and flow con-
trollers, we are able to run the entire process by a
computer. The measurements involving gas flow veloc-
ity, pressure difference, and bed height are accessed
by the same computer, and from these sets of mea-
surements, the values of consolidation stress, average
particle volume fraction, and uniaxial tensile yield
stress are automatically calculated. An upward/down-
ward-directed gas flow is used for deconsolidating/
consolidating the powder, and an ultrasonic device
measures the bed height giving an average value of
the particle volume fraction. By quasistatically tilting
the bed, the SPT also serves to measure the yield
shear stresses. This technique is especially feasible to

KONA No.22 (2004)

measure the yield locus of cohesive powders, which
are difficult to initialize, subjected to very small con-
solidation stresses.

As a concluding remark we want to stress that the
usefulness of the SPT is not just restricted to flowabil-
ity diagnosis. Our experimental work shows that the
tester is a powerful instrument of research in powder
technology.
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Abstract

A computer model for particle packing is of importance in both theories and applications. By tak-
ing a very different approach from existing packing algorithms, our digital packing algorithm
— called DigiPac — is able to avoid many of the difficulties normally encountered by the conventional
algorithms in dealing with non-spherical particles. Using the digital approach, it is easy to pack par-
ticles of arbitrary shapes and sizes into a container of any geometry. This paper briefly describes the
digital packing algorithm, but the focus is on validation of the DigiPac model through several case
studies involving mono-sized non-spherical particles and also powders with different size distribu-
tions. Packing densities from DigiPac simulations are compared with those measured experimentally
by ourselves in some cases and in others with data published in the literature using other models.
The results show a good agreement in all the cases, which enhances our confidence in DigiPac that
despite being a geometrical packing algorithm with no explicit consideration of particle interactions,
it is able to predict quite accurately the packing structure of particulates whose shapes are commonly
encountered in both industry and everyday life.

1. Introduction

The packing of particles is of importance in both
theoretical and practical terms. For example, the
random packing of spheres has been used as a model
to represent the structure of liquids and glassy mate-
rials; to study phenomena such as electrical con-
ductivity, fluid flow, stress distributions and other
mechanical properties in granular materials; and to
investigate processes such as sedimentation, com-
paction and sintering [1]. Since the 1960s, computer
simulation algorithms have been widely used to
simulate the packing of granular materials mainly
on the basis of either sequential addition or collec-
tive rearrangement. The computer-generated random
packing of particles is obtained either by using a so-
called packing algorithm or by adopting a dynamic
simulation model. Packing algorithms usually neglect

* Corresponding author.
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E-mail address: x.jia@leeds.ac.uk
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the physical process of packing in order to provide
a computationally efficient method to generate the
structure. Particle dynamics models, on the other
hand, are designed to simulate the process of a partic-
ulate system and, when used to simulate the packing
process, produce the packing structure as a result.

It has been recognised for many years that both
particle size and shape have a strong effect on the
packing characteristics of granular materials. Most
attempts at computer simulation assume a spherical
shape, although some simulations of non-spherical
particles have been reported [2-7]. The main reason
for this is the inherent complexity of representing and
handling geometries of asymmetric particles. The
effects of particle size and size distribution on the
packing of particles [1,8-13] have been extensively
investigated based on the packing of spheres, and the
literature is full of results in this field [11-13]. In con-
trast, the study of the effects of particle shapes is very
limited and mostly focused on the identical particles
with simple analytical geometries such as cylinders or
discs [2,4], ellipsoids [3,4,14,15] and parallelepipeds
[4].
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I%@gafﬁgx,‘-‘garticles with irregular geometries con-
étﬁht@ﬂ?é majority of powders. In these cases, how to
g'miulate the packing of particles with the real shape

ad been a challenge. Traditionally, the shape of a non-
spherical particle may be represented by a sphere-
composite. In principle, the sphere-composite method
may be used for arbitrary shapes to any predefined
accuracy. In practice, the immense effort required to
construct arbitrary shapes using small spheres and
the subsequent computational costs of the simula-
tions have so far limited its application to only a few
relatively simple shapes. Using a polygonal mesh to
map over the surface of a solid object is another possi-
ble way to represent irregular shapes. This surface
presentation is widely adopted in 3D computer graph-
ics to render photo-realistic scenes [16] and has also
been used in particle packing simulations [17,18].
The main obstacles that prevent its widespread ap-
plication are the same as for the sphere-composite
approach, plus two added difficulties. One lies in col-
lision and overlap detection, the other in the coding
effort required to make the simulation program ro-
bust and efficient. Recently, by taking a very different
approach from the traditional packing algorithms, a
new, digital packing algorithm called DigiPac [19]
avoids many of the difficulties associated with the tra-
ditional approaches, and makes it easy to pack parti-
cles of arbitrary shapes in containers of an arbitrary
geometry. Even though in DigiPac, consideration of
particle interactions is limited to the geometric con-
straints, it can be shown to be able to predict the
packing characteristics of irregularly shaped parti-
cles. This is the focus of this paper.

Since the full details of DigiPac have been report-
ed elsewhere [19,20], Section II only gives a brief
description of the algorithm and emphasis will be on
comparing and contrasting DigiPac with traditional
approaches. Section III describes the case studies
performed, including experimental and simulation
set-ups, shape modelling and methods of calculation
to obtain packing densities. Section IV presents re-
sults and comparison of DigiPac simulations with
experiments and other simulation models.

2. Methodology of DigiPac

2.1 Particle representation

In DigiPac, shapes are digitised and represented by
pixels (in 2D) or voxels (in 3D). A particle is just a
coherent collection of pixels or voxels after the parti-
cle is digitised, as shown in Figure 1. These pixels (or
voxels) can be stored and manipulated as integers or

KONA No.22 (2004)
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Fig. 1 Schematics in 2D showing digitisation of particle shape

and the packing space.

as bits, making DigiPac quicker and potentially less
storage-demanding than the traditional approaches
for complex shapes. In addition, apart from the initial
errors in digitisation, the digital algorithm does not
suffer from rounding errors as traditional approaches
do. The number of pixels or voxels to be used for a
shape does not depend on the complexity of shape,
which again translates to substantial savings in stor-
age when dealing with complex shapes.

Using the pixel/voxel representation also means
that the real shapes can be taken directly from the
digital images of the real particles. There are 3D opti-
cal and X-ray scanners that can scan 3D objects and
output the structure in digital formats.

2.2 Digitisation of packing space and particle
movements

In DigiPac, the packing space or the container is
also digitised and mapped onto a grid. Thus, a con-
tainer of arbitrary geometry is easily incorporated
into the packing model. Since both particles and the
packing space (the container) are digitised, it follows
that particles must also move in discrete steps. In
other words, particle movements are also digitised.
As a result, collision/overlap detection becomes a
simple matter of detecting whether two particles
occupy the same site(s) at a given time step. The time
taken to check overlaps is a linear function of the par-
ticle number and does not increase with the complex-
ity of particle shapes. Computationally, this is an
important advantage of DigiPac over traditional meth-
ods.

In the current DigiPac model, particles are allowed
to move randomly, one grid cell at a time, on a square
lattice. In 2D, there are 8 possible directions, 4 orthog-
onal and 4 diagonal, to choose from, all with equal
probability. In 3D, the possible directions are 26, i.e. 6
orthogonal and 20 diagonal. In order to encourage
particles to settle, upward moves are accepted with
a so-called rebounding probability. This diffusive
motion helps the particles to penetrate and explore
every available packing space.
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I @a@ there are several ways to control how

Q@ﬁ t@l@s are added and how particles move in pack-
$?~ 1n§$ space. For example, during a packing process,

particles are allowed to rotate in addition to transla-
tion. Rotation usually, but not always, results in a
denser packing structure since it often increases the
chance of a better fit.

Particles can be introduced either from a specified
point (point source) or randomly across a specified
area (rain mode or hopper mode), above the con-
tainer at a predefined rate. The former results in a
heap, the latter fills the container more evenly. The
rate of particle addition affects the packing density.
Generally, slow addition leads to denser packing
structure, and a high addition rate leads to a less
dense structure [21]. Laterally, the boundaries can be
either solid walls or periodical.

3. Particle packing case studies

The purpose of this paper is to demonstrate the
ability of the DigiPac algorithm to predict correctly
and accurately the packing density of non-spherical
particles. The case studies reported here form part of
the model validation exercise we have been perform-
ing over the past few years. We first report several
simple yet illustrative case studies involving mono-
sized objects of a non-spherical shape in each case.
The objects used are tubes, polyhedrons, oblate
spheroids (M&M candies), cylinders and sphero-
cylinders. The packing properties for these simple
case studies were obtained either from experiments
carried out by ourselves or from published results by
other researchers [4,6,7,22,23].

We then report packing results for nine industrial
powders and compare them with measured packing
densities in eight of the nine cases and with the pre-
diction of an empirical model [25] in the last case. For
reasons of confidentiality with industrial collabora-
tors, the identities of the powders are withheld and
they will simply be referred to as PWD1 to PWD9 in
the following text.

3.1 Methods of digitising particles

There are many ways to digitise particles, of which
we have used three in the present work. Particles
with a regular and well-defined geometry (including
sphere, tube, polyhedron, M&M candy, cylinder and
spherocylinder) were generated directly in the digital
format using DigiPac utility software. They are shown
in Figure 2a.
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The industrial powders PWD1 to PWDS8 are used in
the case studies. They are chemically pure. There-
fore, given their measured bulk density by weight
and their true particle density, the volume bulk pack-
ing density can easily be derived. Random samples
were taken and imaged using X-ray Micro Tomogra-
phy (XMT). Their shapes were obtained by stacking
the XMT images. Two examples of digitised powder
particles are shown in Figure 2b. The number of
individual particles scanned and digitised using XMT
ranged between 59 and 175. Size distribution was
deemed to be adequately represented by the sample
particles for each powder. These digital particles
were multiplied to make up the population used for
the packing simulations. Therefore, with the DigiPac
approach, predetermined size distributions and shape
factors become redundant. Particles in some of these
powders were porous — they were themselves agglom-
erates of smaller primary particles. The internal
porosity of these particles was estimated by analysing
XMT images of individual particles.

For practical reasons, particles from PWD9 were
modelled rather than digitised directly. SEM images
of PWD9 powder show that particles may be re-
garded as round in form and rough in texture. To
model such particles, we used a so-called sphere-on-
sphere (SOS) method. With the SOS method, a given
number of small spheres are mounted and half buried
on the surface of a large core sphere. An example is
given in Figure 2c¢. The small spheres are primarily
used to simulate surface roughness. To some extent,
they also change the particle shape away from that of
a perfect sphere. The use of small spheres has the
effect of increasing the distance between the centres
of adjacent particles as well as increasing inter-parti-
cle frictions. In essence, the SOS method is similar to
the random sphere construction (RSC) method used
by Smith and Midha [26] to model the iron powder
particles produced by water atomization. Although
both SOS and sphere-composite methods use small
spheres to make up a non-spherical particle, a crucial
difference is that in SOS, spheres can overlap whereas
in the sphere-composites used for DEM simulations
[5,27], they are not allowed to overlap.

Size distribution for PWD9 was extracted from SEM
images. In addition, eight variations from the original
distribution were used in the simulations in order to
assess if and how the bulk density may be enhanced
by varying the size distribution. These distributions
are shown in Figure 3. Results from DigiPac simula-
tions were compared with those from a so-called lin-
ear packing model (LPM) developed elsewhere [25].
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Fig. 2 Examples of digitised shapes used in the case studies. (a) Computer-generated replica of everyday objects. (b) XMT digitised shapes.

(c) Shape generated using the SOS method.
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Fig. 3 Particle size distribution of PWD9 (No. 6) and its eight
variations.

LPM is a semi-empirical model for estimating the
packing density of multi-component mixtures, requir-
ing only experimental data for the packing of mono-
sized particles and binary mixtures to determine the
model parameters used. To use LPM, the initial pack-
ing density of each component was set to 0.523. This
was based on the mean value simulated in the pack-
ing of mono-sized surface-roughed spheres. The par-
ticle diameters are set equal to the equivalent volume
diameters. It is noted that these equivalent volume
diameters are conceptually different from the equiva-

KONA No.22 (2004)

lent packing diameters used in LPM, and they may
differ in value as well.

3.3 Method of calculating bulk packing density
in DigiPac

Volume packing density is one of the most impor-
tant and commonly measured structural properties of
a packing. It is defined and calculated as the ratio of
the volume of the solids to the total volume of the
packed space. Where bulk density is to be calculated,
a cubic simulation box was used as the container with
periodic boundary conditions in the lateral (X and Y)
directions. The regions affected by solid walls and
free surfaces are excluded, and the bulk density is
estimated using the central part of the density distrib-
ution profile along the vertical (Z) direction, as shown
in Figure 4.

3.4 Details of packing experiments and
simulations

Seven simple but illustrative case studies were
performed using the following shapes: tube, 16-face-
polyhedron, 32-facepolyhedron and oblate spheroid
(M&M candy). Except for the M&M candies, the par-
ticles are all made of plastics and obtained from toy
shops. During each experiment, particles were poured
into a container. Two short cylinders and a small baby
food jar were used as containers. The two cylindrical
containers had a flat bottom. The bottom of the baby
food jar is domed. Dimensions of the particles and
container are summarised in Table 1.
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cubic simulation box with periodical boundary conditions
in the lateral (X and Y) directions. The bulk density is cal-
culated by taking the average over the central part in the
profiles to avoid wall effect and the influence of free sur-
face. L; is the dimension of the simulation box along direc-
tion 7 and D the average particle diameter.

The simulation conditions were set to match the
experimental set-up as much as possible. For instance,
the number of particles and the particle-container size
ratio were the same in both experiments and simula-
tions. The real particles were not exactly identical but
had small (<3%) deviations in both dimension and
shape. These differences were ignored in the simula-
tions where each shape is replicated exactly to make
up the required number.

To encourage particles to find a better fit, they
were allowed to rotate randomly during the packing.
The rebounding probability was set to a value between
0.2 and 0.5. The number of particles used ranged
from 5000 to 15000. The length-to-diameter aspect
ratio of the cylinders varied from 0.1 to 30, and covers
the range considered by Coelho et al. [4]. The sphe-
rocylinder particles had the same volume in all the

cases but their aspect ratio changed between 0.125
and 3.5, which is in line with the work of Abreu et
al. [7]. The geometry of these particles is given in
Table 2. Table 3 summarises the conditions used
for DigiPac simulations.

Table 1 Geometric parameters of objects and containers and num-
ber of particles used

Particle Particle size (mm) Numl_aer of
particles
Sphere d=6 660 (in C4)
534 (in C1)
Short tube dou=4.6, d;y=2.4,h=5.1

721 (in C4)

32-face polyhedron? d=8.2, dyge=2.0 176 (in C1)

546 (in C2)
16-face polyhedron” d=4.1, dpge=1.5

1113 (in C4)

M&M candy d;=d»,=9.3, d;=4.8 126 (in C3)
Cylindrical container 1 (C1) D=44.8, h=50.9
Cylindrical container 2 (C2) D=44.8, h=25.7
M&M candy container (C3) D=27.5,h=97.1
Baby food jar (C4) D;,=5.8, h=6.8

Table 2 Geometric parameters of the spherocylinders

Diameter (D) Length (L) Aspect Ratio (r)
19 2 0.125
18 4 0.250
17 8 0.500
16 12 0.750
14 16 1.100
14 20 1.500
12 30 2.500
11 38 3.500

NB: L is the length of the cylindrical part, i.e. excluding the
hemispherical ends.

Table 3 Summary of simulation conditions for cylinders, spherocylinders and powders

Study case
Parameter
Cylinder Spherocylinder PWD1-PWD8 PWD9

Simulation box size 500%500% 600 400x400x400 to 700x 700X 700 200%200x200 600 % 600X 600
Number of particles 5000-8000 5000-13000 5900-17500 10000-100000
Number of components 1 1 59-175 9
Rebounding probability 0.3-0.5 0.3-0.6 0.1 0.2
Particle rotation Yes Yes Yes No
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particles and of mixtures of polydisperse particles are
reported in this section. The scale and other settings
used for DigiPac simulations are selected to give very
good reproducibility of the results. For example,
under the same conditions but changing the random
number sequences, 12 simulations were performed,
and the standard deviation was 0.001 and the maxi-
mum difference in density was 0.004. When DigiPac
is applied to sphere packing, the packing density of
0.615 is obtained. This value is consistent with the
experimental observation (p=0.61) carried out by
Oweberg et al. [29], but lower than 0.637 — an
accepted value for random dense packing [30]. This
difference may be attributed to different packing
methods and material properties.

4.1 Packing of aspherical particles with
defined geometries

Table 4 compares results for the simulated and
physical packed beds used in the simple case studies
involving spheres, short tubes, 16-face polyhedrons,
32-face polyhedrons and M&M candies. Since, geo-
metrically speaking, the particles and containers used
for both simulations and physical tests are, within the
measurement limits, identical, comparing the heights
of the packed beds is equivalent to comparing their
mean packing densities. The former is much easier to
do than the latter, and, more importantly, it avoids
more calculations which may introduce extra errors.
Therefore, the packing height rather than density
was used for comparisons. From Table 4, it is clear
that the predictions are in good agreement with the
measurements.

Table 4 Comparison of the measured and simulated packing

heights of packed beds
Height of the packed bed (cm)
Particles Cylinder container Jar container
Measured | Simulated | Measured | Simulated

Spheres 5.8 5.3
Short tubes 5.1 5.0 5.6 5.1
16-face polyhedrons 2.6 2.8 3.8 43
32-face polyhedrons 5.1 5.2
M&M candies 8.5 8.8

KONA No.22 (2004)

4.2 Packing of cylinders

The packing of cylinders was investigated by many
authors [2,4,22-24,32,33]. All studies showed that the
packing density depends only upon the aspect ratio
r (length-to-diameter). Although the mechanism of
cylinder packing is not yet fully understood, some
empirical equations have been formulated under cer-
tain conditions.

Zou and Yu [22] proposed an empirical equation
(referred to as ZY model) to quantify the relationship
between the porosity and sphericity of cylindrical par-
ticles in dense random packing, based on the experi-
ments of wood cylinder packing. For cylinders (»>1),
the equation of dense packing reads:

Inggg = y¥"exp[8.00(1—w)11n0.36 @
and for discs (r<1):
Ing,q ps=w*%exp[0.64 (1—y) ]In0.36 ®))

The sphericity  is defined as the ratio of the sur-
face area of a sphere having the same volume as the
particle to the actual surface area of the particle [34].
By this definition, the sphericity of a cylinder is re-
lated to the aspect ratio by:

2

3
=2621-L 3)
v 1+2r

Rahli et al [23] also proposed an empirical equation
(referred to as RTB model), based on the excluded
volume model elaborated by Onsager [35], as:

e=1-— L @

2r+6+~
4 2r

Parkhouse and Kelly [36], based on the statistical
approach to the distribution of the pores in the stacks,
gave the following equation about the relationship
between the porosity and the aspect ratio (#»>7) of a
cylinder (called PK model here):

e~1—200) )
Va

Figure 5 shows the porosity as a function of the
aspect ratio r simulated by DigiPac. The results of
other investigations [4,22,23,36] are included for com-
parison. It is clear that the porosity increases with the
increase of the aspect ratio 7. The porosities simulated
by DigiPac are lower than those obtained by using
the sequential deposition algorithm (RSA) carried out
by Coelho et al. [4], but higher than those obtained
by the empirical equations (1) to (5). The differences
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Fig. 5 Porosity versus aspect ratio for the packing of cylinders.

can also be observed in the &1 curves investigated by
different authors or methods, as can be seen in the
curves from the work of Zou and Yu (ZY Model),
Rahli et al. (RTB model), Parkhouse and Kelly (PK
model) in Fig. 5. Especially, big differences can be
observed when »<5. This indicates that there is no
universal model for a wider range of cylinders. The
data also imply that particle packing is a complicated
process and involves many factors such as packing
methods and conditions and particle properties. For
example, Evans and Ferrar [2] observed that a small
degree of out-of-plane randomness enhances packing
compared with both in-plane and 3D random orienta-
tion distribution.

One of the important factors in the simulation of
particle packing is how quickly particles are intro-
duced to the system, i.e., the particle addition rate. It
is known [14,21] that the slower the rate, the higher
the packing density. The particle addition rate could
therefore be one of the reasons for the porosity differ-
ences in our Digipac simulations and the empirical
estimations. In the present simulations, it has not
been observed that the packing density of dense ran-
dom packing of cylinders with a certain value of
aspect ratio r is higher than that of spheres; but this
feature has been reported in the literature [22,23].
This phenomenon needs further investigation to
understand the mechanism. However, we observed it
in the packing of spherocylinders described in the
next section.

4.3 Packing of spherocylinders
Compared with cylinders, the packing of sphero-
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cylinders is less investigated. Part of the reason for
that is that spherocylinders are less common in real-
ity. However, the study of spherocylinders can pro-
vide unique information for characterisation of the
particle shape with packing density of the non-spheri-
cal particles [37-39].

