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ABSTRACT
Purpose To obtain quantitative information and mechanistic
insight into the problem of sticking of acetylsalicylic acid tab-
lets on a metallic punch.
Methods Low voltage scanning electron microscopy was
used to observe punch area coverage and morphology of ad-
hered powder on a flat punch used for a limited number of
compactions.
Results Material accumulation in terms of area coverage of
the punch per compaction cycle was determined at two pres-
sures over five compactions. The distribution of the adhered
material on the punch was non-uniform with more material
left on the center of the punch. The sizes of the adhered
particles range from 1 to 100 μm, with 50% of the punch
surface coverage from partic les of an equivalent
diameter > 30 μm. Three types of adhered particles were
identified after the first compaction: (a) fragments of initial
particles with very high aspect ratio, (b) nearly equiaxed frag-
ments with multiple cracks, (c) heavily deformed islands of low
profile. Some preliminary ideas that explain these observa-
tions are presented and discussed.
Conclusions The ability of SEM to provide quantitative in-
formation on sticking from few compactions presents an inter-
esting possibility for amaterial sparing technique that provides
insight on the propensity of sticking.

KEY WORDS acetylsalicylic acid . scanning electron
microscopy . sticking

ABBREVIATIONS
ASA Acetylsalicylic acid
HPLC High performance liquid chromatography
RD Relative density
SEM Scanning electron microscopy

INTRODUCTION

A difficult problem commonly encountered during large scale
tablet manufacturing is the propensity for adhesion of rem-
nants of the compacted powder on the punch tooling, or
sticking. This phenomenon occurs when minuscule amounts
of one or more of the tablet material components (typically
but not always the active pharmaceutical ingredient) adhere to
the punch faces during compaction. The accumulation of
material leads to loss of geometry definition and associated
weight variation as well as tablet image problems. Related to
sticking is picking, where Bislands^ of material transfer from
regions on the tablet where a logo, letter, or design is present
to the tooling faces. The detection of sticking in
manufacturing usually occurs through visual inspection of a
film formation on the punch face. Drastic actions are often
necessary to correct for sticking problems such as tooling
geometry modifications, cleaning and polishing of the punch
surfaces, adjustment of compression pressures and speeds,
addition of lubricants, and modification of blending
processes (1–4). These approaches often result in a delay of
the onset of sticking rather than a full solution of the issue and
require trial-and-error experimentation. While there are
many studies that attempt to quantify the propensity of stick-
ing with various pharmaceutical formulations, most of them
seek correlations with process or material parameters. A clear
understanding of the exact physical mechanisms that lead to
sticking is still elusive.

The purpose of this study is to provide experimental obser-
vations of the adhered material on the punches from the first
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few compactions. These observations were obtained using
electron microscopy and allowed us to investigate the amount,
morphology and deformation behavior of the crystals that
remain on the punch after the tablets are ejected. Despite
some inherent difficulties of this approach, the results present-
ed here provide new physical insight on the problem of stick-
ing. Because the information is obtained from a truly minimal
amount of material, this approach has the desirable charac-
teristic of being a material sparing technique.

Background

The compaction process exerts large forces on the powder
contacts which in turn bring adjacent particle surfaces to prox-
imity so that secondary bonding, including van derWaals and
hydrogen bonding, can be established. The formation of such
bonds may be inhibited by the presence of low energy species
on particle interfaces (e.g., lubricants). A similar interaction
exist between dissimilar materials (such as the compacted
powder and the metal tools). In many cases, practical
observations confirm that the adhesive forces between the
tablet and tooling are weak and the compacted tablet
separates without leaving any residue on the tools. In other
cases, a slow accumulation of tablet residue occurs on the
punches. The typical justification found in literature is that
in this case Bthe adhesive forces are stronger than the
cohesive forces^. Although the simplicity of this argument is
appealing, it does not explain why only isolated islands of the
material remain on the tools rather than the tablet essentially
breaking in the middle as a result of the weak cohesive forces
in the tablet. Furthermore it is difficult to reconcile it with the
recently published experimental measurements of average
adhesive stresses (5), which were nearly two orders of magni-
tude lower than the tablet strength. This and other similar
questions indicate that a mechanistic understanding of sticking
is missing.