Figure 6 plots the relationship between the poros-
ity and aspect ratio of the spherocylinders. Again for
the purpose of comparison, the simulated results,
investigated by Abreu et al [7] and Williams and
Philipse [6], are also given in Fig. 6. The porosity
simulated by DigiPac is consistent with the results
given by Abreu et al. [7] for a vibration amplitude of
2.0x1073 m (twice the sphere diameter); but higher
than the values given by Williams and Philipse [6].
Generally speaking, the porosity decreases and then
increases with increasing aspect ratio. Similar trends
have also been observed by Sherwood [3] and Donev
et al [40] for ellipsoids, as well as by Aoki and Suzuki
[32] and Zou and Yu [22] for cylinders. It shows that a
small deviation in shape from that of a perfect sphere
can lead to more efficient packing. Direct application
of this result is in the field of powder storage and
transportation. As noted by Donev et al [40], this has
potential applications for a broad range of scientific
disciplines such as ceramics, glass formation, etc.

When the aspect ratio »=0.5, the porosity is at its
minimum. This aspect ratio is the same as that given
by Abreu et al [7]. It is close to the value (r=0.4)
given by Williams and Philipse [6]. For sphere pack-
ing, the porosity in Abreu’s simulation is 0.425, higher
than the 0.388 simulated by DigiPac. However, the
differences in porosity among different approaches
decease with increasing r for »>2. The reason is not

0.5
0.4 4
z
172]
2
=}
[ow
0.3 |
—o— DigiPac
—— Abreu et al., 2003
—— Williams & Philipse, 2003
0.2 - T . T . T -
0.0 1.0 2.0 3.0 4.0

Aspect Ratio (L/D)

Fig. 6 Porosity versus aspect ratio for the packing of spherocylin-
ders.
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$V \S4.4. 1 Experimental validation

Figure 7 compares the bulk packing densities of
eight powders obtained by DigiPac simulations and
measurements. It is clear that the simulated results
are in good agreement with the measurements with
an average error of less than 6%. When the eight pow-
ders were mixed and formed a composite powder, the
packing density of the composite was 0.45 by simula-
tion and 0.47 by measurement. These results directly
demonstrate that DigiPac can predict very accurately
the packing density of polydispersed non-spherical
mixtures with real shapes encountered in industry.

As shown above, DigiPac is especially valuable for
solving the packing problems of irregularly shaped
particles. Conventionally, to investigate the packing
of irregularly shaped particles, the characteristics of
particle shape, angularity, etc. must be quantified first
[41]. This is a tedious job and there is no universal
method to quantify these parameters for real, com-
plex-shaped particles. Obviously, one of the advan-
tages of DigiPac over the conventional approaches is
that no shape factors are required. This avoids the dif-
ficulty in the analysis of the complex shape of non-
spherical particles. This is very useful for the particle
systems in which particle shapes are difficult to quan-

tify.

4.4.2 Validation by comparing with model
predictions
As noted by Yu et al [25], their linear packing
model (LPM) developed for spherical particles may

0.6

[ ® Measured O Simulated |

0.5 1

0.4 1

0.3

Bulk Density

0.2 4

0.1 14

0.0 —
1 2 3 4 5 6 7 8

Powder Number

Fig. 7 Comparison of measured and simulated packing densities
for PWD1 to PWDS.
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be applied to mixtures of non-spherical particles if the
particle shapes are not too different from spherical.
The LPM was used to calculate the packing density
of the powders, because it was successfully used to
predict the packing density of irregular particles
based on the concepts of equivalent packing size and
initial porosity of mono-sized irregular particles [42].
Although there are a few packing models to predict
the packing density of spheres [9,43,44], they cannot
be used for the present system.

Figure 8 gives the packing densities of different
distributions of the powder obtained by both DigiPac
and LPM. Although simplifications were made to
permit use of DigiPac and LPM, the bulk densities
obtained by the two approaches are generally quite
close. It was observed that the variation of packing
density of the investigated size distributions is small,
because of the narrow size range (10 to 50 microns).
The results in Section 4.4.1 and this section clearly
demonstrate that DigiPac can very accurately predict
the packing density of powders with the real size dis-
tributions and shapes. This conclusion was also sup-
ported by the work of Gopinahan [45].

Whilst DigiPac can predict directly the packing
density of a multi-component mixture, LPM needs as
input the packing density of each individual compo-
nent and of each binary mixture of the components
under different compositions to determine the empiri-
cal constants used in the model before it can be used
to predict the packing density of a multi-component
mixture. On the other hand, since LPM is basically
an analytical formula with empirical constants to
be determined, once established, it can be used to
quickly and easily predict the packing density for all

0.60

B DigiPac 0 LPM

0.55 A
0.50 A

0.45 A

Bulk Density

0.40 A

0.35 A

0.30 =
1 2 3 4 5 6 7 8 9

Size Distribution Number

Fig. 8 Comparison of bulk packing densities obtained using
DigiPac and LPM for PWD9 with nine different size distri-
butions.
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LPM for non-spherical particles, the equivalent pack-
ing size and initial packing density of each component
[25,42] must be obtained first. These parameters are
usually obtained from the experiments. It is tedious
and time-consuming to determine these parameters
experimentally. In DigiPac, the difficult part is digiti-
sation of irregular shapes. Fortunately, with the help
of a 3D optical scanner or X-ray tomography, 3D images
of real particles are easily obtained. It is expected that
DigiPac will become an attractive method for a num-
ber of applications [46].

Since the interactions of particles are limited to geo-
metric constraints, the limitations of DigiPac are obvi-
ous in the present version. Therefore, further work
should be carried out by integrating other interac-
tions into the algorithm. However, as demonstrated
above, DigiPac gives accurate predictions for the
packing of not only mono-sized nonspherical particles
but also of nonspherical mixtures with polydispersed
sizes. The potential application of DigiPac may be
found in ceramics, powder storage and transporta-
tion, multiphase flow, etc.

5. Conclusions

Through the case studies, DigiPac, a newly devel-
oped packing algorithm based on digitisation tech-
nology, has been validated by using non-spherical
particles of uniform sizes and powders of different
size distributions. Although the particles with well-
defined geometries are used in simulations of mono-
sized particle packing, the results are illustrative for
the purpose of validation. The porosity obtained is
consistent with the measurements and other model
predictions.

Our simulation results indicate that the maximum
packing density may also be obtained under the con-
dition of minor particle shape deviations from that of
a sphere, which is in line with the results reported
recently by a number of investigators. The results
have implications for a wide range of applications of
scientific disciplines.

The DigiPac-simulated results of the packings of
industrial powders with size distributions are in good
agreement with the measurements; using DigiPac,
the simulated packing density is also well comparable
to the prediction from the accepted packing model —
the linear packing model. These results give direct
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evidence to confirm the validity of DigiPac in solving
particle packing problems encountered in industry.

The case studies demonstrate that DigiPac is read-
ily applicable in the packing of both mono-sized non-
spherical particles and multi-component non-spherical
mixtures. Such a successful packing algorithm pro-
vides a powerful means to solve various packing prob-
lems in a range of applications.

More work needs to be done to extend DigiPac to
solve more complicated systems, such as particles
where cohesive forces are involved.
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Nomenclature
Dord Diameter of spherical particle (m)
r Ratio of length to the diameter in cylinder
and spherocylinder (=)
Y Particle sphericity (=)
o] Cylinder diameter (m)
£ Porosity of a packed bed (=)
p Packing density in a packed bed (=)
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Abstract

The aim of this work was, on the one hand, to gain a better understanding of the effect of flow
additive content on the powder flowability, and on the other hand, to point out the most suitable tests
to characterize the flow properties of industrial powder paints used in automotive industries. The
flow properties of 5 powder coatings, containing 0, 0.12, 0.30, 0.53 and 0.96 w/w%, respectively, of
a flow additive and an industrial batch, were tested using both conventional and novel characteri-
zation techniques. The lubricant used was a silica powder. Test methods employed were a packing
test, a circular shear cell (Peschl), a powder rheometer and a fluidization/de-aeration test. The
Sflowability of powder batches is significantly improved with increasing lubricant content up to an
optimal value of about 0.563%. SEM images of different powder samples showed that the optimal
point corresponds to a critical additive content where the amount of additive is high enough to form
a continuous film around the particles. Beyond this critical content, the particle-lubricant contacts
are replaced by lubricant-lubricant contacts. This phenomenon leads to a degradation of flowability

due to a higher cohesivity of additive particles.

INTRODUCTION

Among all manufacturing processes for automotive
production, the painting operation contributes most to
direct environmental emissions. As a consequence of
recent restrictions in European legislation concerning
the volatile organic compounds (VOC) emissions, the
trend in almost every finisher industrial field is to
replace the conventional solvent-borne paints by new
low-emission paint systems, including powder coating
systems. Powder paints are very finely divided sol-
vent-free polymer coatings, which present important
advantages over conventional paints from ecological
and economical points of view [1].

There are many ways to apply powder coating
materials, as reported in the “technical” literature.

1 CNRS-UMR 6067, BP 20529, 60205 Compiégne cedex

2 Vélizy Technical Center, CC.09, 78943 Vélizy — Villacou-
blay cedex
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The most important ones are without doubt the flu-
idized bed technique and the electrostatic spraying of
powders.

The fluidized bed was the first application method
used to apply powder coatings. Powder paint is sus-
pended inside a fluidized reservoir by blowing air
through it from a porous base. Workpieces, preheated
to a temperature above the melting point of the pow-
der, are then immersed in the fluidized powder, and
powder particles in contact with the substrate melt
and adhere to the surface. This technique is still used
in many applications such as wire products or electri-
cal busbars. However, the development of this process
has been limited by large drawbacks: the relatively
high thickness of the final layer on the one hand, and
the impossibility of handling on the other hand.

Compared to fluidized bed coating, the powder
electrostatic spraying technique is much more versa-
tile and can be applied to a wide variety of workpieces
with different shapes and sizes. Furthermore, this
technique provides thinner and more homogeneous
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and more particularly the automotive sector. Since
the introduction of this technique in 1962, the electro-
static powder spray process outstripped the fluidized
bed technique.

As shown schematically in Figure 1, in electrostatic
powder coating processes, powder paint is fluidized
in a reservoir and is then blown through a feed pipe to
a special charging corona bell. After passing through
the corona bell, in which particles are electrostatically
charged, the powder is sprayed toward a grounded
workpiece [2]. The adhered powder is then heated,
whereupon it melts and cross-links to form a uniform
layer over the workpiece. In addition, unlike the liquid
paint systems in which non-deposited paint is lost, the
oversprayed powder during the electrostatic applica-
tion process can be reclaimed for further use.

Discharge

m Backing
L -]

Electrostatic Spraying

Pneumatic Conveying

Reclaiming

Fluidization

Fig. 1 Schematic diagram of industrial application process

In the automotive industry, a very high-grade appear-
ance is required for a minimal thickness of finished
film. However, powder coatings commonly suffer from
the so-called “orange peel” effect, a subtle surface
unevenness of the solidified coating, which influences
the final appearance. In the case of powder coatings,
the finished film quality can be reached by very spe-
cific physical properties of powder: small and narrow
particle size distributions [3]. Unfortunately, as is
well-known in powder technology, the handling prop-
erties of these fine powders present some problems
such as blocking during storage and poor powder
flowability that cause application problems such as
poor fluidization, irregular feed rates and increased
powder hold-up in the transport hose [4]. In powder
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technology, one of the most common solutions to
overcome this problem is to add a flow additive: parti-
cles of submicron size located between large parti-
cles, resulting in a reduction of inter-particle forces
[5].

The aim of this work was, on the one hand, a better
understanding of the effect of flow additive content
on the powders’ flowability and, on the other hand, to
point out the most suitable tests to characterize the
flow properties of industrial powder coatings used in
automotive industries. The flow properties of 5 pow-
der coatings, containing 0, 0.12, 0.30, 0.53 and 0.96
w/w% of a flow additive and an industrial batch, re-
spectively, were tested using current and novel charac-
terization techniques. The lubricant used was a silica
powder. Test methods employed were the packing
test, circular shear cell (Peschl), powder rheometer
and fluidization/de-aeration tests.

EXPERIMENTAL

1. Materials

A powder based on polyester/epoxy thermosetting
hybrid resin was chosen for this study. It is a gray
powder coating used for the primer coat in the auto-
motive industry. It has an angular particle shape. The
mean particle size is close to 29 um and the true den-
sity 1310 kg/m?3. According to Geldart’s classification,
the original powder, which does not contain the flow
additive, falls within group C [6]. Powders that are in
any way cohesive belong in this category. Fluidization
of such powders is extremely difficult and they flow
poorly.

The additive used is a commercial, very fine spheri-
cal silica powder (10 nm in diameter). This kind of
additive is frequently used in order to improve the
flowability of cohesive powders. A silica component
was added to the fresh powder in weight percentages
of 0; 0.25; 0.50; 1.00 and 2.00%. Each powder mixture
was prepared in two steps inside a fluidization column.
A first blend is carried out in a 1.1072 m® fluidization
column in order to pre-dilute the flow additive in 4 kg
of fresh powder coating. The mixing time was 4 hours
under mild fluidization. Then, the mixture was added
again to 16 kg of fresh powder paint into a 1.10~! m?
stainless steel column. The mixing time was then 12
hours. The final batch weight was therefore 20 kg.
During fluidization, oilfree air dried through a bed of
silica gel was used. The use of a mechanical stirrer
improved the fluidization and enabled the use of a low
superficial air velocity close to 2.107° m.s~! in order
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Table 1 ragtdristics of powder paints
RPN
S\ .
‘QG “§{~ Product AGF1 AGF 2 AGF 3 AGF 4 AGF 5 Industrial Batch
IS; N
$?\Q Aﬂﬁixtive content, %w/w, (based on added amount) 0 0.25 0.50 1.00 2.00 -
\[\O Additive content, %w/w, (measured) 0 0.12 0.30 0.53 0.96 —
Mean diameter, d, (um) 29.2 - — - - 28.8
Mean diameter, dg, (Um) 21.6 - — - - 21.2
Shape factor 0,8 0,8 0,8 0,8 0,8 —
True density (kg.m~3) 1310 1310 1310 1310 1310 1310
Blaine specific area (m?kg™!) 2501 2531 2656 2766 3386 2448
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to limit the loss of fine particles. Finally, each batch
was sieved through a 75-um mesh. In this work, an
industrial batch of powder primer was also studied in
order to assess the suitability of the test for industrial
use.

The six powder coatings containing different
amounts of additives were fully physically character-
ized. The particle size distribution was measured by
laser diffraction using a Malvern Mastersizer (manu-
factured by Malvern Instruments), and the true den-
sity of solids by a Helium Pycnometer Accupyc 1330
(manufactured by Micromeritics). The true percent-
age of flowability additive contents in the final batches
was also determined using the ICP-AES method [7].
The specific surface area was assessed using a Blaine
permeameter.

Table 1 summarizes some physical characteristics
of the 6 batches used in this work.

2. Methods

2.1. Aerated and tap density measurements

The bulk density of a powder is its mass divided by
the bulk volume it occupies. The value of bulk density
depends tremendously on the consolidation state of
the powder. So both the aerated and tap densities of a
powder have very different values [8,9].

Measurement of the bulk volume variation of the
powder during tapping was performed using a tap
density volumeter (manufactured by Quantachrome).
It consists of a graduated 100-ml vessel and a tapping
apparatus. The simple experimental procedure was
the following: the powder was first poured into the
10~* m?® graduate cylinder through a suitable vibrating
sieve such that most of the material would pass read-
ily. The vibration amplitude was such that the time
necessary to fill the vessel was at least 10 s. Before
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weighing, the excess powder was scraped from the
top of the vessel using a ruler, without disturbing or
compacting the loosely settled powder. The vessel
was then subjected to successive vertical taps, and
volume measurements were obtained after a different
number of taps. For each sample, the operation was
continued up to 2000 taps, whereupon a steady state
was reached indicating that the packing was achieved.
The bulk density of a powder, py, at each tapping
number N was determined by dividing the mass of
the sample by the volume it occupies. Three tests
were conducted on each sample for aerated density
and tapped density. The average values were taken to
be the aerated and tapped bulk density. The powder
volume decrease was assessed by several parameters.

The first one is the ratio of aerated and tap density,
known as the Hausner Ratio, HR, calculated using the
following equation:

_Pv_Vo

HR =
po Vs

oy

where po is the bulk density of unpacked powder,
Vo the initial apparent volume and Vy the powder vol-
ume at tapping number N. Typically, a powder that is
difficult to fluidize will have an HR greater than 1.4. A
powder that exhibits excellent flow and fluidization
will be around 1.25 or less.

The second parameter is the compressibility C
(introduced by Carr [10]) of the powder, which is the
degree of volume reduction given by:

Vo—Vn

C= 7 @

Both Hausner’s ratio and compressibility are com-
monly used as qualitative indicators for determining
whether or not a powder is cohesive. They reflect the
friction conditions in a moving mass of powder rather
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than in a static situation. Generally, the structure of a
cohesive powder will collapse significantly on tapping
while the free-flowing powder has little scope for fur-
ther consolidation. The powder particles are forced to
jump and to lose contact with each other for a moment
while tapping. When the friction between the parti-
cles is reduced, the particles rearrange, and thus tap-
ping results in improved packing conditions. So, a
drop in Hausner ratio or compressibility corresponds
to a decrease in the cohesiveness of the powder [8].

Concerning the compressibility C, the simplified
Kawakita and Liidde equation [11] leads to a relation-
ship between the tapping compaction of powders and
their compression:

N 1 1

C a Nt ab ©®)
a and b are constants, characteristic of the powder.
The linear relationship between N/C and N allows
the constants to be evaluated graphically.

The constant @ stands for the degree of volume
reduction at the limit of tapping and represents the
maximal compressibility and the fluidity of a powder
[12].

Conversely, b represents the tapping compressibil-
ity of a material. Its reciprocal 1/b is a measure of the
resistance of the material to tapping. Hence, 1/b is
considered as the constant relating to the cohesive
forces of powder particles [12]. In this work, 1/b has
not been taken into account because a specific experi-
mental method is necessary to obtain an accurate
value.

2.2. Shear cell measurement

Yield locus and failure functions of the six powders
under investigation were established using a Peschl
circular shear test (RO-200, IPT), Figure 2. The device
consists of a 60-mm rotating bottom ring with a rough-
ened base, an open upper ring of equal diameter and
a round roughened lid prolonged by a horizontal arm
permitting measurement of the shear force during
experiments [13].

KONA No.22 (2004)

Firstly, the sample was compressed for 45 minutes
under predetermined consolidation pressure (16, 12,
8; 4 and 2 kPa) before performing the shear test.
Commonly, this step is called the “preconsolidation
step”. In order to compensate the volume decrease of
the consolidated powder, an extension ring is used to
permit the addition of extra powder. When the consol-
idation time is completed, the extension ring is re-
moved and the powder is carefully scraped level. The
shear cell is then set up over the rotational base.

The rotational base is then activated in the direction
of the shear. When the horizontal arm contacts the
force sensor, the lid motion is stopped. Consequently,
by rotating the shear cell relative to the lid, a shear
deformation is developed leading to a shear stress,
acting in the assumed shear plane located between
the upper ring and bottom ring. Generally, the shear
stress increases until failure takes place and then
remains constant.

The first shear step is a conditioning step, which
has the purpose of bringing the sample to critical con-
ditions (shear without change of volume). We can call
this step the “consolidation step”. This consolidation
step has to be repeated by using a constant vertical
load until the maximum top stress value is reached.
After reaching the steady-state shear stress, the sam-
ple is relieved of the shear stress by reversing the
direction of the rotating base until the shear stress
becomes zero.

Normal Stress
|

Horizontal arm

&
_jx Force sensor
Roughened Lid F
Powder shear plane
. =Upper rin,
. _—Upp g
Roughened base
& ——_—
Turntable ~=— Bottom ring

Fig. 2 Schematic diagram of circular shear stress apparatus
(Peschl)

In the period where the shear stress is equal to
zero, the vertical load is changed in order to prepare
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the shear stress (1), necessary to cause failure and
create flow under 10 applied normal stresses (o), can
be measured for a given consolidation. The curve
obtained is the so-called yield locus. Two further
important parameters may be extracted from these
results:

¢ Unconfined yield strength (f¢): this parameter is
obtained by plotting the Mohr semicircle which
passes through the origin and is at a tangent to
the yield locus.

e Major principal stress (o;): it is obtained by a
Mohr semicircle which is at a tangent to the yield
locus at its end point.

According to Jenike [14], the ratio of the major prin-
cipal stress o; at steady-state flow to the unconfined
yield strength fc called the flowability index is a good
indicator of powder flowability under load:

i=01/fc @

Table 3 Classification of flowability index

i<2 very cohesive
2<i<4 cohesive
4<i<10 easy flowing

10<i free flowing

In this work, five yield loci (2, 4, 8, 12 and 16 kPa)
were established for each sample from which the cor-
responding value of f¢c and o; were determined. A
curve of (f¢) vs (g;), known as the flow function (FF),
is then plotted and the flowability index determined.

2.3. Powder rheometer measurement:

The FT4 powder rheometer (manufactured by
Freeman Technology) is a new device that is able to
classify powders regarding their flowability. The aim
of this device is to provide an automated testing pro-
gram that is relatively independent of the operator
and is quick.

The device principle, which is represented in Fig-
ure 3, is simple [15]. A powder sample, after being
weighed, is placed in a glass cylindrical vessel. A spe-
cific twisted blade, with a diameter of 60 mm, moves
along a helical path through the powder column. The
controlled parameters are helical path angles, blade
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tip speed, starting height and final height. As the
parameter values are changed, the helical path has
more or less revolution and the blade moves down-
ward or upward, in clockwise or anti-clockwise direc-
tion. Therefore, it is possible to choose the direction
of the blade tip displacement. Different regimes are
possible: a shearing regime (the blade tip is parallel to
the trajectory) or a compaction regime (the blade tip
is perpendicular to the trajectory). The blade motion
imposes the forces, causing the deformation and the
flow of the powder. The axial forces and rotational
forces acting on the blade during the cycle through
the powder are measured continuously and used to
derive the work done, or energy consumed, in dis-
placing the powder. A typical test program alternates
two steps. The first step is preparation of the sample
for testing in a conditioning process in which the
blade gently displaces the powder to establish a con-
sistent and reproducible packing density. During the
second step of the test cycle, the blade moved along a
downward helical path, but in the opposite direction,
to impose a compaction regime, thereby forcing the
powder to flow around the blade.
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Fig. 3  Schematic diagram of FT4 powder rheometer from Freeman
Technology

In this study, a specific test called the aeration test
was developed. The bottom of the cylindrical test ves-
sel is made of a stainless steel porous plate 62 mm in
diameter. During the test, an air flow controlled by a
mass flow controller passes from the bottom to the
top through the column of powder. Dependent on the
air velocity, the powder bed is either fluidized or sim-
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o ghétranslucent vessel. For the same sample, the mea-

surements were achieved at 5 superficial air velocities
a, 2, 4, 6, 8 mm/s). A complete test is carried out
with the air flow varying from the highest to the low-
est value. In between each new air velocity, the test-
ing stage is preceded by a conditioning cycle in order
to obtain a steady state of aerated powder. During the
aeration test, the normal force developed by the blade
is very low. So for this study, only the torque energy
was analysed.

2.4. Fluidization /De-aeration measurement:

A fluidization test and a bed collapsing technique
were used in order to assess the fluidization and the
cohesiveness of the six powders and to classify them.
Virtually, the structural or inter-particle forces that
affect flowability also affect fluidization.

Reflective
plate
|
Cyclone
F 9
Float
!
Pressure il
intake
0, » Powder |900 mm
L] ]
Distributor plate
133
Y
—[}(]—| @
- L '—
@ L-I:l E Mass flow
©) ® meter
Windbox regulator
House air compressor Valve Pressure reducer
P=7bar; T=15°C i
RH=10£5%

Fig. 4 Schematic diagram of experimental apparatus

The equipment to assess fluidization behavior in
this study consisted of a rather standard fluidized test
column. Three main parts comprise this experimental
apparatus: the column, the air flow circuit and the
acquisition device. Figure 4 shows a schematic dia-
gram with the dimensions of the experimental appara-
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tus. The trials were carried out in a Pyrex column 100
mm in diameter and 500 mm in height built on an alu-
minum frame to make transport of the apparatus eas-
ier. At the top of the column, an expanded disengaging
section minimizes particle entrainment and a cover
surmounted by a cyclone recovers the finest parti-
cles. The distributor was made of two overlapping fil-
ter papers supported by a metallic porous plate. It is
supported by the windbox, which was made deliber-
ately small (7,85.107* m® in order to reduce the
escape time and resistance during the de-aeration
tests. Compressed air was fed to the bed of powder
through a filter, a pressure regulator, a computerized
mass flowmeter regulator @), a solenoid valve ), the
windbox and the distributor plate. Transducers con-
tinually recorded the relative humidity (5% HR) and
the temperature (22°C) in the windbox. During the
tests, the overall pressure drop of the powder bed was
measured by a relative pressure transducer (Kobold
3277-BO15) connected to a pressure tap at the wind-
box.

By means of an acquisition system, a program was
created to increase and decrease the air flow rate for a
certain time period. So, fluidization trials were carried
out more than three times to automatically determine
the minimum fluidization velocity for the different
tested powders.

The powders’ cohesiveness can also be quantified
by the de-aeration method. For example, it is usual to
foresee the ability of a powder to be conveyed in a
pneumatic dense phase or lean phase by a de-aeration
test. Initially, a known weight of solids (750 g) was
filled into the column. The powder was then fluidized
by compressed air at 2 times Umf. When the system
reached steady state, the air supply was suddenly cut
off by a solenoid valve and the collapse height was
recorded as a function of time using a device compris-
ing a float and a laser beam. With the float system,
the rapidly collapsing bed height could be determined
with “reasonable” accuracy. The residual gas in the
windbox was purged to the atmosphere through a
solenoid valve 2) and a needle valve D installed on
the windbox [16]. Without this device, after the sud-
den cut-off of the air supply, the residual gas in the
windbox will be purged through the bed of particles
and will disturb its collapsing. Thanks to an optimum
valve opening factor, this phenomenon is limited.
Because the bed height at t <0 fluctuates consider-
ably due to bubbling, up to 5 repeat tests were made
and a numerical average taken which was then plot-
ted. Collapse tests were done with the six powders
over a range of velocities above Umf.
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Fig. 9 Particle surface with 0.53% of flow additive Fig. 10 Particle surface with 0.96% of flow additive
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ity hovers between AGF 1 and AGF 2. This result also
shows the important cohesion of the industrial batch

Qoﬁﬂiw*@ which has a compressibility close to AGF 1.
\(\Og?\ 2. Packing measurements

A greater inter-particle porosity indicates the pres-
ence of more air entrapped between the particles and
consequently a high compressibility, which corre-
sponds to a cohesive powder and thus poor flowabil-
ity. In contrast, a low compressibility denotes lower
cohesiveness.

A drop in the Hausner ratio or in the compressibil-
ity C involves a decrease in cohesiveness of the pow-
der [8]. According to Carr’s classification [9,10], the
results presented in Table 4 and in Figure 11 high-
light the flow property improvement when the flow
additive percentage increases. AGF 1 is therefore
classified as having poor flow whereas AGF 4 has a
good flow. Nevertheless, it is interesting to see that
the flowability improvement reaches a maximum.
Beyond an optimal amount of silica, the flowability of
powder drops again. This is indicated by the deterio-
ration of AGF 5 flow properties. The AGF 5 flowabil-

Table 4 Packing test results

3. Shear cell measurements

Figure 12 shows the results obtained using the cir-
cular shear cell for the unlubricated powder in com-
parison with mixtures containing silica. The best flow
properties are obtained for a silica concentration
which gives the highest value of flowability index (7).

As expected, the increase of the flow additive per-
centage from de 0% (AGF 1) to 0.53% (AGF 4)
improves the flow properties of the powder paint,
since the flow function FF moves to the “easy-flow-
ing” area. These results show also that above 0.96%
of flow additive (AGF 5), the flowability drops. The
AGF 5 flow properties are very similar to AGF 3.
However, the effect of lubrication appears less clearly
than with the flowability index. This technique is less
suitable and less sensitive for characterizing the pow-
ders. This result also shows the important cohesive-
ness of the powder of the industrial batch.

Powder AGF1 AGF 2 AGF 3 AGF 4 AGF 5 Industrial Batch
a (Kawakita and Liidde) 0.244 0.165 0.148 0.122 0.190 0.210
RH 1.32 1.20 1.18 1.14 1.23 1.26
C (%) 24 16.3 14.7 12.0 18.7 20.8
Carr’s Classification Poor flow Fair flow Fair flow Good flow Passable flow Passable flow
16000 1 AGF 1 O AGF2
14000 1| A AGF3 X AGF 4
12000 4| © AGF5 ~+ Industrial Batch %
10000 -+ i
@)
~
Z 8000 A
6000 |
4000
2000 A
.
0 T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
N (number of taps)
Fig. 11 Relation between N/C and the number of taps N
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Fig. 12  Flow function and classification according to the flowability index (i)

4. Powder rheometer measurements

In Figure 13, results show the total torque energy
consumed during a downward test traverse as a func-
tion of the superficial air velocity through the distrib-
utor. Raw data recorded between a height of 60 and
20 millimeters from the bottom of the vessel were
used for the analysis.

Generally speaking, for the highest air velocities, an
easy-flowing powder leads to homogeneous fluidiza-
tion and the torque energy measured is very low. In
contrast, fluidization is very difficult for a cohesive

powder and leads to channeling of the powder bed.
The torque energy value is increased. When the gas
velocity is decreased, the powder bed goes from the
fluidized state to the consolidate state and the energy
increases. These plots show that the torque energy
decreases whereas the flow additive percentage
increases up until 0.53% (AGF 4). This test did not
show differences between AGF 5, AGF 4 and AGF 3.
The very low torque energy values of these three
blends reveal good fluidization properties. However,
at a low air velocity (1 mm.s™!), the flow properties of
AGF 5 are slightly lower than AGF 3. These results

100
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7 80
g 70
=
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= 60 1
g
2 50 4
=1
S 40 1
)
§ 30
€3]
g 20
g
S 10
0 , ,

0.5 1.5 2.5 3.5

AGF 1
—— AGF 2
—— AGF 3
—*— AGF4
-O— AGF5
—+— Industrial Batch

4.5 5.5 6.5 7.5 8.5

Air Velocity (mm/s)

Fig. 13  Energy as a function of aeration air velocity
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shoe@t?latéih‘g powder paint without lubricant (AGF 1)
ds r@e@(\%{)hesive. For each air flow rate, the torque
rgy values are much greater than for other mix-

e \‘\\[ures with silica. Regarding the torque energy value

at an air velocity of 1 mm.s™!, AGF 5 takes its place
between AGF 2 and AGF 3. In addition, these results
also show the stronger cohesiveness of industrial
powders. The very low energy values recorded at
higher air velocities indicate that fluidization of this
powder is possible. Thus, this method seems suitable
for industrial application.

5. Fluidization/De-aeration measurements

In a first stage, the minimum fluidization velocities
Umf of the six powder coatings were measured ex-
perimentally (Table 5). No measurements could be
obtained for the powder AGF 1, (without flow addi-
tives), because fluidization was not possible. It denotes
the very cohesive nature of this powder.

Table 5 Fluidization results

Experimental Umf (mm/s)

The other powders provide very different values of
Umf. The AGF 2 powder (0.12% of additive) displays
an Umf nearly 3 times greater than the powders with
higher additive content. Materials that exhibited good
flow characteristics (0.30, 0.53 and 0.96%) provide a
Umf value close to 1 mm.s~! and are difficult to differ-
entiate, although the flow additive quantity increased.
Moreover, in comparison with the other flowability
test results, the AGF 5 powder did not display a signif-
icant gap of behavior with regard to the other pow-
ders.

The powder from the industrial batch deviated
clearly from the other powders with a more signifi-
cant Umf value. It shows the very cohesive nature of
the powder coating used by the automotive industry.
However, the fluidization of such a powder improved
by the use of vibrations is quite suitable in the indus-
trial application process.

In a second phase, de-aeration tests were under-
taken. The total times for the de-aeration process and
the total heights of initial expansion recorded for a
superficial air velocity of 2 times Umy are listed in
Table 6. The curves in Figure 14 display the kinet-
ics of de-aeration of five of the six powders. The
AGF 1 powder, which did not contain a flow additive,
is not fluidizable and has thus not been studied. The
results show different behavior among the powders.

Regarding the curves in Fig. 14, 2 groups of de-
aeration rate are observed. When fluidized at 2 times
Umf, the AGF 2 powder and the industrial batch pre-
sent a greater initial expansion, and the presence of
channeling is visible particularly for the industrial

AGF 1 -
AGF 2 2.82
AGF 3 1.06
AGF 4 1.06
AGF 5 1.12
Industrial Batch 3.67
0.09
m
0.081 o
O
0.07 1 L. O
00641 O
2 Oo+ O
< 005 ¥x05, 7
(=]
T
T 0.04 1
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Fig. 14 Bed collapse curves
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batch. \é@gn %\e@ir is cut off suddenly, they de-aerate
m(g@\ﬁ igd)%han the other powders, as the air escapes
ough the channels formed within the bed of pow-
de?.sThis affects the rate of de-aeration as shown in
Fig. 14. The collapse curves are close to those of the
cohesive group-C powders of the Geldart classifica-
tion [17]. Powders which are intrinsically more cohe-
sive de-aerate quickly because of channeling. After an
initial rapid collapse of the bed caused by cracks cav-
ing in, the rate of collapse is controlled by the rate at
which air can escape to vertical channels formed in
the bulk of the powder. Regarding the AGF 3, AGF 4
and AGF 5 powders no channeling was observed, but
the bubbling near the surface of the bed was more
pronounced. Besides this, after the air was shut off,
the collapsing of the powder bed is slower and the
kinetic of de-aeration recorded is close to one of the
group-A powders of the Geldart classification, which
presents the height decreasing almost linearly [17].

Table 6 Collapsing results

Total Expansion (mm) Time (s)
AGF 1 - -
AGF 2 85 20
AGF 3 49 22
AGF 4 52 26
AGF5 58 27
Industrial Batch 69 18

The initial expansion height of the different pow-
ders did not provide a direct classification correlated
to their flowability. In contrast, the total time for the
de-aeration process leads to a classification directly
correlated to both the flowability and fluidization prop-
erties of the six powders as indicated by the different
characterization techniques. However, the deteriora-
tion of the flow properties of the AGF 5 powder found
by other methods was not observed. The fluidization
properties of AGF 5 appear very close to that of
AGF 4.

CONCLUSION

Different methods were used to investigate the
effect of flow additive content on the flow properties
of powder paint. The addition of silica was followed by
particle size and permeability measurements, as well
as SEM analysis. The accurate quantification of silica
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contents was achieved by ICP-AES.

Not every test showed the same sensitivity. Mean-
ing that the classification of the powders according to
their flowability or fluidization is slightly different
depending on the method used. Moreover, not all of
these techniques are suitable for use as a simple bench-
top test as required by industry.

The tapping test, shearing test, powder rheometer,
fluidization and de-aeration tests show as expected
[18-19] that the flowability improves with the lubri-
cant content up to a percentage of 0.30%.

Beyond 0.30%, the tests with some consolidation (tap-
ping test and shearing test) show that an optimum in
additive concentration exists, corresponding to the
amount suitable to cover the whole particle surface.
The tapping test shows greater resolution, is less
time-consuming and less tedious.

Fluidization/de-aeration and powder rheometer tests
are discriminating only for poorly fluidizable pow-
ders, which is the case for industrial powder paints
where usually the flow additive content added is
rather low in order not to adversely affect other prop-
erties. These tests are fully automatic and relatively
fast, which is a plus for an industrial bench-top test.

LIST OF SYMBOLS

a  constant of Kawakita and Liidde equation
C  compressibility of a powder

dss particle size diameter (m)
ds» particle size diameter (m)
fc  unconfined yield stress (Pa)
FF flow function

H  height of bed at any time t (m)
Hy height of settled bed of powder (m)

HR Hausner Ratio

i flowability index

N  tapping number

t time (s)

U,s minimum fluidization velocity (m-s™h)
Vn powder volume at tapping number N (m®)
Vo initial apparent powder volume (m?®)
oy bulk density of a powder at each taping

number (kg-m~3)
Po initial bulk density of a powder (kg-m™3)
0; major principal stress (Pa)
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Abstract

Aerosol technology is the key process for large-scale production of nano-structured materials such
as carbon black, titania and silica. The understanding of gas-phase synthesis was transferred suc-
cessfully from classic vaporsed flames to liquid-fed aerosol reactors, enabling now also the one-step
production of demanding and highly functional products. Such aerosol-derived nano-structured
metal oxides, mixed metal oxides, and metals on metal oxides find application in the fields of cataly-
sis, sensors, fillers, and electronics, and have advanced the research and development of these reac-
tors in rvecent years. The four main spray methods include spray pyrolysis in a tubular reactor (SP),
spray pyrolysis using a vapor flame reactor (VFSP), the emulsion combustion method (ECM) and
flame spray pyrolysis (FSP). These methods are discussed and key concepts are compared such as
the energy source driving the solvent/fuel evaporation and precursor veaction, final particle forma-
tion. Advances in fundamental understanding, scaling and simulation are highlighted. Specific
strategies for the production of homogeneous products are presented in context with existing methods
and specific applications. Finally, research needs are discussed with respect to new flame-made
materials, instrumental strategies for their production and process optimization, including diagnos-

tic techniques and process simulation.

1 Introduction

The potential of nano-sized clusters or particles
has been recognized in recent years since processes
for the synthesis of these entities and devices for
nanoparticle characterization became established and
new commercial applications were clearly identified
[1,2,3,4,5,6,7,8,9]. Nano-grained materials or par-
ticles have distinctly different properties compared
with bulk materials, because the number of surface
atoms or molecules can become comparable to the
number inside the particles [10].

Nano-sized powders can be synthesized by wet-
chemical routes and gas-phase processes. However,
gas-phase processes are often advantageous com-
pared to liquid-phase processes since washing, dry-
ing, and calcining process stages are redundant.
Furthermore, the use of high liquid volumes and sur-
factants, which are necessary to produce high purity
materials at high yields, can be avoided [11].

Aerosol reactors that have been developed for the

T Accepted: August 26, 2004
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manufacture of ultrafine powders include flame re-
actors [12], furnace reactors [13], gas-condensation
methods [14, 15], plasma reactors [16], laser ablation
[8] (the precursor of the previous three examples is
preferentially a highly pure metal rod) and spray
pyrolysis [17], to name just a few. Today, through the
use of these methods, it is possible to make virtually
all kinds of inorganic materials at the nano size level,
giving potential for new or more cost-efficient applica-
tions in addition to existing industrial processes such
as pigment generation, optical fiber fabrication, and
carbon black production [7, 9]. In summary, the spe-
cific aerosol methods differ primarily in the technol-
ogy of how thermal energy is transferred to the
precursor species; how the precursor is delivered to
the reaction site; economic aspects; and the final
product characteristics.

The workhorses of the aerosol processes, flame
reactors for the synthesis of nanoparticles from gas-
eous precursors, were first investigated in detail
using diffusion and premixed flames [12, 18, 19, 20,
21]. By producing fumed silica and titania from chlo-
ride precursors, the competition between particle
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coagul @g aad&mtermg was studied. Research in
thisfiéld ée@élerated, however, when industrial flame

Q@éac s were introduced in the large-scale manufac-

o

tur‘§ of optical fibers. Since the early 1990s, the pace
of research has been further intensified with a re-
newed interest in flame technology for manufacturing
advanced materials, emphasizing nano-structured par-
ticles for a large variety of applications [1].

Today, flame reactors are widely used for the manu-
facture of commercial quantities of nanoparticles
such as carbon black (made by Cabot, Columbia,
Degussa., etc), fumed silica (Cabot, Degussa.,
Wacker, etc.), pigmentary titania (DuPont, Ishihara,
Millennium, Kerr-McGee, etc.) and optical fibers
(Corning, Hereaus, Sumitomo, etc.) [2]. Industrial
flame reactors are reasonably well understood for the
synthesis of particles with closely controlled particle
size characteristics through control of the particle
concentration and residence time, temperature his-
tory, reactant mixing, external fields and additives
[22, 23]. Interfacing particle dynamic models with
computer fluid models [24] has led to the prediction
of a product powder’s specific surface area within 3%
even for industrial-scale systems [25].

Using vapor flame reactors, the variety of products
is limited by the choice of metal precursors with suffi-
cient vapor pressure to deliver the desired amount of
the metal species into the reactor. Problematic exam-
ples include the low production rates for bismuth

oxide [26] or Pt/TiO, catalysts [27] from vapor flame
reactors. Furthermore, it is difficult to produce multi-
component materials with homogeneous chemical
composition because differences in the chemical reac-
tion rate and vapor pressure of the reactants, or differ-
ent nucleation and growth rates may lead to non-uni-
form composition within and/or between particles
and often yield segregated mixed-component parti-
cles [28]. However, in spray pyrolysis, each droplet
contains the precursor in the exact stoichiometry as
desired in the product [17, 29]. The droplet essen-
tially serves as a discrete microreactor [30]. This is a
huge advantage over vapor-phase routes since in the
latter, several reactants have to be vaporized simulta-
neously with special care to obtain the desired stoi-
chiometry.

Nielsen et al. [31] performed pioneering work in
the field of the spray synthesis of metal oxides, mixed
metal oxides, and ferrite powders from metal chlo-
ride, sulfate, acetate, and nitrate solutions. By atomiz-
ing the liquids into oxygen or air-fuel flames, they
produced flakes, hollow-shaped, as well as submicron
particles. The spray pyrolysis process took place over
a wide range of conditions. A further distinction is
made in the present paper between processes in
which the powder is formed inside the droplet (spray
pyrolysis) and processes where the precursor trans-
port into the gas-phase occurs or the droplet explodes
(see also Figure 1 for reference). The latter can be
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Fig. 1

Various mechanisms for metal oxide formation from dissolved metal precursors sprayed into a high-temperature reaction zone. Only

mechanisms on the right-hand side lead to nano-grained particles (by precursor evaporation or decomposition at high temperatures),
while formation of the product within the droplet environment often leads to hollow and/or larger particles (partly adapted from Kodas

and Hampden-Smith [32]).
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ach{'\eyg(? @(‘%1 external non-reactive heat supply (e.g.
éu@uléﬁ\?éactor); in flames formed by additional re-
nt gases (e.g. vapor-flame-supported); or by the
spray itself (droplet fuel burning, e.g. emulsion com-
bustion method or flame spray pyrolysis).