Nevertheless, several techniques have been used to quantify
sticking with variable success. They broadly fall into three
categories:

1. Direct measurements of the material deposited on the
punch (i.e. High Performance Liquid Chromatography
(HPLC) (6–8), photoelectron spectroscopy (1–4), remov-
able tip (9–11)). HPLC, for example, can provide very
specific information and identify the material and the
mass that remains on the surface of the punch with excel-
lent resolution and from any number of compactions. It is
a very tedious process, when the accumulation of material
is to be studied versus the number of compactions. It is
essentially a Bdestructive^ technique since the removal
of the accumulated material for the measurement implies
that the compaction sequence needs to be restarted from
the first compaction. The removable tip technique relies

on the presence of a tip in the punch that can be detached
and weighed and then reused so that continuous measure-
ment of the accumulating material can be achieved. The
removable tip technique has an inferior resolution to that
of HPLC, and does not provide chemical information. It
is, however, a much more efficient procedure.

2. Indirect measurements of sticking tendencies by measur-
ing phenomena related in principle with sticking on the
punch/tablet interface such as pull-off force (12–14),
knock-off force (3,7,15–19), tablet surface roughness
(1,20–24). These techniques are in general not well char-
acterized. Some of them are not well understood and their
usefulness is questionable at this point (e.g. pull-off force,
knock-off force), as some publications indicate opposite
behavior between sticking and the results of these tech-
niques (7). The roughness based technique has two
variants, one using a stylus and one based on image
analysis. The latter is more preferable as it is non-
contact and appears to be promising as an online
detection technique (21).

3. Adhesion measurements of single particles in Bproxy^ sit-
uations through use of centrifugal testing (25–27), direct
separation (28), inertial detachment (29,30), and atomic
force microscopy (8,31,32). Although these techniques
have not been used specifically for sticking, they are of
relevance. They may correlate adhesion on a surface un-
der different conditions with the actual problem in hand.
In most of these cases the conditions at which they are
performed may not be representative of the actual com-
paction process.

From the techniques listed above, only HPLC and the
removable tip offer clear and objective information. The
former offers both chemical composition and mass of the
deposited material, while the removable tip only provides
the mass of the adhered material albeit with lower
resolution. Conceptually it is possible to identify two phases
in the evolution of the sticking phenomena during
compaction. The first stage of sticking begins with a few
particles adhering to the punch surface. In this stage, tablet
fragments interact with the punch surface and the area of the
coverage of the punch increases with number of compression
cycles. A second stage occurs when the gradual build-up of
material forms a film on the punch face with the type of ad-
hesive interaction changing from punch-tablet to tablet-film,
often occurring with compaction cycles in the 100 s. HPLC
can detect and measure the presence of adhered material on
the punch tip during both phases. The removable tip can
provide easier relevant weight data but a considerable num-
ber of compactions may be required before a measurable
amount of material can be detected. Neither of the two tech-
niques offer detailed information about the microstructural
characteristics of the deposited material.
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SEM in principle, could provide additional information.
To date, electron microscopy has only been used to detect
which components of the formulation exist in the material
deposited on the punch faces through EDS analysis (6).
Direct observations of the adhered material are often hin-
dered by charge accumulation in non-conducting speci-
mens, sensitivity of low melting materials to conductive
coatings in specimen preparation and beam damage dur-
ing observation. Recently, high resolution SEM instru-
ments with low beam voltage have improved the quality
of morphological observations in low melting point mate-
rials without the need of a conductive coating. The goal
of this paper is to utilize high resolution electron micros-
copy at low beam voltage with the dual goal of a)
searching for a mechanistic understanding of sticking
and b) potentially coupling the SEM results with analyses
which may lead to discriminating sticking behavior be-
tween different formulations and process conditions.
Acetylsalicylic acid was chosen for this study due to its
commercial availability and its known propensity to ex-
hibit sticking behavior (12).