2 Spray processes for nanoparticle
production

Spray-supported methods for nanoparticle produc-
tion differ mainly by how thermal energy is provided
to the precursor species, influencing main particle
formation parameters such as temperature profile and
residence time within the high-temperature environ-
ment. Figure 2 summarizes the four main spray
methods discussed in this paper, namely spray pyroly-
sis in a tubular reactor (SP), spray pyrolysis using a
vapor flame reactor (VFSP), the emulsion combus-
tion method (ECM) and flame spray pyrolysis (FSP).
In all four processes, the precursor is delivered under
ambient pressure to the reactive environment by dis-
persing it into fine droplets. The main difference,
however, is the energy source driving the solvent or
fuel evaporation and precursor reaction (in some cases
also liquid fuel reaction). As shown in Fig. 2, reactors
with an external energy supply (energy which is not
provided by the spray itself as in SP and VFSP) are
less sensitive to the choice of precursors and sol-
vents.

Water is often chosen as the solvent in systems with
an external energy supply (SP, VFSP, ECM) due to
economic aspects, ease of handling and the excellent

Main ambient spray methods in particle synthesis
Spray pyrolysis-  Spray pyrolysis- Emulsion  Flame spray

tubular reactor vapor flame reactor ~ combustion pyrolysis
(SP) (VFSP) method (ECM) (FSP)

Energy source for reaction and particle growth

Tubular reactor ~ Combustion ~ Combustion Combustion
heating zone enthalpy of enthalpy of enthalpy of
vapor flame oil phase entire solution

Prospects for precursor choice (applicable solvents)

-

Maximum reactor temperature and temperature gradient

o

Fig. 2  Main spray methods operated at ambient pressure for gas-
phase nanoparticle production from metal precursors. Pre-
cursors are delivered within a solvent into a reaction zone
where reaction and the final product formation occurs.

KONA No.22 (2004)

dissolution ability for many metal-containing precur-
sors (e.g. nitrates, chlorides, acetates). In contrast,
the combustion of the entire solution (as in FSP) re-
sults in higher maximum reactor temperatures and
significantly larger temperature gradients compared
with other methods. In the following sections, the
resulting influences on final product properties will
be discussed and highlighted.

2.1 Spray pyrolysis using tubular reactors (SP)

During the spray pyrolysis (SP) process, the pre-
cursor solution is atomized into a hot-wall reactor (or
series of reactors) with well defined temperature
fields. The aerosol droplets undergo evaporation, con-
centration of the solute within the droplet, drying,
thermolysis of the precipitate particle to form a micro-
porous particle, and finally sintering to form dense
spheres [17]. The final product powder is formed
within the atomized droplet through precipitation.
Compared to liquid-phase precipitation, powders pro-
duced by SP are advantageous since they are more
crystalline, less agglomerated (compared to calcined
sol-gel-derived powders), of high purity and rarely
require post-calcination [32].

Development of the spray pyrolysis process was dri-
ven largely by the need to address the lack of control
of the calcination process in conventional solution-
based techniques (e.g. co-precipitation, hydrolysis of
organometallic compounds, sol-gel, freeze drying
and spray drying) resulting in intermediate salts or
hydroxide products. This led to development of the
so-called “evaporative decomposition of solutions”
(EDS) [33] or “spray roasting”. The EDS process has
been successfully used for the production of single-
and mixed-oxide powders (ferrite and chromite pow-
ders) on industrial scales [34]. A detailed investigation
of the effect of the metal salt on the characteristics of
EDS-derived MgO, ZnO and NiO powders, and in par-
ticular their morphology, was carried out by Gardner
and Messing [35] and Gardner et al. [36]. The
authors report fine-grained, high surface area, aggre-
gate-free powders when using metal acetate precur-
sors, whereas strongly aggregated powders were
obtained from nitrate precursors. The difference was
attributed to the exothermic decomposition of the
acetate salt in the reaction. Similar results were
obtained for y-Fe,O3 by Gonzalez-Carreno et al. [37].
They report iron-oxide nanoparticles (about 5 nm)
formed from acetylacetonate precursors (dissolved in
methanol) due to the exothermic reaction of breaking
individual crystals apart from the droplet skeletal
structure. In the absence of exothermic decomposi-
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ﬁé@k@legl@t‘ructure of the droplet was retained [37].
o @w\ing on the advantage of the excellent spatial

Og?* miﬁ}ng of the reactants, the spray pyrolysis process

was also established for multicomponent systems.
Examples include the preparation of small particles of
yttrium-stabilized zirconia from nitrates, where parti-
cles in the size range of 400 nm with an average crys-
tal size of about 100 nm were formed [38]. Further
examples include barium and strontium titanate syn-
thesized from the organometallic titania tetraisoprox-
oide (TTIP) and the acetates and nitrates of barium
and strontium [39, 40]. The formation of pervoskites
is a challenging task and often results in the forma-
tion of barium carbonate and/or irregularly shaped
particles. However, the previous examples show that
stoichiometry is well conserved during the spray
pyrolysis process. Luminescent materials for the next
generation of flat panel displays with high efficiency
at low operating voltage (e.g. Y»SiOs: Th, non-aggre-
gated Y,03: Eu phosphor particles) have also been
produced from organometallic silica and correspond-
ing nitrate precursors [41, 42]. Lenggoro et al. [43]
demonstrated a one-step synthesis for Zn,SiO,: Mn
particles (0.3-1.3 um) with spherical, non-aggregated
morphology and homogeneous phase. They applied
long residence times (around 4 seconds) at high tem-
peratures (1300°C) for final product formation. The
authors highlighted the advantages of the aerosol
route and the possibility of extending the production
for multicomponent phosphor particles.

Another promising area for particles made by
aerosol processes is catalysis. Spray pyrolysis was
used to produce metal-supported catalysts resulting
in well-dispersed metals (silver, platinum) on ceramic
materials (e.g. alumina). The surface area of the cata-
lyst was rather low (about 10 m?/g), but direct cat-
alytic studies showed that the metal components were
available on the surface and that they were quite
active for catalysis. The performance of aerosol-made
catalyst was clearly identified by Moser et al. [44]
(e.g. for conversion of methylcyclohexane). With this
leading contribution to aerosol-derived metal/ceramic
systems, it still took another 8 years to demonstrate
that these systems are promising alternatives to con-
ventional wet-phase-made ones using vapor flame and
spray flame technology, respectively [27, 45].

Gas sensor materials can also be synthesized by
spray pyrolysis. Spray-pyrolyzed Pt/SnO, particles
have been demonstrated to exhibit high sensitivity
for carbon-monoxide and ethanol [46]. The additional
post-synthesis calcination step and the dilute process
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conditions or low mass loading (low production rate)
are still disadvantages of this specific SP process, but
further developments in this area are expected [47].

One of the limitations of the spray pyrolysis process
is evident during the synthesis of ceria particles [48].
In this instance, the process is not capable of produc-
ing nanometer-sized CeQ, particles unless the solu-
tion concentration is extremely low [49]. To overcome
this problem, Xia et al. [49] developed the salt-assisted
ultrasonic aerosol decomposition where an inert salt
can be used to control crystallite size and product
aggregation. The disadvantages encountered with
this technique are the required washing to remove
the salt from the final product and purity issues simi-
lar to those experienced in wet-phase processes.
Other examples of the salt-assisted method include
the production of NiO, ZnS and (Ba_xSr)TiO3 [50].
Spray pyrolysis has also been used for the synthesis
of well-ordered spherical silica particles with stable
pore mesostructure of hexagonal or cubic topology
[51]. Applications of this method include catalysis,
chromatography, and controlled drug release. It
should be mentioned that by using a hot-wall reactor
and an inert carrier gas for the precursor delivery,
non-oxide ceramic nanopowders such as the Si(N,C)
systems [52] can be synthesized as well.

A deeper understanding of the droplet-to-particle
formation mechanisms was achieved by modeling the
solid particle formation during solution aerosol ther-
molysis combined with evaporation. Models account-
ing for the evaporation of such aerosol thermolysis
have been successfully applied to study the effect of
various parameters on the final product morphology
as demonstrated by Jayanthi et al. [53], Yu [54] and
Lenggoro et al. [55]. However, more detailed knowl-
edge is needed on multicomponent evaporation and
precursor reaction/decompostion and particle forma-
tion to enable ab initio product design.

2.2 Vapor-flame-supported spray pyrolysis
(VFSP)

The success of producing functional metal oxides,
mixed-metal oxides and metals on metal oxides from
cheap precursors (e.g. nitrates) in an economical
aerosol process has triggered the evolution of the
reactor design. Tubular reactors used in SP provide a
well-controlled temperature zone over long residence
times for conversion of the precursor to the final
product. It was realized, however, that the synthesis
of a variety of products requires higher maximum
temperatures (above 1300°C) and shorter residence
times. The established vapor flame method for the
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pro 8108(8% silica and titania clearly showed the
éétcféalg@@és of high temperature and large tempera-
0‘“ E‘q@b gradients and their control [23]. This led to the
development of vapor(gaseous)-flame-supported spray
pyrolysis (VFSP). In VFSP, the energy is supplied by a
vapor flame where a fuel (mainly hydrogen, methane
or propene) reacts with air or oxygen, forming the
reaction and particle formation zone. The precursor is
sprayed directly into the flame. Most of the precursor
reactions are endothermal and since mainly aqueous
solutions are used to dissolve the precursor (e.g.
nitrates), the spray itself also cools the flame.

One of the first applications of this technique was
the synthesis of YBaCuO high T. superconductors
[56, 57]. Three years earlier, Kodas et al. [58] used
spray pyrolysis in a tubular reactor to decompose the
nitrate salts. Their product showed chemically homo-
geneous micron-sized particles of high purity and
superconductivity at 90 K when produced at high
temperature (1000°C) with a post-calcination step.
The flame reactor offered the possibility of synthesis
without an additional post-calcination step. Different
flame reactor configurations and conditions were
tested, and it was shown that a diffusion flame in
which particles do not pass through the flame front
was the best way to control the temperature in order
to avoid preferential volatilization while minimizing
water vapor content [56, 57]. The VFSP-produced
powder displayed superconductivity at 92 K without
post-processing.

Aggregated ultrafine spinel powders of NiMn,O,
and SrMnO; were obtained by dissolving the carbon-
ate precursors in dilute acetic acid and spraying this
solution into a hydrogen/oxygen diffusion flame [59].
The successful preparation of nano-grained ternary
oxides in the flame process similar to established
methods for titania and silica was a major step
towards the aerosol-based, large-scale production of
functional nanoparticles. Kriegel et al. [59] further
demonstrated that the prepared -SrMnO; powders
were catalytically active (temperature-dependent CO,
formation from methane) and had higher conversion
rates compared with powders derived using a con-
ventional solid-state reaction. This performance was
mainly attributed to the high specific surface area in
the absence of micropores of the aerosol-derived pow-
der. The same technique was used for the production
of ultrafine y-Fe,O5 from iron(III) acetylacetonate dis-
solved in ethanol or toluene by Grimm et al. [60]. The
authors compared their results with the established
and patented combustion of the volatile Fe(CO)5 and
found no significant difference. They further studied
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the development of the iron-oxide crystalline phases
by varying the reactor conditions (oxygen content
within the flame) and highlighted the importance of
high maximum temperatures and steep temperature
gradients during synthesis of the y-Fe,O3 phase, while
higher residence times were necessary to obtain the
o-Fe,O3 phase. It is worth noting that in this study,
the precursor solution itself supplied thermal energy
to the process upon evaporation and reaction. The
authors reported only the formation of ultrafine parti-
cles which most probably left the droplet environ-
ment during particle formation.

Brewster and Kodas [61] synthesized dense, spher-
ical, unagglomerated BaTiO; by the VFSP approach,
spraying acetate and lactate precursors dissolved in
water into a hydrogen/oxygen flame. They demon-
strated that various morphologies can be produced by
varying the flame temperature and/or particle resi-
dence time in the flame. Furthermore, the authors
state that vapor-flame-supported spray pyrolysis is
the only way to produce dense barium titanate parti-
cles via an aerosol route (although comparison is
made only with spray pyrolysis in a tubular reactor).
They claimed that the high temperatures and heating
rates within the flame reactor densified the particles
more rapidly compared with the tubular reactor [61].

An important contribution was made by Helble and
coworkers [30, 62], who explicitly introduced the con-
cept of the “droplet micro-reactor” and the use of a
reactive organic aerosol spray (similar to Grimm et al.
[60]) while the main energy source was still a vapor
flame reactor (or in some cases a tubular furnace);
the resulting powder was of nano-scale size and crys-
talline as demonstrated for MgO and yttrium-stabi-
lized zirconia (YSZ). The narrow size distribution,
high purity and lowered sintering temperature of
the produced ceramics were superior compared with
state-of-the-art materials. Examples of complex pow-
ders produced by VFSP are phosphor particles such
as SrTiO; : Pr and Y,05 : Eu [63, 64].

Metal nanoparticles were also produced in the
VSEFP process for glass coloring (Co, Cu, Ag) [65] or
catalytic applications (Pt nanopowders) [66], but no
distinct testing was reported. The process of spraying
a precursor solution into a hydrogen/oxygen flame
was characterized with respect to the atomization of
the liquid feedstock, characterization of the flame,
and flame droplet interaction by Tikkanen et al. [67].
Laser diffraction anemometry was used to obtain the
droplet size distribution of the spray within the flame,
laser doppler velocimetry traced the droplet velocity,
the flame temperatures were measured with pulsed
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et al. [67] showed how the solvent affected
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instead of organic solvents. Detailed measurements
of this kind, together with particle dynamic models
(as done for vapor flame reactors [24]) would give
detailed insights into the particle formation mecha-
nisms and particle growth dynamics in VFSP flame
reactors.

2.3 Emulsion combustion method (ECM)

A further step of applying the energy source in
closer proximity to the reaction zone is the embed-
ding of the aqueous precursor solution (mainly
derived from nitrates) in a combustible droplet envi-
ronment. This was achieved by preparing a water
(with precursor) in oil (fuel) emulsion which was
atomized into micron-sized droplets and subsequently
ignited. This self-sustaining spray flame method is
called the emulsion combustion method (ECM).
Developed at Toyota labs in 1997 [68], this technique
has been successfully applied to titania, silica, alu-
mina, zirconia, barium titanate and zirconia-ceria, as
well as electronic, catalytic and ceramic applications
[69, 70]. A major limitation of this method can be the
lack of control with respect to product morphology
(e.g. hollow particles are often produced). A compari-
son between the ECM method and the flame spray
pyrolysis (FSP) method (discussed in the next para-
graph) revealed enhanced gas-phase mixing and reac-
tion in the latter case [71]. The ECM was also used
for the synthesis of gold coatings by flame spraying a
micro-emulsion of an aqueous solution of HAuCl,-H,O
and a surfactant solution in hexane [72]. The authors
report nanoparticles of up to several nanometers in
size with good control of size and shape but do not
identify specific applications of their product.

2.4 Flame spray pyrolysis (FSP)

It was previously mentioned that endothermic pre-
cursor reaction pathways often lead to hollow or frag-
mented product particles [36, 37]. The utilization of
the endothermic species (mainly metal-nitrates and
metal-chlorides dissolved in water) is driven by low
cost, availability and solubility (achievement of high
concentrations). However, when using these precur-
sors, the final product particle formation takes place
very often within the droplet due to insufficient energy
needed to vaporize, sublime or disruptively decom-
pose the precursor, in order to facilitate reaction and
particle formation in the gas phase surrounding the
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droplet. In most of the processes and applications
introduced so far, the sprayed precursor solutions
contained species which require external energy for
their reaction. In EMC, the very high energy content
of the kerosene in close proximity to the endother-
micreacting precursor (less than a micrometer)
could not avoid the formation of hollow particles [69].

Taking this into account leads to the exclusive use
of exothermic-reacting species and the design of self-
sustaining spray flames that provide the temperature
and the residence time profiles intrinsically similar to
vapor flame reactors [23]. This similarity is illustrated
in Figure 3 which shows a comparison between the
temperature profiles of a premixed vapor flame (open
symbols) and a spray flame reactor (full symbols),
each producing silica at similar production rates. One
of the first studies using these principles was the for-
mation of ceramic Al,O3 aerosol from aluminium (ITI)
acetylacetonate dissolved in an azeotropic mixture of
benzene and ethyl alcohol [73]. The mixture was
sprayed and combusted with no soot formation giving
ultrafine (3-100 nm) alumina particles. In this pro-
found work, the authors investigated parameters
influencing the crystal structure of alumina and tar-
geted studies for the synthesis of a-alumina in flames.
The authors demonstrated that an increase in the
water vapor content decreases the formation of the
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Fig. 3 Comparison of the measured axial temperature profiles of

a silica-producing premixed vapor flame [2] and a self-sus-
taining spray flame [74]. The maximum flame tempera-
ture in both flames is very high and rather similar. The
high velocities in the spray flame leads to faster cooling
compared with the premixed vapor flame.
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a-p @%. g%h‘% was implemented commercially with
&t}h@ V@@l; flame approach using vaporized AlCl; in
0‘“ @ﬂjon monoxide (Degussa, EP0395925, 1990).

It took twenty years to follow up on this initial idea
of flame spray pyrolysis when Bickmore et al. [29]
and Karthikeyan et al. [75] reported on the formation
of MgO, Al,O3, ZrO, and YSZ ceramics. Ultrafine par-
ticles were mainly produced from organic precursors
and solvents (exothermic), while nitrates dissolved in
water (endothermic) resulted in larger particles. This
was also reported for the FSP preparation of yttria-
stabilized zirconia (YSZ) powders from zirconium n-
propoxide and ytterbium nitrate (with crystal water)
[76].

An important step toward the economic application
of spray flame pyrolysis for the production of func-
tional and complex nanoparticles was the work by
Bickmore et al. [29], where they report the prepara-
tion of ultrafine crystalline spinel powders (MgAl,Oy).
The authors realized the importance of the precursor
formulation and accordingly prepared stoichiometric
amounts of AI(OH); and MgO with the amine base,
tri-ethanolamine in ethylene glycol. The as-produced
precursor (including ethylene glycol) was diluted
with dry ethanol. With this dilution, they adjusted the
metal content and the viscosity for good atomization
while at the same time the ethanol served as the fuel
source for combustion. The spray was atomized with
oxygen and ignited with a natural gas/oxygen torch.
Production rates were up to 100 g/h and the mini-
mum average particle diameter obtained from spe-
cific surface area measurements of the products was
25 nm. This precursor preparation/FSP process was
further investigated for the production of titania from
titanium tetrachloride that forms titanatrane glycolate
when reacting the hydrosol in triethanolamine and
ethylene glycol. The derived precursor was dissolved
in different alcohols, and products with specific sur-
face areas up to 45 m?/g and a 9:1 anatase to rutile
composition were produced. The materials had simi-
lar characteristics to commercial products of flame-
made TiO, [77]. Another example of the success of
this precursor strategy (triethanolamine and ethylene
glycol) is the preparation of Najg;Aljge7Lio3301633
called p"-alumina (Na,O-x Al,O3) serving as a high-
temperature solid electrolyte [78, 79]. The flame-
spray-pyrolyzed nanopowder expressed preferentially
the B"”-phase, which was attributed to the rapid heat-
ing and cooling within the flame spray reactor favor-
ing this specific reaction pathway. Further examples
are group II metal aluminates (MeAl,O,) with Me=
Mg, Ca, Ba, Sr [80] as well as 3 Al,O3 - 2 SiO, [81,

KONA No.22 (2004)

82], CeO, and SrO - Al,O5 - 2 SiO, [82], n-phosphors
(Y 1-x-y YbyRe,) 203 with Re=Er, Tm and Pr [83] and
Ce0,/Zr0, [83, 84]. The complexity and functionality
for very different applications of the products summa-
rized in this paragraph is worth noting. All the prod-
ucts are characterized by an average particle diame-
ter below 100 nm derived from specific surface area
measurements, and no hollow structures are reported.

Commercial organic precursors (aluminum-sec-
butoxide) (zirconium-n-butoxide and zirconium-n-
propoxide) dissolved/diluted in their parent alcohols
were used in a high-production-rate flame spray
process (180 g/h) for nano-scale alumina and zirconia
[85]. Use of the rather volatile exothermal-reacting
species resulted in spherical nanoparticles typical for
flame processes [23]. Particle diameters ranged from
4 — 100 nm with an average of about 40 nm.

The control of primary particle size, crystal size,
morphology and composition using the options of the
spray flame reactor similar to vapor flame reactors
was first investigated for silica [74] and then later for
a variety of functional products such as zinc oxide
[86] and bismuth oxide [87]. It was shown that the
decomposition behavior and the subsequent reaction
path of the precursor/solvent systems influences the
morphology and homogeneity of the products. Using
ethanol and nitric acid as the solvent of the nitrate
precursor resulted in the formation of hollow (1 pm in
diameter) and sintered dense spheres (50 — 100 nm in
diameter) as well as aggregates of primary particles,
each of 10 nm in diameter. In contrast, dissolution of
the bismuth nitrate in acetic acid led to synthesis of
solid nanoparticles. The acetic acid solvent may have
favored the formation of an acetobismuth complex,
facilitating enhanced precursor evaporation and gas-
phase formation of the oxide particles [87]. The
importance of the precursor mixture was further
demonstrated when producing ceria in the FSP
process. Here, the addition of iso-octane/2-butanol to
the acetic acid/acetate solution accelerated precur-
sor evaporation and gas-phase reaction, resulting in
homogeneous powders [88]. Powders with an aver-
age BET diameter as small as 5 nm were produced.
Similar studies were performed for the alumina sys-
tem [89]. It was further shown that in mixed-oxide
systems, control of the product structure and mor-
phology can be obtained in flame spray pyrolysis
such as for ZnO/silica [90], zinc silicate [91] and
ceria/zirconia [92]. Especially in the latter example,
Stark et al. [92] highlighted the importance and
specifics of the exothermal reaction of the precursor
solution when using carboxylic acid mixtures, where
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the preg@r@or&(ﬁlposmon offered a very fast precur-
Sogéterﬁv%ﬂy@f)y the sudden onset of decarboxylation.
a/zirconia system was tested for its oxygen
extxflange capacity [93] and was later modified with
dopants [94]. Precise control of process and product
powder characteristics enabled the formation of zinc-
oxide quantum dots [95] and the simultaneous dep-
osition of noble metals on the formed ceramic
particles, for example, gold on silica and titania [96]
and platinum or palladium on alumina and titania [45,
97, 98] (see Figure 4). It was further shown that pre-
cise control is not restricted to lab-scale reactors and
that even at production rates up to 1.1 kg/h, particle
sizes and morphology can be closely controlled [99,
100] (see Figure 5).

Fig. 4 HRTEM-image of 7.5 wt% Pt on open structured-alumina
made by the single-step flame spray pyrolysis (courtesy of
R. Strobel, adapted from Strobel et al. [45]).

26 cm

Fig. 5 Spray flame producing 250 g/h of silica (specific surface
area of 96 m?/g) from a 1.26 M HMDSO/ethanol solution
(courtesy of R. Mueller, adapted from Mueller et al. [99]).
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2.5 Plasma-supported spray processes for
nanoparticle synthesis

One important technique for pyrolyzing liquid pre-
cursor droplets to obtain nano-structured materials is
plasma assisted droplet to particle conversion. These
processes differ from the previous methods in terms
of a closed (non-ambient) reactor design and signifi-
cantly higher set-up expenditure and will therefore be
mentioned only briefly here. Similar to conventional
spray pyrolysis, the energy source is located ex-
ternally of the reactor (mainly radio frequency in-
ductively coupled or microwave cavity plasmas).
Although the external energy source enables the uti-
lization of a wide range (mainly aqueous) of precursor
solutions, at the same time high energy densities
from the plasma are required, leading to solvent evap-
oration (or droplet disruption), precursor conversion
and particle formation. Consequently, all reported
products are nano-grained powders with high crys-
tallinity comprising a wide range of metal ceramics.
Detailed overviews of the technique are given by
Suzuki et al. [16], Vollath and Sickafus [101] and
Hasegawa et al. [102]. The technology is also used
commercially (e.g. for zinc oxide), while the reactor
design focuses mainly on the utilization of pure metal
precursors rather than spraying metal-containing
solutions.

3 Applications of powders produced by spray
pyrolysis methods

Spray pyrolysis in its different forms as introduced
in Sections 2.1 to 2.4 finds application in various fields
of modern technology. The high specific surface area,
texture, morphology, crystal structure, composition,
purity and environmental benefits (minimal liquid
wastes) can be advantageous compared with powders
prepared by wet chemical methods. Furthermore, the
ability to produce nano-structured materials of single
oxides, mixed oxides, and noble metals on ceramic
supports has broadened the potential range of appli-
cations. Table 1 gives a structured overview of the
application for the examples described in Sections 2.1
to 2.4. Applications are categorized in the fields of
ceramics, electronics, optics and catalysis. The mor-
phology of the powders, mainly divided here into hol-
low and solid particles, is crucial for most of the
applications and special attention is paid to this prop-
erty in Table 1.

There is a broad variety of applications and specific
powders made by ambient pressure spray processes,
and only a small selection is given in Table 1. How-
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Tab%@QSuamgry of Sections 2.1-2.4
K (\(\'0‘ Application Pr $/Morphol. Referen
@G‘ . ﬁ\.@'éneral Specific Remarks ocess®/Worphology elerence
?\QO ¥ Ceramic AL0,, CaALO, SP/m Roy et al. [33]
O$ Ceramic Al,O4 FSP/n Sokolowski et al. [73]
\(\ Ceramic MgO SP/m Gardner and Messing [35]

Ceramic YSZ SP/m Pebler [38]
Ceramic MgAl,O4 FSP/u Bickmore et al. [29]
Ceramic MgO, Zr0,, YSZ FSP/m,u,n Karthikeyan et al. [75]
Ceramic (MeAl,0,) with Me=Mg, Ca, Ba, Sr FSP/u/n Narayanan and Laine [80]
Ceramic YSZ FSP/m Yuan et al. [76]
Ceramic TiO, FSP/u/n Bickmore et al. [77]
Ceramic MgO, YSZ; sugar solution VFSP/n Helble [30]
Ceramic Zr0,, Al,O3 ECM/m/h Takatori et al. [68]
Ceramic SrO - Al,O3 - 2 Si0, FSP/u Laine et al. [82]
Ceramic 3 ALL,O3 - 2 Si0, FSP/u Baranwal et al. [81]
Ceramic Zr0,, Al,05; high production rate FSP/u Kilian and Morse [85]
Ceramic ZrO, VFSP/u/n Limaye and Helble [62]
Ceramic Si0, FSP/n Midler et al. [74]
Ceramic SiOy; high production rate FSP/n Mueller et al. [99]
Electronic Ferrite and chromite powders SP/m/u/n Ruthner [34]
Electronic YBaCuO SP/m Kodas et al. [58]
Electronic BaTi0s3, SrTiO; SP/m Nonaka et al. [40]
Electronic YBaCuO VFSP/m Zachariah and Huzarewicz [57]
Electronic y-Fe,03 SP/h/u/n Gonzalez-Carreno et al. [37]
Electronic y-Fe,03; energy supply from the liquid VFSP/n Grimm et al. [60]
Electronic BaTiO; VFSP/m/u Brewster and Kodas [61]
Electronic Na1_57A]m_(;7Li ().33016.33 FSP/U Treadwell et al. [78]
Electronic BaTiO; SP/m Ogihara et al. [39]
Electronic Pt on SnO, SP/m Cabanas et al. [46]
Electronic BaTiO; ECM/m/h Tani et al. [70]
Electronic (Ba(_xSry) TiOs3, NiO, ZnS; salt-assisted SP/u/n Xia et al. [50]
Electronic Au ECM/n Bonini et al. [72]
Electronic Zn0 FSP/n Tani et al. [86]
Electronic Biy, 03 FSP/n Midler and Pratsinis [87]
Electronic Zn0/Si0, FSP/n Tani et al. [90]
Electronic Au on TiO, and SiO, FSP/n Midler et al. [96]
Electronic Sn0, FSP/n Sahm et al. [47]
Optics Y,05: Eu SP/m Kang et al. [42]
Optics Y,SiOs : Th SP/m Kang et al. [41]
Optics Co, Cu, Ag VFSP/m/h Gross et al. [65]
Optics Y,0;: Eu VFSP/m Kang et al. [63]
Optics SrTiOs: Pr VFSP/m Kang et al. [64]
Optics Zn,Si04 : Mn SP/m Lenggoro et al. [43]
Optics (Y (1-x—y YbsRe,),05 with Re=Er, Tm and Pr FSP/u Laine et al. [83]
Catalysis NiMn,Oy4, SrMnO4 VEFSP/n Kriegel et al. [59]
Catalysis Pt, Ag, Ir, Sn on Al,O3 SP/m Moser et al. [44]
Catalysis CeO, SP/m Vallet Regi et al. [48]
Catalysis CeZri—x02 ECM/m/h Takatori et al. [68]
Catalysis Si0,, specific topology SP/m Luetal. [51]
Catalysis CeO, FSP/u Laine et al. [82]
Catalysis CeO,, salt-assisted SP/u/n Xia et al. [49]
Catalysis Pt VFSP/n Oljaca et al. [66]
Catalysis CeO, FSP/n Midler et al. [88]
Catalysis Pt on TiO, FSP/n Stark et al. [97]
Catalysis CexZri-x 0> FSP/u Sutorik and Baliat [84]
Catalysis CeZri—x02 FSP/n Stark et al. [92]
Catalysis Si0;, Al,O3/CeyZr1-x 02 FSP/n Schulz et al. [94]
Catalysis Pt on Al,O3 FSP/n Strobel et al. [45]
Catalysis Pd on Al,O3 FSP/n Strobel et al. [98]
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SSP=Spray pyrolysis using tubular reactor; VFSP=Vapor-flame-supported spray pyrolysis; ECM=Emulsion combustion method; FSP=Flame
spray pyrolysis; m=micron-sized aggregate (larger than 500 nm) composed of nano-crystallites (smaller than 100 nm); h=hollow particles;
u=powders with distinct primary particles below 100 nm; n=powders with distinct primary particles below 20 nm
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oxides. It should be noted that powders with distinct
primary particles below 20 nm are only produced
when the liquid feed supplies the reaction energy to
the reactor, as for example in exceptional cases of
VESP by Kriegel et al. [59], Grimm et al. [60], and
more generally in FSP. Another point to note is that
most of the techniques were first introduced 30 years
ago, while it is only in the last four years that research
has intensified in this area, driven by the increasing
demand for functional nano-structured materials. This
can further be seen in the pertinent patent literature
(not reviewed here) as well as in the flourishing of
commercial activity in this area.

4 Future directions

The capabilities and know-how of gas-phase synthe-
sis were successfully transferred from classic vapor-
fed flames to liquid-fed aerosol reactors, enabling the
one-step production of demanding and highly func-
tional products. Such aerosol-derived nano-structured
metal oxides, mixed metal oxides and metals on metal
oxides find application in the fields of catalysis, sen-
sors, fillers, and electronics, and have advanced the
research and development of these reactors in recent
years. However, in the process of synthesizing these
materials and controlling their functionality, many
questions remain open. Examples include the forma-
tion mechanisms of mixed structures, such as two or
multiple mixed oxides or metals on a metal oxide, fur-
ther the formation of hollow structures in comparison
with solid ones. Current research is addressing these
questions with spatially resolved diagnostic methods
to obtain droplet, gas and product kinetics in these
complex multiphase systems. Such understanding will
only be achieved by the combination of theoretical
analysis and experimental data. In theoretical research,
the challenge is the adaptation of established models,
such as for nanoparticle growth in vapor(gas)-fed
flames or droplet combustion in engines. The chem-
istry involved during the transformation of the dis-
solved precursor to the first stable clusters is probably
one of the keys in further understanding this tech-
nology.

For numerous applications, coatings are applied to
nanoparticles in order to improve their functionality.
Modern sun creams make use of titania nanoparticles
which absorb light in the ultraviolet region of the sun-
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light spectrum and are small enough in size to avoid
the scattering of visible light. However, in order to
reduce photocatalytic activity and to improve the
compatibility of the particle surface when immersed
in liquid or solid matrixes, silica coatings are added.
New protective coatings for optical filtering and ther-
mal barriers, nano-structured polymers, and catalysts
are already starting to enter the market. Nano-struc-
tured coatings show good corrosion/erosion resis-
tance and could be used as possible replacements for
environmentally troublesome chromium-based coat-
ings. Coatings also assist the blending of materials
such as boron nitride which has a very high thermal
conductivity, making nanoparticles of this kind of
material interesting for heat conduction in electronic
devices. Here, the surface inertness has to be over-
come by an alumina surface coating before embed-
ding into the epoxy matrix.

Another largely unexploited field in this area is the
direct utilization of as-produced particles being sus-
pended and well-dispersed as an aerosol. Further
processes such as immobilization and controlled
deposition offer many exciting possibilities for further
modifying the particles and new technologies of this
kind are close at hand.

5 Summary

The utilization of liquid-fed reactors for the aerosol-
based production of nano-sized powders has been
reviewed. Growing awareness of the potential of
aerosol processes and the increasing demand for
functional metal oxides, mixed metal oxides and met-
als on metal oxides has driven the research and devel-
opment of these reactors in recent years. The four
main spray methods, namely spray pyrolysis in a
tubular reactor (SP), spray pyrolysis using a vapor
flame reactor (VFSP), the emulsion combustion
method (ECM) and flame spray pyrolysis (FSP),
were discussed and main concepts were compared
such as the energy source driving the solvent/fuel
evaporation and precursor reaction. Strategies for the
production of homogeneous products were presented
in context with existing methods and specific applica-
tions.
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Abstract

Pull-off forces were measured using the vibration method at 30-50% relative humidity for glass
and tin spheres on a variety of substrates. The results were compared with those obtained through the
colloidal probe technique. Both methods show good agreement for small particle sizes. Since the
vibration method causes sinusoidally alternating stresses, the method yields detachment and contact
forces between particles and substrate of the same order of magnitude. Alternating contact forces of
the vibration method can cause an increase in the adhesion force through flattening of asperities,
which also depend on the surface roughness and the mechanical properties of particle and substrate.

Pull-off force measurements with the colloidal probe technique and special attention to the influ-
ence of the contact force also show an adhesion force intensification with increasing contact forces
depending on the surface roughness. No significant adhesion force intensification caused by increas-
ing contact time to 30s at several contact forces was observed. For theoretical predictions based on
van der Waals adhesion, an approach presented by Rabinovich and approximations of plastic micro-

asperity flattening were combined.

1 Introduction

The accuracy of dosing procedures with fine pow-
ders in the pharmaceutical industry or the removal of
abrasive particles after polishing operations are exam-
ples for industrial operations which are significantly
influenced by adhesion phenomena in particle-wall
systems. Such adhesion phenomena can arise from
several adhesion mechanisms such as van der Waals
adhesion, capillary or electrostatic adhesion forces,
whose intensity depends on the topography, the
chemical composition of the interacting surfaces,
environmental conditions such as relative humidity
and temperature, and the stresses between the sur-
faces in contact in combination with their mechanical
properties.

Different techniques have been developed to mea-
sure the adhesion forces between particles and sub-
strate. The so-called “colloidal probe technique” [1,

* 67653 Kaiserslautern, Germany
**(01062 Dresden, Germany
T Accepted: August 26, 2004
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2], based on the atomic force microscope (AFM) [3],
and the centrifuge technique [4, 5] have become well-
established tools for studying adhesion forces. The
vibration method [6, 7] with its technical conversion
described later represents a complementary and prac-
tical method for the measurement of adhesion forces.
Its alternating detachment and contact forces have a
practical counterpart in the dynamic stresses acting
on particles during frequently used operations of
process engineering.

The paper presents adhesion force measurements
between particles and rough substrates obtained
through the vibration method at room temperature
and moderate relative humidity between 30% and 50%.
Under these ambient conditions, van der Waals adhe-
sion represents the dominating adhesion mechanism.
The results of the vibration method are compared
with those obtained by the colloidal probe technique.
We focus on the influence of surface roughness and
contact forces on adhesion forces, while taking defor-
mations of micro-asperities through alternating con-
tact forces of the vibration method into account.
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$?~ méﬁsured using the vibration method and the col-

loidal probe technique (Nanoscope 3A, Digital Instru-
ments, USA). The topography and surface roughness
of the particles and substrates were characterized
using tapping mode AFM (Nanoscope 3A, Digital
Instruments, USA) and SEM (Gemini 982, Zeiss, Ger-
many). Mode shape and acceleration of the vibrating
surface were measured spectrally with a laser-scan-
ning vibrometer (PSV 200, Polytec, Germany).

2.1 The vibration method

The measuring principle of the vibration method,
first described by Deryaguin [6], is based on particle
detachment from a vertical-sinusoidally vibrating sur-
face caused by its inertia at a certain acceleration.
Therefore, the vibration of the substrate not only
yields a detachment force to overcome the adhesion
force, but also causes contact forces between particles
and substrate of the same order. Particle detachment
events are continuously recorded and correlated with
acting acceleration and particle mass, allowing the
pull-off forces to be calculated.

2.1.1 Technical conversion

Our technical conversion differs in several aspects
from that of Deryaguin. The use of a laser-scanning
vibrometer (LSV) for the spectral measurement of
the mode shape and acceleration of the vibrating sub-
strate can be seen as the main difference. Figure 1
shows the experimental set-up for the measurement
of adhesion forces between particles and substrate. In
contrast to our earlier investigations [7], the sinu-
soidal oscillation of the substrate is realized by a pre-
loaded open-loop ultrasonic piezo actuator (UPA 25,
US 100, LC 100; Cedrat Technologies, France) with
adjustable frequency and excitation voltage as well as
a temperature sensor. The test substrate (5X5 mm) is
mounted above an adapter which is attached to the
actuator over a prestressed screwed fastening and a
small amount of epoxy resin, thus preventing addi-
tional vibration modes between the three components.
The actuator provides a maximum acceleration of
approximately 100000 g at its resonance frequency,
which also depends on the actuator temperature and
the mass of the mounted substrate. For that reason,
the acceleration calibration of the sinusoidally oscillat-
ing substrate was carried out as a function of the exci-
tation voltage U, and actuator temperature at fixed
frequency f as shown in Figure 2.
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Single particles were placed on the substrate using
gentle sieve vibration to disperse the particles from
the powder, avoiding any appreciable triboelectrical
loading. The actuator with the mounted substrate was
placed at the end of the laminar inlet zone of a
grounded aluminium flow channel with rectangular
cross-section over a drilling at the bottom side of the
channel. With increasing acceleration of the substrate,
the acting detachment force exceeds the adhesion
force. Particle detachment events are continuously

"ol w
’ flow channel % 3
| —
; 1 3
Fig. 1 Experimental set-up: (1) oscillation system with attached

substrate; (2) optical unit with microscope, CCD camera
and image analysing software; (3) compressed air with
Tyew=—60°C; (4) laminar flow box; (5) climatic exposure
test cabinet and flow channel (LXWxH : 1700x40%x4 mm).
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Fig. 2  Acceleration calibration curve ag;,(Ue) of an electropol-
ished stainless steel substrate. Additionally, the frequency-
dependent course of ag,;,(f) and the heating of the actuator
as a function of the excitation voltage T(U,) at fixed fre-

quency are plotted.
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rec td%d gq?gugh a glass plate attached over the sub-
6étl%t@cﬁpthe top side of the flow channel with a micro-
ﬂ“ We (Axiotech, Zeiss, Germany), a CCD camera and
an image analysis software (Image Pro Plus, Media
Cybernetics, USA). For horizontal dislocation of de-
tached particles, the substrate is exposed to a lami-
nar air flow (Reuanne=1514) parallel to the substrate.
The air flow was cleaned and conditioned with a lami-
nar-flow box (VMK 06.15, Steag, Germany), a climatic
exposure test cabinet (KPK 200, Feutron, Germany)
and a frequency-controlled fan. Optionally, compressed
air with a dew point temperature of Tyew=—60°C can
be used to realize very low relative humidity condi-
tions. Flow rate, air temperature and humidity were
measured continuously with a mass flowmeter (3063,
TSI, USA), and a humidity sensor (FH A646, Ahlborn,
Germany). Velocity profiles over the channel cross-
section at different air flow rates were quantified with
a hot-wire probe (8465, TSI, USA).

The adhesion force between particle and substrate
can also be measured using particle re-entrainment
in a turbulent air flow. In this case, a turbulent flow
regime parallel to the nonvibrating surface is used to
apply drag and lift forces to the adhering particles.

2.1.2 Principle of force measurement

Figure 3 shows a schematic diagram of the forces
acting on a single particle exposed to a laminar air flow
and adhered to a sinusoidally oscillating surface. Par-
ticle re-entrainment caused by fluid forces is deter-
mined by the stresses within the linear sublayer of
the laminar flow (Regnna=1514). The estimation of
acting lift (Fyx) and drag (Fung) forces for a particle
fully submerged in the linear sublayer in contact with

ﬁF]ift

Fdelach (wt)

Feontact (@1)

substrate Fag, Fyrav

Fig. 3 Forces acting on a single particle exposed to a laminar air
flow and adhered to a sinusoidally oscillating substrate
(schematic).
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a wall based on approaches by Leighton [8] and
O’Neill [9] is described in detail by Hein et al. [7].
Under the given laminar flow conditions and particle
size range, the contribution of both lift and drag
forces to particle detachment as well as the gravita-
tional force are negligible in relation to the adhesion
forces and detachment forces. This was confirmed by
force measurements with particle re-entrainment in a
turbulent air flow at the same particles and nonvibrat-
ing substrates under otherwise unchanged environ-
mental conditions. Under laminar flow conditions,
fluid forces are only used for the horizontal disloca-
tion of detached particles.

The maximum detachment force Fye,cn and contact
force Feontact are sinusoidally alternating inertial forces
of the same order of magnitude acting on the particle
at the top and bottom dead centre of the sinusoidally
oscillating substrate.

w:detach = EcontactD (1)

Hence, the acceleration of the particle acts in the
direction opposite to the acceleration of the vibrating
surface, which is given by:

aqub () =—ap(t) @

The absolute value of the maximum detachment
and contact force results from the particle mass and
the acceleration of the sinusoidally oscillating sub-
strate at particle detachment, which is measured and
calibrated with the LSV (Laser-scanning-vibrometer)
as described in Section 2.1.1.

w_“detach D: Econtact D: @subu mp (3)

The mass of a spherical particle is calculated from
its projected area and density. A simplified force bal-
ance at the top dead centre of the sinusoidally oscil-
lating substrate under the assumptions of negligible
small fluid forces permits calculation of the pull-off
force between particle and substrate as follows:

Fetach =Fad (4)

The maximum contact force acts on the particle at
the bottom dead centre. Its order of magnitude can be
approximated under the assumption of an additive
superposition of adhesion force and contact force [10]
and substituting F,q and Feonwet from Eq. (1) and (4).