MATERIALS & METHODS

Materials

Pure acetylsalicylic acid (ASA), molecular weight,
M = 180.2 g/mol, manufactured by MP Biomedicals was
purchased from Fisher Scientific and used as-received. It has
a true density of 1.40 g/cm3 and the particle size distribution
is characterized by D10 = 74 μm, D50 = 216 μm,
D90 = 427 μm from dynamic light scattering measurements.
Typical melting point for ASA is 135°C while it decomposes
at 140°C (33).

ASA crystallizes in the monoclinic structure P21/c (Z = 4)
with a = 11.186 Å, b = 6.540 Å, c = 11.217 Å, and β = 96.07°

(see Fig. 1). The crystal structure consists of centrosymmetric
dimers linked by a pair of hydrogen bonds between their car-
boxyl groups (34). The crystal shape varies and may be in the
form of small prisms, thin and plate-shaped, or a needle-like
morphology (35).

Methods

Compaction

Custom punch tooling with flat removable upper tips
(9.525 mm diameter) were developed for sticking studies
(Natoli Engineering, Missouri) following the idea proposed
in (9). The design allows for easy removal of the upper punch
tip in order to quickly transfer it to the scanning electron
microscope (SEM) after each compaction cycle. Each punch
tip was sonicated in isopropyl alcohol for five minutes and
dried under ambient conditions for approximately 10 min
prior to each compaction study. The removable flat tips weigh
approximately 3.3 g each. The die was manually filled with
powder to a die height of approximately 5/8 in. (15.875 mm).
Tablets were compressed using the custom punches (see Fig. 2)
in an Instron Universal TestingMachine (Model: 5800R) with
a 25,000 kg load cell.

Several tablets were compressed at a variety of pressures
ranging from 25–300 MPa using displacement control follow-
ing a triangular profile with a speed of 0.2 mm/s for loading
and 8.3 mm/s for unloading. This was done using a single
action compaction where the bottom punch remained station-
ary while the upper punch with the removable tip moved.
Tablet mass, thickness, and height were measured immediately
after compaction. Tablets were then diametrically compressed
to failure at a speed of 7.5 mm/s in a CT5 tabletop mechanical
testing machine (Engineering Systems NOTTM) using a
500 kgf load cell. The maximum load at failure was recorded.

For the sticking study, tablets were compressed to either 50
or 150 MPa. After compression, the punch tip was then

Fig. 1 Unit cell of acetylsalicylic acid visualized using Crystal Maker. The (001) projection (left) and (010) projection (right) with (100) and (101) planes are
highlighted to depict slip possibilities (34) (35). Not depicted are the (001) planes.
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transferred to an air tight container containing desiccant to be
transported to the SEM. This was repeated for each addition-
al cycle. The transfer of samples and total imaging time was
approximately 30–45 min.

Scanning Electron Microscopy

The as-received particles were examined in the SEM
(Zeiss Supra 50VP FESEM) to document the morphology
prior to the sticking study. For the sticking study, the
punch tip was removed from the air tight container and
carefully placed in the SEM. The face of the tip was
examined at a low accelerating electron voltage, 1 kV,
and under high vacuum, without any conductive coating.
Each punch face was marked in 90 degree increments
along the circumference using a permanent marker. A
series of images were taken across the diameter of the
punch face. The time for the SEM examination varied
but was kept as short as possible, e.g., on the order of
5 min. Once imaging was complete, the punch tip was
placed back into the air tight container to be transported
back to the Instron for further compactions.

Image Processing & Analysis

Image analysis to extract information on surface coverage
by the adhered material was carried out using MATLAB.
Images were analyzed using the calculations of white and
black pixels in segmented images.. Prior to the analysis,
the images were cropped to exclude any visible distortions
and image overlap. The grayscale SEM images were then
converted to a binary image using the im2bw MATLAB
function with a threshold control. The edges of the
boundaries were also located using the bwboundaries func-
tion in MATLAB. This function traces the non-zero pixel
boundary while filling any holes that may be present in-
side the boundary. The boundaries detected are then
outlined to display the outer boundaries of the particles
(see Fig. 3). The percent area covered (dark regions on
SEM images) was calculated.

RESULTS

Single Particle Morphology

The particles in the as-received powder exhibited a columnar
morphology and the majority of the particles exhibited two
large and flat dominant faces, labeled A (the surface with the
largest aspect ratio) and B (the surface with the aspect ratio
which is closest to one), (see Fig. 4. The as-received powders
had features that appear to be cracks (arrows) present along
both faces and as shown on Face B along with chipping near
the edges of the crystal which is due to handling of the pow-
ders. No detailed characterization was carried out to identify
these planes but it is presumed that either is one of the
two dominant planes, (100) and (001) with the (100) plane
being the largest area (type B) while the (001) plane being
the area with the largest aspect ratio (type A) according to
(35). It has been reported that the (100) plane is the dom-
inant slip plane (36–38).

The tablet surface, as shown in Fig. 5, depicts a group of
particles that have undergone plastic deformation in a tablet
compacted to a relative density (RD) of 0.93. For example,
particle A, has bent to accommodate the overall densification
around it and it exhibits cracks along in the major axis of the
particle. Some particles that undergo plastic deformation dis-
play a large curvature (particle B) around or alongside another
particle. This is most likely due to local pinning of the particles
during compaction with little to no rearrangement.

Compaction

The tensile strength, σT, shown as a function of RD in Fig. 6,
varies from 0.25–2.2 MPa. Based on this result, two compac-
tion pressures at the lower and upper end of the tensile
strengths were chosen for the sticking study. These are further
referenced as 0.93 RD and 0.97 RD, achieved with a com-
paction pressure of 50 MPa and 150 MPa, respectively.

Interaction of Adhered Material with the SEM Environment

Early observations of the adhered powder on the punch tip
under the SEM lead to the conclusion that a gradual removal

Fig. 2 Photographs showing
custom removable flat top punch
(left) and the compaction set-up
(right).
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of the adhered material occurs during prolonged observation.
This can be attributed to the interaction of the material with
the high vacuum environment of the SEM chamber or the
SEM electron beam. Local conditions (e.g., entrapped air,

moisture, and temperature) may be altered by vacuum and
beam-specimen interactions with resulting local stresses on the
adhered material. These may in turn lead to the detachment
of some particles from the punch surface and introduce a bias

Fig. 3 SEM image depicting tablet
surface as-imaged (left) and after
processing to show approximate
edges of particles (right).

Fig. 4 SEM images showing
particles at various magnifications.
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in the observations. Direct interaction of the electron beam
with the material is also possible but was not severe enough to
consider. Figure 7 shows the evolution of particles adhered on
the punch at different times. Note that the exposure of this
field of view to the beam is very limited (fraction of a minute
per photograph) but the particles were continuously
interacting with vacuum while other parts of the punch sur-
face were being observed.

In order to quantify the removal of the adhered material in
the SEM, the time evolution of the deposited material was
observed in several locations on a punch used to compact
ASA tablets to 0.93 RD. The percent area loss after time is
quantified by fitting an exponential decay. The exponential
decay is the solution to a first order differential equation in
which the rate of reduction of the area coverage is proportion-
al to the area of the punch covered by adhered material, and
shown in Eq. 1.

A tð Þ ¼ A0exp −t=τð Þ ð1Þ

In eq. 1, A is the percent area covered at time t, A0 is the
initial percent area covered at t = 0, and τ is the characteristic
time. The characteristic time for this material under SEM

observations is ~1600 s. The complete imaging of a punch
tip required 5–10 min. Based on the application of this equa-
tion as shown in Fig. 8, this would mean that while the first
images obtained would be without any bias from the interac-
tion with the SEM, the adhered material in the last of the
photographs will exhibit a decrease of 15–30%. We believe
that although some bias exists it is small and does not signifi-
cantly affect the results presented here. This is discussed fur-
ther during the presentation of the results.

DISCUSSION

Distribution of Particles on Punch Face

The sequences of composite (stitched) SEM images of the
punch tip after sequential compactions are presented in Fig.
9(a) and (c) for the two relative densities, 0.93 RD and 0.97
RD, respectively. Figure 9(b) and (d) show the calculated area
coverage along the diameter. The imaging of the punch tip
started from one end of the diameter and continued to the
other end. If the removal of the adhered material were

Fig. 5 Photographs showing the
original SEM images (left), and
binary images showing the detected
edges (right).