Fcontact_max =~ Fad + F contact = m?detach B'I' Fcontact =~ 2 N u:detach D

®

2.2 Comparison with other methods
As discussed in Section 1, the adhesion force and
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the interacting surfaces. This leads to a wide range of
reported values for adhesion between the same par-
ticle-substrate system depending on the technique
employed. In the light of this aspect, we give a brief
comparison of the colloidal probe technique, centri-
fuge method and vibration method.

The measuring principle of the vibration method
causes alternating detachment and contact forces of
the same order of magnitude at the top and bottom
dead centre of the sinusoidally oscillating substrate.
In contrast, the colloidal probe technique or the cen-
trifuge method apply a uniform and incremental de-
tachment force to the particles and a contact force
can be applied independently, just before particle
detachment.

The maximum rotational speed of the ultra-cen-
trifuge and the maximum oscillation amplitude of the
sinusoidally oscillating piezo actuator limits the maxi-
mum detachment force especially for the vibration
method. Depending on the acting adhesion force, par-
ticle density and the optical acquisition of the single
particles, measurements with both methods are re-
stricted to a minimum particle size of a few micro-
metres. Since the particles cannot be monitored
continuously during the increase of the centrifuge’s
rotational speed, the precise moment of particle de-
tachment events or the precise adhesion force cannot
be determined. In most cases, the centrifuge must be
stopped after each run at constant centrifugal acceler-
ation. Since the attachment of particles to the AFM
cantilever is usually done using micromanipulators
under an optical microscope, the minimal particle size
is limited to approximately 1 pum [11]. This compara-
tively tedious and high effort for sample preparation
also limits the number of separate particles used
within one study for practical reasons [11]. In contrast,
the centrifuge technique and the vibration method
usually measure the detachment force between vari-
ous particles at different substrate locations in a sin-
gle experiment, resulting in good statistical evaluation
of the data. The colloidal probe technique allows the
use of the same particle for several experiments at dif-
ferent substrate locations, and the particle surface
topography can be subsequently examined. A further
difference can be seen in the contact time between
particle and substrate before particle detachment.
With the centrifuge technique and the vibration
method, the interacting surfaces usually remain in
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contact for more than 1 minute, whereas the colloidal
probe technique normally uses a measuring fre-
quency of 1 Hz for repeated force measurements.

3 Test Particles and Substrates

Adhesion force measurements were carried out for
glass spheres (Potters-Ballotini, UK), and tin spheres
(Nanoval, Germany) on ground and electropolished
stainless steel substrates (Lehrstuhl fiir Maschinen-
und Apparatekunde, TU Miinchen, Germany) as well
as a silicon wafer substrate (Institut fiir Halbleiter-
und Mikrosystemtechnik, TU Dresden, Germany).
The topography and surface roughness of the test
particles and the substrate were characterized by
SEM (Figure 4, Figure 5) and AFM (Figure 6).
Particles and substrates were cleaned with ethanol in
an ultrasonic bath, rinsed in deionised water and
dried in an exsiccator. The substrates were addition-
ally cleaned carefully with a low-pressure stream of
compressed air before each measurement. Further
attempts to clean the surfaces were not made to match
its practical use. Table 1 presents relevant material
properties and results of the AFM roughness analysis.

3.1 Roughness analysis of particles and
substrates

The root mean square roughness (rms) represents
one possibility of quantifying the surface topography
by means of an average value. This standardized
roughness parameter was incorporated by Rabinovich
[12] into the classic approach of Rumpf [13], to ac-
count for roughness effects on van der Waals adhe-
sion (see Section 4). Since the rms values themselves
do not indicate the frequency of the roughness or
their characteristic peak-to-peak distance between
the asperities, it is dependent on scale. Further ap-
proaches have been developed to account for this
dependency and an asperity shape differing from the
hemisphere [12]. Especially for real, technical sur-
faces with inhomogeneities caused by the manu-
facturing process, determination of the dominating
roughness scale(s) and their associated roughness
parameters out of a three-dimensional surface topog-
raphy remains demanding. The box plot of the rms
roughness against the scanning area allows informa-
tion to be extracted about the dependency of the sur-
face roughness on scale, taking variations of surface
roughness caused by the manufacturing process into
consideration. Figure 7 shows the relationship between
rms roughness and the area of scanning for stainless
steel substrates and particles measured by AFM at
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Fig. 4 SEM images of tin particles placed on an electropolished stainless steel substrate (left) and of tin particles placed on a ground stainless
steel substrate (right).

Fig. 5 SEM images of a tin particle attached to an AFM cantilever (left, MPI for Polymer Research, Mainz) and glass spheres on a PET sub-
strate (right).

Fig. 6 AFM images of 20x20 pum area with a vertical scale of 3000 nm/division of electropolished (left) and ground stainless steel substrate
(right).
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Table 1@§<®a ureﬁi% erage surface roughness rms and material
r‘g_R@tles of particles and substrates
\{\v

glass spheres | Fig. 7 1.1 0.2 24 10 70

silicon wafer

substrate ~013| 2.02 0.27 - 13 130

ground
stainless steel
substrate

Fig.7 | 232 0.29 - 12 200

ground
stainless steel
substrate

Fig.7 | 2.32 0.29 - 12 200

various positions. Depending on the asperity distribu-
tion and size, the scanned surfaces show an increase
in rms roughness with increasing scanning area tend-
ing toward a characteristic maximum rms roughness.
Similarly, a characteristic minimum scanning area
exists, where only a nanoscopic roughness scale is
dominant, as described previously by Kiely [14].
Despite the large variations in surface roughness for
the ground stainless steel substrate, a significant
reduction in rms roughness for very small scanning
areas can be observed. This possibly indicates the
existence of a “microscopic” roughness within the
macroscopic dimension. Owing to its dependency on
scale, use of the rms roughness in the approaches
presented by Rabinovich raises the issue of a proper

radius [pum] of the area equivalent scanning area

0.1 1
grinded stainl. steel -
ez electropolished stainl. steel
100 1 tin particles 100
= XA glass particles
K= ORI T I S I
2
E 10 10
2
=
2
|2}
E 1 1
0.1 ; \ —1 0.1
0.1 1 10
length [um] of the quadratic scanning area
Fig. 7 rmsroughness analysis for ground and electropolished
stainless steel substrates and tin and glass particles at dif-
ferent scanning areas and different positions calculated
from AFM images.
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choice of the scanning area to reflect the topography
of the interacting surfaces in the real area of contact
during force measurements.

4 Prediction of Adhesion Forces

A number of approaches exist for the prediction of
particle-substrate interactions for ideally smooth
surfaces, based on van der Waals adhesion [15], or
derived from surface-energy-based approaches such
as Derjaguin-Muller-Toporov (DMT) [16], or Johnson-
Kendall-Roberts (JKR) [17] adhesion theory. The
DMT and JKR theory take the elastic flattening effect
into account. A major drawback towards the applica-
bility of the DMT and JKR model lies in the need for
an estimation of surface energy. Surface energy val-
ues vary depending on the source and its measure-
ment technique, since influences of surface roughness
or plastic deformation are often coupled within the
surface energy parameter [18]. For a van-der-Waals-
based approach, the fundamental interaction para-
meters are much better established. Although not
accounting for polar forces, it can be assumed that the
major contribution to surface energy results from van
der Waals attraction.

With real surfaces, the roughness influence on the
real area of contact and the magnitude of the force of
adhesion limits the application of these models. A pos-
sibility of overcoming this problem is by simulating
the influence of roughness on the force of adhesion,
based on the local topography and chemical compo-
sition of the interacting surfaces [19, 20]. Other
approaches try to quantify the surface topography by
means of average values. Rabinovich [12] incorpo-
rated the rms roughness in the approach by Rumpf
[13] to account for the effects of hemispherical asperi-
ties on van der Waals adhesion:

P Ay -dp ] 1 + 1
vaw 12-a8 |14 dp (1+1.48-rms)2
2.97-rms; a

©)

The effective Hamaker constant A;, between mater-
ial 1 and 2 in vacuum can be calculated from the indi-
vidual Hamaker constants of the adhesion partners as
follows:

Ap= m (7)

The effective rms;, roughness of the interacting
surfaces is calculated from the rms values of the sub-
strate rmsg,, and the particle rmsp (Fig. 7), assuming
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This approach was enhanced repeatedly to account
for an asperity shape differing from the hemisphere,
superposition of roughness scales and finally elastic
flattening of asperities [12], resulting in closer predic-
tions of experimental adhesion values. On the other
hand, these approaches are associated with more
roughness parameters whose prediction might be
complex and prone to subjective error, especially for
anisotropic surfaces stemming from the manufactur-
ing process. In the light of these findings, we use the
approach of Eq. (6) in combination with a statistical
and scale-dependent roughness characterization (sec-
tion 3.1) of the particle and substrate to account for
the topography of the interacting surfaces in the real
area of contact. This should allow for the prediction of
adhesion forces with a minimum of individual inter-
pretation error during roughness characterization of
the surfaces.

4.1 Influence of contact forces

Since the vibration method causes alternating de-
tachment and contact forces of the same order of
magnitude, the influence of contact forces on the
adhesion forces should be regarded. According to
Rumpf and co-workers [14], an adhesion force intensi-
fication caused by the elastic flattening of micro-
asperities is only possible through an increase of the
points of contact, however, a visco-elastic [21] or plas-
tic flattening of the contact area can also intensify the
adhesion force.

An estimation of plastic deformation can be based
on various criteria. Kogut [22] and Maugis [23] sug-
gested a comparison of a critical flattening or a criti-
cal contact radius with the corresponding elastic
values. Depending on the degree by which the critical
value is exceeded, elastic or elasto-plastic deforma-
tions take place. Rumpf [14] proposes a comparison
of the contact pressure and yield strength Y or mater-
ial hardness H to detect the elasto-plastic or plastic
deformation of the contact area.

To consider the effect of micro-asperity plastic flat-
tening on van der Waals adhesion we combine the
Rabinovich approach (Eq. (6)) together with an esti-
mation of plastic deformation by Rumpf. Because of
the mechanical properties of the adhesion partners
(Table 1), we discuss in all cases the adhesion
between a soft, deformable particle and an approxi-
mately rigid substrate. Under this assumption, micro-
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asperity plastic flattening can be considered to be a
plastic flattening of the particle hgy e expressed
through a modified effective roughness rms;s pjas in
Eq. (6):

IMS12_plastic= \/(I‘mSp hflat plast) +rm55ub (9)

Assuming only normal stresses and elastic contact
at the circular interface between a smooth soft parti-
cle and a smooth rigid substrate, the contact pressure
distribution peontact@ over the contact radius r, the
maximum elastic contact radius rqnie: and the elastic
flattening hy, for a given contact force Fopact can be
estimated with the Hertz theory [24].

2

S'Fcontact' 1- T .
Pcontact (I' ) = . (10)
2.1 rgontact
Feontact - d
3 _ contact * Up 11
IContact 9. Kelast (EP’ Esuby Vp, Vsub) ( )
. 2 ~
hp= 2+ Teontaet 12

dp

According to Rumpf [14], the maximum contact
force Feontact max consists of the adhesion force of the
unstressed system and the external contact force
Feontact- In the case of the vibration method, the maxi-
mum contact force Fioptact max can be estimated with
Eq. (5). For the condition

Pcontact (r, Fcontact_max) 2HP (13)

a plastically deformed contact radius reontact plast
(Peontact=Hp) and a plastic flattening hyjs st 0f the
particle can be calculated, rewriting Eq. (10) and sub-
stituting reontact in EQ. (12) bY Ceontact plast- For real sur-
faces, roughness will decrease the real area of contact
Aontact=2 - Tl 12t and thus increase the contact
pressure, resulting in a stronger plastic flattening.
One attempt to account for this effect, considering the
deformable particle only, uses the bearing function
available in the standard software of the AFM. This
function uses AFM topography images to calculate
the ratio a,.,(h) of the real contact area A,., to the
scanning area A ., dependent on the height h of the
roughness profile, and is therefore also dependent on
scale. Figure 8 exemplifies a bearing analysis for the
flattened AFM image of the spherical cap of a tin par-
ticle.
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scann

™ ﬂns ratio a,.u(h) can be incorporated in Eq. (10) to

estimate the real contact pressure in dependency of
maximum contact force Feoptact_max and elastic flatten-
ing hyja.

3- Fcontact . 1 _( r )2

\ Teontact

Pcontact_real (r) = (1 5)

2
Areal (hflat) 2. T'contact

The further procedure for estimation of the plastic
flattening hpe plast 0f the particle described above,
which is incorporated in Eq. (9), remains identical.
The consideration of the real area of contact leads to a
nearly complete plastic deformation of the contact
area calculated with the Hertz theory with Eq. (11)
and (12).

08 f f
0:4 | // _____ hﬁ
B} L/ﬁe/ /// //// % ba”j 7

height h [nm]

Areal [ - ]

Fig. 8 Bearing analysis for a tin particle based on a flattened
AFM image of 250250 nm area and schematic of the
bearing procedure (lower right picture).

5 Experimental Results and Discussion

The results of the vibration method represent the
pull-off forces between various particles, each at dif-
ferent substrate locations. In contrast, the results of
the colloidal probe technique (referred to as AFM)
represent either repeated measurements between
one particle at the same substrate location (referred
to as 1 location) or at 200 different locations of the
substrate (matrix). For a theoretical prediction based
on van der Waals adhesion, we used the Rabinovich
model of Eq. (6). To account for the variations in sur-
face roughness of different particles and substrate
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locations, an upper and lower limit of the theoretical
adhesion force was calculated. The lower limit was
computed using the 90% percentile of particle and
substrate rms roughness in Eq. (8), whereas for the
upper limit, the 10% percentile (upper and lower error
bar in Fig. 7) was used. Based on estimations of the
circular contact area between particle and substrate,
with Eq. (11) we assume the box plot at 75X75 nm
scanning area in Fig. 7 to be the best representation
of the contact area. The effect of micro-asperity plas-
tic flattening at the particle, caused by alternating
contact forces of the vibration method, was considered
through the modified effective roughness rmsis_plast
of Eq. (9), taking into account a reduced area of con-
tact stemming from surface roughness as described
in Section 4.1. For theoretical predictions of the maxi-
mum contact pressure force Feontact max 0f Eq. (13), we
used twice the van der Waals adhesion force Fyqw of
the unstressed system of Eq. (6) as described in Sec-
tion 2.1.2, assuming particle detachment for [FyqwiE
[Faetach ] Faetach B=Feontacc Jand w“contact_maxﬁz Fyaw 3 Feontact
The surface-energy-based approaches of DMT as well
as JKR overestimate the measured values.

5.1 Tin particles on electropolished stainless
steel substrates

Pull-off forces for tin spheres on an electropolished
stainless steel substrate are shown in Figure 9.
The colloidal probe technique (AFM) (Lehrstuhl fiir
Maschinen und Apparate Kunde (MAK), TV Miinchen)
and vibration method show relatively good agreement.
For small particle sizes, the results of both methods
are for the most part within the range defined by the

5 10 15 20 25
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o 600 —+—+—+—+—1T++++1++%+ 1 ++++71600
2 CTO-CT - CIO-C T I el e - CTI-CTI]
L N T R S S i - !J;'ij7 i37;$:
= ) . N

S 40 e T e gt T 111400
= [T T T [eled_ A4 [T 1T
= N O R S O Iy S ) BRSO = s
i ) ”W*fﬂ*ﬁ‘f*

200 T e Ay s A A
T M .S N O T O S ke e
ﬁﬁ:ﬁmﬂ7+47k+f
= s s sl e sl s
5 10 15 20 25

particle diameter [um]
Fig. 9 Pull-off force for tin spheres on electropolished stainless

steel substrates and predicted upper and lower limit of van
der Waals adhesion using Eq. (6) with rms;s_ypper=0,54 nm
and rms;s jower=1,05 nm of Eq.(8) and rms;_pasic of Eq. (9).
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é@% entile of particle and substrate rms rough-

s'in Eq. (8) as a lower and upper limit of the pre-
dicted van der Waals adhesion force. With increasing
particle size, the adhesion forces measured with the
vibration method exhibit a stronger increase than pre-
dicted, showing a tendency to lower rms roughness
values of the harder substrate with the higher Young’s
Modulus and hardness. Since the vibration of the sub-
strate also causes contact forces between particle and
substrate of the same order, higher adhesion forces
and particle diameters represent higher contact
forces. It is therefore possible that micro-asperities of
the tin spheres with the comparatively lower Young’s
Modulus and hardness undergo an increasing flatten-
ing with increasing particle diameter, whereas the
harder asperities of the substrate remain unchanged.
This would result in a lower rms value which corre-
sponds to a more intimate contact and an increase in
adhesion force. To consider possible micro-asperity
plastic flattening, the modified rms value rms;s pastic
of Eq. (9) was used in Eq. (6). Especially for higher
particle diameters and contact forces, the adhesion
force intensification observed with the vibration
method cannot be explained by plastic flattening only.
Further reasons for this effect might be seen in an
increase in the points of contact caused by rearrange-
ments and elastic flattening of the particle not incor-
porated in the approach. Furthermore, the influence
of the high-frequency alternating stresses might pre-
vent a relaxation of the elastically flattened asperity,
causing a kind of visco-elastic behaviour. Pull-off force
measurements with the colloidal probe technique at
an elevated measuring frequency of 5 Hz presented
by Zhou [25] showed a significant adhesion force
intensification with increasing measuring sequence.
Resonant particle oscillation before particle detach-
ment might be another source of adhesion force
intensification. It can be caused by sinusoidally alter-
nating elastic deformation of micro-asperities through
high-frequency alternating detachment and contact
forces of the vibration method for Fignesion™Faetach-
Estimations of this effect based on approaches by
Ziskind [26] will be presented elsewhere.

Figure 10 shows successive pull-off force mea-
surements for two tin particles on an electropolished
stainless steel substrate under variation of the contact
force measured with the colloidal probe technique
(MPI for Polymer Research, Mainz, Germany) at 1 Hz
measuring frequency. The measuring sequences tend
toward increasing adhesion force with increasing
contact force. Variations in the surface roughness of
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Fig. 10  Pull-off force for two tin particles on electropolished

stainless steel substrates under variation of the contact
force measured with the colloidal probe technique (parti-
cle 2 measured at 2 different substrate locations; particle
4 measured at the same location).

particle and substrate dependent on the substrate
location influence the intensity of this effect and
cause variations in the measured pull-off force for
equal contact forces. Variations might also be attrib-
uted to impurities remaining on the adhesion partners
after the cleaning procedure described in Section 3.
In order to match the practical use of the surfaces, no
further cleaning procedures were applied. After reduc-
ing the applied contact force, the measured pull-off
force also decreased, indicating no significant plastic
deformation of the micro-asperities.

5.2 Tin particles on ground stainless steel
substrates

Figure 11 presents the pull-off forces for tin
spheres on a ground stainless steel substrate. Again,
the results of the vibration method and the colloidal
probe technique (MAK, TV Miinchen) show relatively
good agreement. In contrast to the comparatively
smooth electropolished substrate, both measuring
techniques show stronger variations. These fluctua-
tions are primarily caused by large variations of the
surface roughness of the ground substrate dependent
on the location (Fig. 7). Compared to the electropol-
ished substrate, adhesion force intensification caused
by contact forces of the vibration method as explained
in Section 5.1 can be observed on a smaller scale,
which might be attributed to the higher surface rough-
ness of the substrate. Since adhesion force intensifica-
tion is not considered in the approach represented by
Eq. (6) which relies on the rms roughness of particle
and substrate rms;, only, the measured pull-off forces
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Fig. 11  Pull-off force for tin spheres on ground stainless steel
substrates and predicted upper and lower limit of van der
‘Waals adhesion using Eq. (6) with rmss_yppe-=0,7 nm and
rmsiz_jower=1,9 nm of Eq.(8) and rms;s_plasiic of Eq. (9).

are underestimated. Another reason might be seen in
the existence of a microscopic roughness scale on the
ground substrate superimposed on the macroscopic
roughness scale as described in Section 3.1, since the
“non-contact” force between the macroscopic asperity
and the surface is neglected. The use of an approach
which accounts for this additional interaction [9]
might improve the approximation. The approximation
of the results with Eq. (6) can be improved consider-
ing possible micro-asperity plastic flattening with the
modified rms value rms;s ypsic of Eq. (9).

Successive pull-off force measurements for two tin
particles on a ground stainless steel substrate under
variation of the contact force measured with the col-
loidal probe technique (MPI for Polymer Research,
Mainz, Germany) are presented in Figure 12.

Compared with the measuring sequences on the
electropolished substrate (Fig. 10), adhesion force
intensification caused by increasing contact forces
can be observed on a much smaller scale. This ten-
dency is in agreement with our measuring results
with the vibration method. Again, variations in parti-
cle and substrate surface roughness dependent on
the substrate location have a great influence on the
intensity of this effect.