Fig. 6 Breaking strength as a
function of relative density.
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substantial the graphs of Fig. 9(b) and (d) would be skewed.
The fact that these distributions are reasonably symmetric
verifies that the removal of the material by the SEM environ-
ment does not significantly affect our results.

A visual inspection of these two figures confirms that less
material remains adhered to the punch at the higher pressure
and relative density. This result agrees with previous reports
(12) as well as shop floor knowledge that increasing the com-
paction pressure for some materials reduces but may not fully
mitigate sticking behavior for many materials (39), while for
some others it does not help. It is worth noting here that
despite the fact that the two relative densities are rather close
to each other, a significant larger axial pressure is needed to
obtain 0.97 RD (150 MPa) than 0.93 RD (50 MPa). Figure 6
shows that there is a sizable difference in tensile strength
between the two conditions (0.5 MPa for 0.93 RD to
1.5 MPa for 0.97 RD). It is conceivable that the change
of the sticking propensity related to the corresponding
difference in tensile strength.

An increase of the area covered by the adhered material
with the number of compaction cycles can be seen in Fig. 9.
The rate of increase is lower for the tablets that were produced
at a higher axial pressure and relative density (see Fig. 9). The

overall area coverage on the punch is plotted against the num-
ber of compactions in Fig. 10. The difference in the rate of
increase of the surface area coverage of the punch by adhered
material is evident. These data also give us an opportunity to
examine whether our observations have been affected by the
material loss due to the interaction of the vacuum with the
adhered material. When all data are considered (13 measure-
ments for RD = 0.97 and 10 for RD = 0.93), the slopes of the
regression lines are 0.8% ± 0.2% per cycle and 2.6% ± 0.2%
per cycle, respectively. The number after the ± sign corre-
sponds to the 95% confidence interval. If we only keep the
results from compaction sequences in which the punch was
scanned in the SEM not more than two times then the slopes
become 1.0% ± 0.6% (9 measurements for RD = 0.97) and
2.6% ± 0.3% (6 measurements for RD = 0.93). This obser-
vation indirectly verifies that we were able to keep the time of
examination in the SEM to a minimum well below the char-
acteristic time of 1600 s, so that the results presented here are
not substantially biased.

Further examination of Fig. 9(a) and (c) revealed a non-
uniform distribution of adhered material with more material
left close to the center of the punch face for both RDs. This
non-uniformity can be attributed to several possible factors.
The densification of a flat face tablet is not uniform because of
the presence of friction between the tablet and the tools. It is
well known (40–42) that the corners of the tablet that are
adjacent to the moving punch reach a higher relative density
than the average relative density of the tablet. Wall friction
opposes the downward motion of the top punch and results in
a non-uniform stress distribution along the outer part of a
cylindrical compact. The stresses are higher at the corner ad-
jacent to the moving punch than the rest of the tablet. The
normal stress on the flat tablet top surface also increases from
the center to the periphery. An argument similar to the one
used in the previous paragraph to justify the elevated level of
sticking at lower average stress can be invoked, but this time at
a local level. We can, therefore, attribute the variation of the
adhered material along the face of the punch to the

Fig. 7 Reduction of area coverage
of a particle fragment adhered on
punch face due to prolonged
exposure to vacuum in SEM.

Fig. 8 Percent area covered as a function of time at two locations near the
outer diameter of the punch surface for tablets compacted to 0.93 RD.
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corresponding variation of the applied normal stress on that
face. However, further work is required to fully accept this
argument.

There are other potential reasons for the non-uniformity.
The most important of them is the sequence of separation of
the tablet from the punches (see Fig. 11). The common per-
ception that the separation of the tablet from the punch is
achieved at once is not correct. As the top punch retracts after
the end of compaction, the load decreases and the tablet tends
to expand axially. This axial expansion of the tablet is opposed

by the friction with the die wall. As a result, the axial expan-
sion in the center of the tablet is larger than that of the periph-
ery. Therefore, the center of the tablet remains in contact with
the punch while the process of separation is initiated at the
outer periphery. The tablet at this point is subjected to a much
lower load (albeit applied on a smaller area). The center part
of the tablet surface is separated last as the punch retracts
further. Therefore, the local conditions that are associated
with sticking differ during this detachment process. The initial
separation of the tablet occurs at a high stress and in the
periphery of the tablet, which is an area with a higher relative
density (and thus local strength). The punch finally is separat-
ed from the tablet at the center of the tablet face, which is an
area of lower density and strength. If the macroscopic obser-
vation that higher density (and compaction pressure) is asso-
ciated with reduced sticking for ASA, can be applied at a local
level along the radius of the tablet surface in contact with the
punch, the variation of the adhered material on the punch
may be at least conceptually rationalized.