5.3 Dependency off the pull-off force on the
contact time
As already mentioned in Section 2.2, the differences
in the contact time between particle and substrate
before particle detachment might lead to diverging
measuring results for the same particle-substrate sys-
tem caused by visco-elastic effects [10, 21]. For that
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Fig. 12  Pull-off force for two tin particles on ground stainless
steel substrates under variation of the contact force mea-
sured with the colloidal probe technique.

reason, the pull-off force was measured with the col-
loidal probe technique (MPI for Polymer Research,
Mainz) at contact times of 1 s (1 Hz measuring fre-
quency) and 30 s under a given contact pressure
force. Figure 13 shows the results of pull-off force
measurements for tin particles on ground and elec-
tropolished stainless steel substrates at various sub-
strate locations under variation of contact time and
contact force. Within this time scale, no significant
adhesion force intensification caused by increasing
contact time at several contact forces was observed.

5.4 Glass particles on silicon wafer substrate
The pull-off force for glass particles on a silicon

0 100 200 300 400 500 600

800 Lo 800
Al é ot=1s (particle 1-electropol.)
at=30s (particle 1-electropol.)
ot=1s (particle 2-electropol.)
— 600 = ;3 vt=30's (particle 2-electropol.)| 600
Z:: By, ot=1s (particle 1-grinded)
° % r o 4t=30's (particle 1-grinded)
e ® &t=1s (particle 2-grinded)
;‘j 400 ) vt=30s (particle 2-grinded) 400
S g
E %
= 200 = 200
v &
0 v it 3 § 3 é&A M 9 0

0 100 200 300 400 500 600
contact pressure force [nN]

Fig. 13  Pull-off force for two tin particles on ground and electro-
polished stainless steel substrates at various substrate
locations under variation of contact time and contact
force measured with the colloidal probe technique.
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Wafgb&%%ﬁ“ﬁ?e measured by the vibration method and
éh@ cg{}@idal probe technique (MAK, TV Miinchen)
‘shown in Figure 14. For small particle sizes,
\‘\\aoth methods show relatively good agreement. With
increasing particle size, the vibration method exer-
cises higher pull-off forces than the colloidal probe
technique. Possible explanations for this effect were
already described in Section 5.1. Analogous to the
results for tin particles on the electropolished sub-
strate, the comparatively smooth substrate seems to
increase the effect of adhesion force intensification.
The higher hardness and Young’s Modulus (Table 1)
of the glass particles in comparison with the tin parti-
cles reduce this effect. For small particle sizes, the
results of the vibration method are generally within
the range of the Rabinovich approach of Eq. (6). With
increasing particle diameter and contact forces, the
pull-off forces measured with the vibration method
exceed the theoretical values for the unstressed sys-
tem. With the modified rms roughness of Eq. (9),
the adhesion force intensification observed with the
vibration method can be explained — to some extent

— by plastic flattening.
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Fig. 14 Pull-off force for glass spheres on silicon wafer sub-

strates and predicted upper and lower limit of van der
Waals adhesion using Eq. (6) with rms;2_ypper=0,38 nm
and rmsy_ower=0,97 nm of Eq.(8) and rmsis_pusic of Eq.

©).

6 Conclusions

Pull-off forces were measured using the vibration
method and the colloidal probe technique. Both meth-
ods show relatively good agreement for small particle
sizes. Alternating contact forces of the vibration
method can cause an increase in the adhesion force
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through flattening of micro-asperities. This effect was
observed on a larger scale for the substrates with a
comparatively smaller rms roughness and also found
to be dependent on the mechanical properties of par-
ticle and substrate. Pull-off force measurements with
the colloidal probe technique on the same adhesion
systems with special attention to the influence of con-
tact force also tended toward increasing adhesion
force with increasing contact forces, exposing no sig-
nificant indication of micro-asperity plastic flattening.
Conforming with the results of the vibration method,
the adhesion force intensification caused by increas-
ing contact force was observed on a much smaller
scale for the ground metal substrate with higher rms
roughness values. At several contact forces, no signif-
icant adhesion force intensification caused by increas-
ing contact time of 30 s was observed. Variations of
the measuring results which were observed with both
measuring techniques are predominantly caused by
variations of the surface roughness, which in turn
depend on the particle and substrate location. For
small particle sizes, the results of both methods are
generally within the range defined by the Rabinovich
approach, using the 90% and 10% percentile of particle
and substrate rms roughness as a lower and upper
limit of the predicted van der Waals adhesion force.
With increasing particle size, the adhesion forces
measured with the vibration method show a stronger
increase than predicted. The possible effect of micro-
asperity plastic flattening of the particle was consid-
ered through the modified effective roughness in the
Rabinovich approach, resulting in a better approx-
imation of the results. Especially for higher particle
diameters and contact forces, the adhesion force
intensification observed with the vibration method
cannot be explained by plastic flattening only. Further
reasons for this effect might be seen in an increase of
the points of contact caused by rearrangements or
high-frequency alternating stresses which might pre-
vent a relaxation of the elastically flattened asperity,
thus causing visco-elastic behaviour.
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a : acceleration [m/s?]
A : Hamaker constant [J1
AFM  : atomic force microscope [—]
dp : particle diameter [um]
E : Young’s Modulus [GPa]
f : frequency [Hz]
F.q : adhesion force [nN]
Feontact : inertia force=contact force for

< wt < 27 [nN]
Fiewen  : inertia force=detachment force for

O<wt<m [nN]
Foray : gravitational force [nN]
Finertia  : inertia force [nN]
H : hardness [GPa]
h : flattening [nm]

ko o4 (1=vE 1V |

Kelast . Kelast_ 3 ( EP + Esub [Pa]
LSV : laser scanning vibrometer [—]
mp : particle mass kgl
Rechannel : Reynolds number of the flow channel [—]
rms : root mean square [nm]
SEM  :scanning electron microscope [—1
T : temperature [°C]
t : time [s]
Uex : excitation voltage of the actuator [V]
v : Poisson’s ratio [—]
p : density [gem ™3]
w : angular frequency [Hz]
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Abstract

The processing characteristics of agglomerates of silica aerogel particles (surface treated to possess
either hydrophilic or hydrodphobic nature) have been examined. Although these agglomerates were
purported to be highly uniform in terms of internal structure, fluid infiltration studies performed
via direct visualization revealed significant heterogeneities. Dispersion studies performed under both
steady and time-varying flow conditions, revealed additional non-uniformities among the population
of agglomerates. Despite these difficulties, discernable trends linked to the duration of time the
agglomerates were allowed to soak in the processing medium prior to the application of the shear
flows were discovered. Additional experiments, in which the agglomerates were presoaked with a dif-
Sferent, low viscosity fluid prior to shearing, revealed that dispersion could be promoted through this
processing strategy. The experimental approaches and analyses presented in this study should be of
interest to particle technologists faced with understanding and characterizing dispersion phenomena
when the agglomerates being dispersed exhibit significant variability in properties.

Key words: Silica aerogels, agglomerates, dispersion, infiltration, wetting behavior

INTRODUCTION

Dispersive mixing of particulate clusters into lig-
uids is an important step in a variety of materials and
chemical processing applications. In dispersive mix-
ing, mechanical forces, typically applied through
hydrodynamic shear, are used to break the clusters
into smaller size units or even down to the individual
particle size. An understanding of the fundamental
physical and chemical factors that govern hydrody-
namic dispersion can lead to process optimization and
ultimately better performance of the materials in
which the particles are dispersed. It is common, how-
ever, that agglomerates encountered in practice exhibit
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a range of physical characteristics, even though they
may be prepared under very controlled manufactur-
ing conditions. Such variability makes determination
and prediction of processing behavior difficult. In this
paper, we describe characterization techniques that
can provide information on the modes and kinetics
of hydrodynamic dispersion of particle clusters, and
how these dispersion characteristics are linked to pro-
cessing history, even when the agglomerates being
studied exhibit non-uniform properties.

In experimental studies of the dispersion of agglom-
erates of carbon black [1], two distinct breakage mech-
anisms were observed. One was denoted as “rupture”
in which an abrupt fragmentation of the cluster into a
small number of relatively large pieces takes place.
The second breakup mode, termed “erosion,” is char-
acterized by the continuous detachment of small frag-
ments from the outer surface of the agglomerate. The
erosion process typically initiates at a lower applied
shear stress than does rupture.
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B&iﬁ?lggd-‘%olwell [2] first proposed that dispersion
éc%u:@(\@henever hydrodynamic drag forces acting on
abé‘surface of the particle cluster induce internal
stresses exceeding the cohesivity of the cluster. There-
fore, the dispersion properties are affected by the
cluster cohesivity and the geometry and intensity of
the flow field.

Cluster cohesivity is related to both the strength of
the interparticle forces between its constituent parti-
cles and the structural details of the particle packing
within the cluster [3]. Since particle clusters are
porous, capillary-pressure driven infiltration of liquid
into the cluster can occur upon immersion of the clus-
ter into the processing media. This infiltration may
cause some rearrangement of the packing structure
as well as alter the cohesive forces acting within the
cluster. Additionally, the presence of fluid within the
cluster can modify the manner in which hydrody-
namic stress is transmitted from the external fluid to
the cluster. Thus, knowledge of the extent of infiltra-
tion of the fluid medium, which is directly linked to
the processing history, is an important factor in
understanding the outcome of dispersion attempts.

The geometry and dynamics of the applied flow
field is also expected to influence the dispersion
kinetics of clusters. Many of the previous experimen-
tal studies on dispersion were performed under steady
shear flow conditions. Dispersion in non-steady flows
is more representative of the complex shear history
experience by particle clusters in practical processing
equipment [4].

In this study, we examine the synergies between
fluid infiltration and flow conditions as they influence
the dispersion of particle clusters. Specifically, we
report on experiments to analyze the dispersion behav-
ior of clusters of silica aerogels sheared within polydi-
methyl siloxane (PDMS) fluids. These particles were
selected to represent a typical, non-ideal situation
encountered in practice, namely one in which agglom-
erates with non-uniform structure and significant
agglomerate-to-agglomerate variability are used. Still,
we are able to discern trends in the dispersion results
that can be interpreted in the context of fundamental
chemical and physical concepts.

Different surface treatments applied to the aerogel
particles, which modify the magnitude of the capillary
pressure driving infiltration, enable some degree of
control over the extent of fluid infiltration. In addition
to using steady shear for dispersion, we report on
experiments performed under oscillatory shear-flow
conditions. Both the mode of dispersion and disper-
sion Kkinetics are reported, and these results can be
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linked to the extent of infiltration of the processing
fluid.

EXPERIMENTAL

Materials

Two types of non-commercial silica aerogel parti-
cles, provided in the form of clusters by the Cabot
Corporation, were used in this study. These clusters,
carefully prepared using standard forming techniques,
were nominally of high uniformity, both in terms of
packing structure within an individual agglomerate,
and in terms of consistency between different agglom-
erates. One type (grade P346) is reported by the manu-
facturer to be treated (in an unspecified manner) to
make the agglomerate hydrophobic while the other
(grade P597) was treated to result in a hydrophilic
surface. Each cluster ranged from 1 to 2 mm in diam-
eter and was composed of individual particles in the
10—100 pm range. The BET surface area was ~700
m?/g, which indicates a high degree of fine structure
within these aerogels. Information on the composition
and structure of the clusters is not available, and clus-
ters were tested as received.

PDMS fluids of varying viscosities were used in the
infiltration and shearing experiments. In the steady
shear experiments, both 10 and 30 Pa-s PDMS were
found to be effective in inducing dispersion. For the
range of shear rates examined in the oscillatory shear
experiments, the use of 60, 100, and 600 Pa-s PDMS
fluids were necessary to cause dispersion. Before
being used in the shearing experiments, fluids were
placed under vacuum to aid the removal of entrapped
air bubbles. In the range of shear rates employed in
the experiments, these fluids exhibit Newtonian rheo-
logical behavior.

Dispersion Experiments in Steady Shear Flow

Figure 1 shows a schematic diagram of the cone-
and-plate shearing device used for the steady shear
experiments. The set-up procedure involved removing
the transparent plate from the instrument and filling it
with PDMS. A single agglomerate was submerged into
the polymer and positioned within the plate. The plate
was raised up under the cone, and the fluid slowly
surrounded the cone. The motor was set to a particu-
lar speed N (in rotations per minute) and turned on to
start the application of shear. The time between sub-
mersion of the agglomerate and application of shear
is called the presoaking time; the polymer infiltrated
into the agglomerate during this time.

The steady shear rate yg,qq that the agglomerate

135

[/
¥

Ry
€

%



50
<
&
NIt
fb\\ > motor that rotates
6@‘ \(\OQ the cone
oV \S““\“‘

}

transparent plate filled

with polymer fluid agglomerate

Fig. 1  Schematic of the cone-and-plate device used for the steady-
shear experiments. Cone angle W,=4°; maximum gap
between cone and plate=~4 mm

experiences is related to the angular velocity of the
cone Q and the cone angle W, according to the follow-
ing equation:

. Q
Y steady = J (1)

0
Since the fluid exhibits Newtonian behavior in the
range of shear rates used here, the nominal shear
stress can be computed from the shear rate and vis-
cosity:

Tsteady = pysteady 2)

The results of dispersion experiments were recorded
with a video camera connected to a computer. The
agglomerate moves with the flow and passes through
the focal point of the camera once per orbit. Scion
image software was used to measure the average
radius of the agglomerate as a function of shearing
time.

Dispersion Experiments in a Non-Steady Shear
Flow

Dispersion experiments were also performed in an
oscillatory shear flow device (OSD) illustrated in Fig-
ure 2. In preparation for an experiment, the transpar-
ent lower container was removed from the instrument
and filled with PDMS. Then the agglomerate was sub-
merged into the polymer and positioned laterally. The
container was raised up under the oscillating plate,
and the fluid surrounded the plate. The motor was set
to a particular speed N (in rotations per minute) and
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turned on to start the application of shear. The trans-
mission mechanism results in the rotational motion of
the motor being converted to an oscillatory motion of
the moving plate. The maximum shear ratey, over
one cycle of oscillation is related to the position of the
transmission linkage on the motor (A), motor rotation
rate N, and gap between plates G according to the fol-
lowing equation:

. 2mAN
Vo=""7

®)

From this equation the mean shear stress over a cycle
Y mean €an be calculated:

. 2.
Ymean="Yo 4)

For the experiments reported here, we used A=10
mm, G=4.83 mm, and N ranging from 100 to 1500 s~

As in the steady shear experiments, the process of
dispersion was viewed directly through the transpar-
ent plate and recorded with a VCR. Using the OSD,
the entire dispersion process can be viewed continu-
ously, unlike in the cone-and-plate device where the

oscillating fixture

g i

stationary, transparent \

container filled with agglomerate  oscillating plate
polymer fluid
Top view
Nrpm oscillating
fixture
rotating motor _—
-

Fig. 2 Schematic of the oscillatory shear device used for the
unsteady shear experiments. G=4.83 mm and A=10 mm.

KONA No.22 (2004)

[/
¥

»‘}
3



A
ag%k@geréte\%nly enters the field of view of the cam-
2 @,@?ﬁ)er rotation.

&g
e

)
e \ﬁPreparation Procedures for the Clusters of

Hydrophilic Silica

Humidity present in the ambient air could alter the
hydrophilic agglomerates and affect their dispersion
behavior. Therefore, precautions were taken to ensure
that these agglomerates were not exposed to air before
they were used in infiltration and shearing experi-
ments. The container of silica and a dish of PDMS
were placed in a glove bag flushed with dry nitrogen.
In this environment, the container of agglomerates
was opened, and a single cluster was selected and
submerged in the PDMS. Subsequently, this dish was
removed from the glove bag and placed in the cone-
and-plate (steady shear) device or oscillatory device.

Infiltration Experiments

As mentioned, infiltration of the polymeric fluid
into the agglomerate has a large effect on its disper-
sion properties. Therefore, a study of infiltration can
help explain dispersion properties. Furthermore, an
infiltration study can be used to probe agglomerate
structure since the most porous regions of an agglom-
erate tend to become infiltrated first.

Since the silica agglomerates and the PDMS fluids
have nearly identical indices of refraction, direct visu-
alization of infiltration is possible. A transparent con-
tainer was filled with 10 Pa-s PDMS. The agglomerate
was removed from the sample container and sub-
merged in the fluid. A video camera was used to view
and record the agglomerate through the wall of the
container. The camera and VCR were attached to a
computer, where periodic images of the agglomerate
were captured and analyzed. The infiltrated portion of
the agglomerate was assumed to be that which became
transparent, while the dry portions remained opaque.
The extent of infiltration was quantified by measuring
the apparent area of the infiltrated region using the
Scion Image software.

RESULTS AND DISCUSSION

Infiltration Study
Hydrophobic Silica Agglomerates

The extent of infiltration as a function of time is
shown in Figure 3a for a representative set of eight
different clusters. The extent of infiltration is reported
as the fraction of the cross-sectional area of the clus-
ter apparently occupied by infiltrated fluid. As shown,
there is a large amount of scatter among the various

KONA No.22 (2004)

agglomerates, even though they had ostensibly iden-
tical structures. The time for complete infiltration
ranged from 15 min to approximately 1 hr. No strong
correlation between cluster diameter and infiltration
rate was observed. Figure 3b shows images of some

; 1.0 o X X*_A _, Ay . * *>
[} A X
= 08 e
< X ® X
§ -e Xy m ® -
S 0.6 e X 2 *1.25 mm [|
> o = 4 1.27 mm
g 04 .. 0 - x1.29 mm ||
iy o e 1.29 mm
& onm = 1.38 mm
E 02 x1.38 mm ||
% - 1.42 mm
= +1.61 mm

0.0 = T T T " T

0 5 10 15 20 25 30
Time (min)

Fig. 3a  Extent of infiltration as a function of time for the hydropho-
bic agglomerates. The diameter of each agglomerate is

indicated in the legend.
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Fig. 3b Examples of the hydrophobic agglomerates as they
become infiltrated. The time in seconds and minutes is
indicated.
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agglom ba?esd\s\?hey were being infiltrated. In most
ca %sf‘ﬁ%({ﬁfﬂtratmn did not occur uniformly from
d;ﬁ%: Ide surface to the inner core. For many agglom-

g?* erﬁ?es fluid was observed to reach the center of the

agglomerate long before the periphery was fully in-
filtrated. The infiltration patterns suggest a large
degree of non-homogeneity in the structure of these
clusters.

Hydrophilic Silica Agglomerates

The extent of infiltration as a function of time is
shown in Figure 4a for representative sample of seven
hydrophilic clusters. As with the hydrophobic agglom-
erates, there is a large amount of scatter among the
samples. The total infiltration time ranged from 3 hr
to several days. Figure 4b shows images of some
agglomerates as they were being infiltrated. Unlike
the hydrophobic agglomerates, these samples tended
to infiltrate uniformly from the outer surface inward.
This suggests a more homogeneous structure for the
hydrophilic agglomerates by comparison with the
hydrophobic ones.

Despite the large scatter in the observed infiltration
behavior, some trends can still be discerned. For exam-
ple, Figure 5 shows a comparison of the median and
extreme infiltration rates observed for the hydrophobic
and hydrophilic agglomerates. In all cases, the infil-
tration of PDMS into the hydrophilic agglomerates was
much slower than that of hydrophobic agglomerates.
This can be attributed to a combination of the high-
er packing densi ty in the hydrophilic agglomerates
which was revealed in the infiltration studies, plus the
expected strong interaction expected between the
hydrophobic agglomerates and the PDMS.

1.0
< A 1.39 mm
g x 1.45 mm
= 0877 m152mm
g +1.54 mm
S 0611® 1.56 mm - X
~ X 1.65 mm
g *173mm x *
Z 04 o X [] X
IS X: ‘ Al s -
< X
E 02—l 28 s *
= +
=

0.0 . T T T T

0 10 20 30 40 50
Time (min)

Fig. 4a  Extent of infiltration as a function of time for the hy-
drophilic agglomerates. The diameter d of each agglom-
erate is indicated in the legend.
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Fig. 4b  View of the hydrophilic agglomerates as they become
infiltrated. The time in seconds and minutes is indicated.
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Fig. 5 Comparison of observed infiltration rates among the two
types of agglomerates studied.
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0‘“6 \Sﬂxz\ﬁ)le 1 presents a statistical summary for the

results of steady shear experiments for the dispersion
of the hydrophobic aerogels. The agglomerates were
allowed to presoak for various periods of time before
shear was applied, and shear stresses necessary to
initiate a dispersion event were observed. Shown are
the relative frequencies of rupture, erosion, and “no
dispersion” events observed at the various applied
shear strengths. Although shear conditions were
carefully controlled, the agglomerates show a range
of dispersion behavior. Generally, rupture was more
likely to occur at higher shear stresses, but there was
no clearly identifiable threshold value above which
rupture would occur. Extended infiltration tended to
suppress dispersion, most likely due to reinforcement
of powder through the formation of liquid bridges.

The erosion mechanism was rarely observed for
the hydrophobic agglomerates. For those cases in
which erosion did occur, a large variation in erosion
rates was observed. Furthermore, there was no appar-
ent correlation between the presoaking time and the
observed dispersion kinetics.

Oscillatory Shear

Table 2 provides a statistical summary of the results
of the oscillatory shear experiments for hydrophobic
silica. Erosion was not observed in any case. Rupture
was less likely to occur after a long pre-soaking time,
suggesting that extended infiltration enhances agglom-
erate cohesivity. For experiments with a 1.5-minute
presoak, 500 Pa appeared to be the threshold stress
above which dispersion will occur. For longer infiltra-
tion times, no definite trends were observed.

Table 1 Summary of the results of steady shear experiments with
hydrophobic agglomerates. The relative frequency of the
three possible dispersion outcomes are shown as a func-
tion of presoak time. Also shown are the ranges of shear
stress used to achieve the dispersion events.

persion was never observed.

Table 2 Summary of the results of oscillatory shear experiments
with hydrophobic agglomerates. The erosion mode of dis-

Presoak Time No Dispersion Rupture
5 agglomerates 15 agglomerates
1.5 min
= 500 Pa = 500 Pa
5 agglomerates 18 agglomerates
2.0—2.5 min
<4300 Pa =415Pa
5 agglomerates 11 agglomerates
3.0—6.0 min
=< 4400 Pa = 1725 Pa

Dispersion of Hydrophilic Silica Agglomerates
Steady Shear

Thirteen experiments were carried out in the cone-
and-plate device using the hydrophilic agglomerates.
Rupture was observed only once, and erosion was
never observed. Even at shear stresses as high as
4500 Pa, no dispersion occurred. In the case of the
hydrophobic agglomerates, dispersion occurred at
stresses between 450—600 Pa. This indicates that the
hydrophilic agglomerates are more cohesive than the
hydrophobic agglomerates in PDMS fluids.

Because of experimental limitations, the presoaking
time for these experiments was around four minutes.
However, the extent of infiltration of 30,000-cSt PDMS
in four minutes is not significant and is most likely
not the reason for the resistance to erosion.

Oscillatory Shear

Table 3 summarizes the results of the oscillatory
shear experiments for the hydrophilic aerogels. Ero-
sion was not observed in any case. Rupture was more
likely to occur after shorter presoaking times, again
suggesting that infiltration impedes dispersion by

Table 3 Summary of the results of oscillatory shear experiments
with hydrophilic agglomerates. The erosion mode of dis-
persion was never observed.

Presoak Time | No Dispersion Erosion Rupture
6 agglomerates | 3 agglomerates | 4 agglomerates
3—5min
100—600 Pa 600 Pa 450—-600 Pa
2 agglomerates | 2 agglomerates | 3 agglomerates
10 min
600, 1000 Pa 1100 Pa 1000—1100 Pa
9 agglomerates | 2 agglomerates | 4 agglomerates
15 min
450—1200 Pa 800 Pa 450—800 Pa

KONA No.22 (2004)

Presoak Time No Dispersion Rupture
4 agglomerates 2 agglomerates
1.5—1.75 min
=< 3500 Pa = 2600 Pa
9 agglomerates 5 agglomerates
2.0—2.5 min
= 3800 Pa = 2500 Pa
11 agglomerates 4 agglomerates
3.0—6.0 min
= 7600 Pa 3150 Pa
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Wi @(1% Iéﬁ@d for rupture to occur, whereas only 500
@éjég@ﬂ%a was required in the case of the hydropho-
bic’samples.

Dispersion of Fully Infiltrated Agglomerates

As is sometimes done in practice, low viscosity flu-
ids can be used to impregnate agglomerates prior to
dispersing them in high viscosity media. Presumably,
the soaking of the agglomerates with the low viscos-
ity fluids can result in a lower overall agglomerate
cohesivity or provide additional compatibility with the
intended dispersion media. To study the effect of sat-
urating agglomerates with liquids on its dispersion
behavior, we carried out additional experiments in the
oscillatory shear device. Relatively low viscosity flu-
ids were used to presoak the agglomerates prior to
the application of shear. Hydrophobic agglomerates
were soaked in hexane for 15 s (enough for complete
infiltration) and then tested at different stress levels
in PDMS. Hydrophilic agglomerates were soaked in
water or glycerin for 5 min (enough for complete infil-
tration) and then tested in the same way. After soak-
ing, the excess water was removed from around the
hydrophilic agglomerates in one of two different ways:
(1) by placing the agglomerate on a towel; or (2) by
carefully removing the water with an eyedropper.
More water remained in the hydrophilic agglomer-
ates when the excess was removed with an eyedrop-
per instead of a towel.

Table 4 displays a summary of the results of these
experiments. Dispersion of soaked agglomerates con-
trast the previous results reported. For both the
hydrophobic and hydrophilic agglomerates, complete

fluid saturation seems to promote dispersion at lower
shear stresses. These results are consistent with
expectations.

CONCLUSIONS

Experimental observations in the infiltration and
dispersion studies indicate a large degree of non-
homogeneity for the agglomerates as received from
the manufacturer. However, despite of this complica-
tion, useful observations regarding general trends of
infiltration/dispersion behavior for these agglomer-
ates could be made.

In the case of hydrophobic agglomerates, the infil-
tration patterns suggest a very non-uniform structure
for the agglomerates. Such non-uniformity may be
responsible for initiating rupture at the locus of weak,
less dense spots in the cluster. Partial infiltration of
these agglomerates seemed to suppress dispersion,
most likely due to reinforcement of powder through
the formation of liquid bridges.

In the case of hydrophilic agglomerates, infiltration
studies suggest more dense and homogeneous agglom-
erates, which resist dispersion to a larger extent than
their hydrophobic counterparts. Also, partial infiltra-
tion of these agglomerates seems to impede disper-
sion by increasing cluster cohesivity.

In contrast with the results obtained with partially
infiltrated agglomerates, complete saturation of the
agglomerates using low viscosity fluids that interact
favorably with the constituent solids seems to reduce
overall agglomerate cohesivity, thereby enhancing
dispersion.

The experimental approaches outlined in this pa-

Table 4 Summary of dispersion experiments on agglomerates saturated with a low viscosity fluid prior to shearing. The two entries labeled
“dry” represent control experiments in which no low-viscosity fluid was present within the agglomerate.

Type of Lowest stress at| Highest stress at | Presoak time in Number of Range of
Ag glﬁﬂnerates Procedure which rupture |which no dispersion| PDMS prior to tests run stresses
occurred (Pa) occurred (Pa) shear (min) tested (Pa)
Hydrophobic dry 414 4306 1-3 55 331-16500
Hvdronhobic soaked in hexane for 15 s; excess 15 773 15-9 35 1-911
ydrop hexane removed with eyedropper )
Hydrophilic dry 2526 5963 1-6 35 1077-22360
. soaked in water for 5 min; excess
Hydrophilic water removed with towel 1408 3975 2 19 538—-6874
. soaked in water for 5 min; excess
Hydrophilic water removed with eyedrapper 311 828 2 28 75—2551
.. soaked in glycerin for 5 min; excess _
Hydrophilic glycerin removed with eyedropper 331 795 2 7 124=1284
140 KONA No.22 (2004)
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imental difficulties associated with non-uniform
agglomerate structures.
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NOMENCLATURE
A amplitude of oscillation (m)
G gap between parallel plates in the

oscillating shear device
N rotation speed of the motor  (rotations/min)
Greek
Yo maximum shear rate over one cycle

in the oscillating flow experiments (™
Vstady Shear rate in the steady-flow

experiments (s
Ymean Mean shear rate over one cycle in

the oscillating flow experiments ™
Q rotation rate of the cone (s™)
Y, cone angle (radians)
v fluid viscosity (Pa)
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Abstract

The homogeneous distribution of the reinforcement phase is a prime requisite for a composite
material to present its superior performance. Powder metallurgy can produce composite materials in
the whole range of matrix reinforcement composition, without the segregation typical of the casting
process, and mechanical alloying serves to optimise the particle mixing stage, enhancing the rein-
Sorcement distribution. This work investigates the use of mechanical alloying plus hot extrusion to
obtain Al6061 matrix composites reinforced with SizN,, AIN and ZrB,, and compares the result with
the same composite materials obtained by more conventional powder metallurgy techniques. The
incorporation of the reinforcement does not suffice to produce a significant improvement of the
mechanical properties of the conventional powder metallurgy composites. Mechanical alloying breaks
the reinforcement particle clusters, eliminates most of the defects present in these particles, decreases
their size and enhances their distribution, which together with the metallurgical phenomena that
change the metallic matrix, such as work hardening and oxide and carbide dispersion, produces an
increase of about 150% in the hardness of the powder, when compared with the hardness of the as-
received, non-reinforced aluminium powder alloy; and of 100% in the hardness and ultimate tensile
strength of the consolidated materials, when compared with material of same composition processed
by conventional powder metallurgy.

Key words: Aluminium, Powder Metallurgy, Mechanical Alloying, Hot Extrusion

1. INTRODUCTION

In recent decades, new manufacturing processes
have been developed to produce metal matrix compos-
ites (MMC) that give composites with higher proper-
ties, or even to maintain the same level of properties
at lower cost [1]. The manufacturing process is of
great importance, since with the same matrix rein-
forcement system, it is the manufacturing process
that will determine the property/cost relation [2].

1 jfoga@iris.ufscar.br ,
2 Avenida de la Universid, 30-28911-LEGANES-SPAIN
T Accepted: September 21, 2004
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Powder metallurgy can produce metal matrix com-
posites in the whole range of matrix reinforcement
compositions [3, 4] without the segregation phenom-
ena typical of the casting processes. However, the
matrix and reinforcement mixing process is the criti-
cal step towards a homogeneous distribution through-
out the consolidated composite material, although
subsequent processes, such as powder extrusion, can
help to eliminate the clustering of reinforcement par-
ticles and therefore achieves their more uniform dis-
tribution throughout the metal matrix [5-7].

High-energy ball milling has been used to improve
particle distribution throughout the matrix [8-14].
This technique, first developed by John Benjamin
[15] to produce nickel superalloys hardened by oxide
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dispersi ,Q:%Oné% known as mechanical alloying or
m @ﬁl(@d\'ﬁiilling. The process in which mixtures of
are milled together is denominated Mechani-
caﬁ%lloying; it involves material transfer to obtain a
homogeneous alloy by repeated deformation/weld-
ing/fracture mechanisms. On the other hand, milling
of powders of uniform composition, in which material
transfer is not required for homogenisation, is termed
Mechanical Milling [16].

The use of hot extrusion in powder metallurgy
avoids the sintering process and results in a full den-
sity final product. Hot extrusion of powders allows a
high shear strain rate, which promotes high strength
bonding between particles and a microstructure very
similar to that of a wrought product. In the case of alu-
minium and its alloys, hot extrusion breaks the typi-
cal oxide layer that coats the powder, and hence gives
better bonding of the particles [17].

The purpose of this work is to investigate the ef-
fect of mechanical alloying on the characteristics of
composite materials obtained by powder metallurgy.
Composites obtained by hot extrusion of mechanical-
alloyed composite powders are compared with materi-
als of the same composition but processed by conven-

tional mixing of matrix and reinforcement powders.

2. EXPERIMENTAL PROCEDURE

Aluminium AA6061 powder alloy (Alpoco — The
Aluminium Powder Co. Ltd., England) was used as
the matrix. This powder was produced by gas atomi-
sation, and displays an equiaxed or quasi-spherical
morphology. SisNy, AIN and ZrB, (ART — Advanced
Refractory Technologies, Inc., USA) were used as rein-
forcement materials. The fraction of reinforcement
was 5% by weight. Figure 1 shows the powders used
as raw material in this work. Table 1 shows the chem-
ical composition of the matrix powder, and Table 2
the average diameter size and the theoretical density
of the reinforcement powders.

To mix the matrix and the reinforcement powders,
two processes were used: a conventional low-energy
mixing and high-energy milling, i.e. mechanical alloy-
ing. The conventional mixing does not alter the origi-
nal characteristics of the raw materials, and merely
homogenises the reinforcement throughout the matrix.
A horizontal ball mill rotating at 150 rpm for 90 min-
utes was used. The mechanical alloying was per-

Fig. 1
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Raw materials Al6061 aluminium alloy (a), SisNy (b), AIN (c) and ZrB, (d).
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Tab Q CB&I}&M composition of the as-received PM 6061.
U’ (%3
“@6‘ M si | cr | Cu | Fe |Others| Al
SN
$?\Qo Gt 0.96 0.69 0.24 0.19 0.06 <0.3 Bal.
O

Table 2 Average diameter size and theoretical density of the
matrix and reinforcement powders.

Material Average particle size Theoretical éiensity
(pm) (g/cm®)
SisNy 8.6 3.44
AIN 8.0 3.26

formed in an eccentric high-energy ball mill (Fritshe
Gmbh, model “Pulverisette 6”) with the following para-
meters: charge ratio: 6 : 1 (wt); ball diameter: 20 mm;
ball material: AISI 420 stainless steel; speed 700 rpm.
1% (wt) of microwax was added to control the process
(PCA). The high-energy milling time was that re-
quired to complete the mechanical alloying process,
from the point of view of the phenomenological aspects
[18], and was determined for each composition: 10
hours for the composite reinforced with Si;N, and
12.5 hours for the composites reinforced with AIN and
ZrB,. The mixed powders (low-energy mixing pro-
cess) and composite powders (high-energy mechani-
cal alloying) were examined by Scanning Electron
Microscopy. Microhardness was determined in the
as-received aluminium alloy and in the composite
powders.

The powders were uniaxially cold-pressed at 300
MPa, and cylindrical samples of 25 mm diameter and
around 16 mm were obtained. The cold-pressed sam-
ples were then hot extruded at 500°C, at a strain rate
of 5 mm/s, without canning or degassing. The extru-
sion die was maintained inside a resistive furnace,
which ensured good temperature control of the test.
The sequence of the extrusion tests was randomly
organized, in order to avoid systematic interference
on the results. Figure 2 shows the various stages of
the production of the composite materials.

The extruded materials were examined by optical
microscopy and by density measurements; ultimate
tensile strength (UTS) (1 mm/min) and hardness
(Vickers, 10 KN) were determined.
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Fig. 2 Routes used to obtain the composite materials.

3. RESULTS AND DISCUSSION

3.1. Obtaining composite powders by mechanical
alloying

Figure 3 compares the PM6061 with 5% AIN mixed
powders with the composite particle obtained from
the same composition after mechanical alloying. The
AIN particles are bigger in the low-energy mixed pow-
ders (Fig. 3a) than in the mechanical-alloyed com-
posite particle (Fig. 3b), and also show defects, such
as cracks. The high-energy milling process reduces
the reinforcement size, and tends to eliminate rein-
forcement clustering as well as reinforcement defects
and sharp edges, producing a rounder reinforcement
morphology, which will result in better composite
properties. After mechanical alloying (Fig. 3b), each
particle is a composite, displaying a uniform distribu-
tion of the reinforcement phase in the whole parti-
cle.

The degree of influence of the distinct reinforce-
ment materials used in this work on the milling mecha-
nisms can be attributed to their individual characteris-
tics. Each kind of reinforcement material shows a
different tendency to fragmentation when submitted
to milling: the SisN, showing the highest tendency to
fragmentation and the ZrB, the lowest. This differ-
ence is attributed to their different hardness and mor-
phology.

As shown in Fig. 1, Si3N, particles have an irregular
morphology, while AIN and ZrB, particles have a more
regular, polygonal morphology. These morphologies
can in part explain the difference in the tendencies to
fragmentation during milling: a more regular, polygo-
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Fig. 3 PM6061 plus 5% AIN mixed powders (a) and the composite particle (b) obtained with the same composition after mechanical alloying.

nal morphology has a better inherent resistance to
impact, while an irregular one has a larger surface
area and sites that concentrate the stress and propa-
gate cracks. From the point of view of the particle
hardness, technical data in the ceramic literature [19]
state known that SisN, is harder than AIN, and the
results obtained in this work confirm the greater brit-
tleness of the harder particle.

Figure 4 shows the composite powders reinforced
with (a) SisN, and (b) ZrB, after mechanical alloying.
The higher tendency to fragmentation during milling
of Si3N, particles produces a finer distribution of the
reinforcement particles into the aluminium matrix.

Mechanical alloying promotes structural refine-
ment, high dislocation density, and oxide and carbide
dispersion (the aluminium carbide is derived from the
PCA contamination), which should result in a great
increase of the matrix hardness. In addition to this,
the effect of reinforcement of the harder ceramic par-

ticles also contributes to raising material hardness.
Table 3 shows the microhardness of the as-received
aluminium powder alloy and the composite powder
produced by mechanical alloying. The great increase
of hardness, around 150%, confirms the effectiveness
of the process.

As mentioned above, SisN, is the reinforcement
with the highest tendency to fragmentation during
milling, and the composite powder reinforced with
this material is the one that presents the finest distrib-
ution of the reinforcement throughout the matrix.
ZrB, shows the least tendency to fragmentation dur-
ing milling, and the composite powder reinforced
with ZrB, is the one that presents the coarsest distrib-
ution of the reinforcement throughout the matrix. So
the composite reinforced with SisN, displays the high-
est hardness among the composites analysed in this
work, and the composite reinforced with ZrB,, the
lowest one. A more extended description of the pro-

Fig. 4 Composite powders reinforced with (a) SisN, and (b) ZrB, after mechanical alloying.
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Tab! i E@ardness of the as-received aluminium powder and
< > O(\’&he mechanically alloyed composite powders.

e
@“Q ’ Material Microhardness Standard
deviation
As-received PM6061 65,25 15,22
PM6061/5% AIN after 12,5
hours of milling 1917 14,6
PM6061/5% ZrB, after 12,5
hours of milling 186,9 19,6
PM6061/5% SizN, after 10
hours of milling 208,9 134

duction of composite powders reinforced with SizN,
and AIN by mechanical alloying is given elsewhere
[18].

3.2. Powder consolidation by cold pressing and
hot extrusion

Table 4 shows the pressures necessary to extrude
the mixed and composite powders reinforced with
SisN4 and AIN; the reported values are the mean of
eight tests. As the extrusion of powders consists in
deforming and bonding the powder particles [20, 21],
the higher the hardness of the powder to be extruded,
the higher the pressure required to extrude. As a
consequence, the pressure required to extrude the
mixed powders is lower than those required to extrude
the composite powders. A more extended description
of the extrusion of the mechanical-alloyed powders is
given elsewhere [21].

The density of the extruded materials is always
between 98 and 100% of the theoretical density,
whichever the process used, which confirms the
effectiveness of the cold pressing plus hot extrusion
to obtain full density products from powder mater-
ial.

Table 4 Pressures necessary to extrude the mixed and the com-
posite powders.

Average Standard
Reforcement Powder pressure deviation
(MPa) (MPa)
SizN, Mixed powder 441 23
Composite powder 510 23
AIN Mixed powder 503 32
Composite powder 579 30
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3.3. Characterization of the extruded materials

Figure 5 shows the microstructures of PM6061
reinforced with Si;N, (Fig. 5a and b), AIN (Fig. 5¢
and d), and ZrB, (Fig. 5e and f), extruded from the
mixed powders (Fig. 5a, ¢ and e) and from the com-
posite powders (Fig. 5b, d and f). These microstruc-
tures are observed in the transverse section of the
extruded bars.

The materials extruded from the composite pow-
ders display a more homogeneous distribution of the
reinforcement particles in the aluminium matrix.
Also, the reinforcement particle is smaller in the
mechanical-alloyed materials. As the Si3Ny is the rein-
forcement with the highest tendency to fragmenta-
tion, the composite reinforced with this material
presents the finest dispersion of the reinforcement
particles, as already observed in the powder charac-
terization.

Table 5 shows the ultimate tensile strength (mean
of eight tests) and the hardness (mean of twelve
tests) of the composite materials obtained in this
work. The UTS and the hardness of the mechanical-
alloyed composites increases by around 100% above
that of composite materials obtained by conventional
powder metallurgy.

The increases observed are due to the extremely
refined microstructure, oxide and carbide dispersion,
reduction of the reinforcement particle size, elimina-
tion of the particle defects such as cracks and sharp
edges, which reduce the tension concentration at crit-
ical points and the appearance of cracks during press-
ing or extrusion. All these effects are promoted by
mechanical alloying.

As shown in Table 3, the hardness of the mechani-
cal-alloyed composite powder is some 150% higher
than that of the as-received aluminium powder alloy.
However, the increase in the hardness of the extruded
material due to the use of mechanical alloying is not
so high: the hardness of the material extruded from
the composite powders is around 100% higher than
that extruded from the mixed powder, as shown in
Table 5. It is well known that extrusion enhances the
material strength by work hardening, but the compos-
ite powders obtained by mechanical alloying have
already an extremely deformed structure, and the
effect of the temperature of extrusion on this deformed
structure promotes recuperation. The effect of oxide
and carbide dispersion throughout the matrix on the
material hardness is not influenced by the tempera-
ture of extrusion.
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Fig. 5 Microstructures of PM6061 reinforced with SisN, (a and b), AIN (c and d), and ZrB; (e and f), extruded from the mixed powders (a, ¢
and e) and from the composite powders (b, d and f).

Table 5 Ultimate tensile strength and hardness of the composite materials.

Reinforcement Mixing process UTS (MPa) Standard deviation Hardness (HV) Standard deviation
AIN Conventional 206 2 63 2
Mechanical alloying 402 22 126 6
SisN, Conventional 214 3 63 1
Mechanical alloying 422 6 119 4
ZrB, Conventional 192 1 59 2
Mechanical alloying 320 20 110 4

148

KONA No.22 (2004)



o
R% R
4., CONCLUSIONS
N ““@he results obtained i