Finally, it is possible that local sticking conditions may be
affected by micromotions of the material in contact with the
punch parallel to its surface during the compaction. On a
macroscopic view, the material in contact with the punch
appears to be restricted with respect to radial motion because
it is constrained by the die. However, as discussed above, the
local densification is higher at the corners of the compact
adjacent to the top punch than under the center of the punch
(40–42). This differential densification induces micromotions

Fig. 9 (a) & (c) Photographs showing stitched SEM images of a punch tip surface used to compact tablets to 0.93 RD and 0.97 RD, respectively. From top to
bottom after first (N= 1), second (N= 2), third (N= 3) and fourth (N= 4) compactions. (b) & (d) The plots at the bottom display the percent area covered for
each location and compaction number for 0.93 and 0.97 RD, respectively. The crosshairs mark the center of the punch.

Fig. 10 Variation of the area covered by adhered material versus the number
of compaction cycles for two relative densities (filled circles = 0.93 RD, open
circles 0.97 RD). The solid line is the least square fit of the data and the dashed
lines represent the 95% interval of confidence.
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parallel to the punch surface. These micromotions may po-
tentially contribute to the non-uniform distribution of the ad-
hered material.

In addition to the evolution of the overall punch surface
coverage by the adhered material, it is important to observe
the evolution of sticking at specific locations as the number of
compactions increases. Figure 12 shows the same location of
the punch surface as observed in the SEM after 2, 3 and 4
compactions for both levels of relative density produced (Fig.
13(a) RD = 93% and 13(b) RD = 97%, respectively). To
facilitate the understanding of the sticking process, on each
of these photos, we overlay the outlines, shown in red, of
particles observed on the punch on the previous compaction
(N = 1, 2, and 3, respectively). The increase of the surface area
coverage with the number of compaction cycles is clear in Fig.
12. It is also visually evident that some material loss has oc-
curred due to the interaction with the SEM vacuum. For
example, islands of adhered material (e.g. the one marked
‘A’ in Fig. 12) have shrank nearly uniformly around their
perimeter (see Fig. 7). At the same time, there are islands like
the ones marked by ‘B’, much larger than the ones observed to
partially shrink, which completely disappear in a single com-
paction cycle. We believe that some are removed mechanical-
ly during compaction, due to local radial motions. This obser-
vation indicates that sticking is not a purely monotonic proce-
dure but there is a competition between material accumula-
tion and material removal.

To better appreciate the lengths scales involved, we com-
pare in Fig. 13 the starting powder, the tablet surface, and the
punch surface with the adheredmaterial after one compaction
(N = 1) at the same magnification. The distribution of sizes of
the adhered material ranges from a few microns to 100 μm.
Image processing of an area of ~4 mm2 indicated that 50% of
the surface coverage is due to particles of an equivalent diam-
eter greater than approximately 30 μm.

A detailed examination of the morphology of the material
adhered to the punch after the first compaction reveals that
there are mainly three types of particles (see Fig. 14). Some
particles (Type I) are very elongated and occasionally sharp.
Their long dimension is >30 μm and they often have sharp
ends. Their characteristics are a clear indication that these are
the result of fragmentation of initial particles. A larger number
of adhered particles exhibit clear signs of a combination of
deformation and fragmentation (Type II). They contain numer-
ous andwide cracks that are usually at larger angles with respect
to the punch surface. They have a broad range of sizes from 1 to
100μm.The larger ones are fewer but contribute to the percent
of area covered due to their size. Many of these particles appear
to have a ridged surface that reflects multiple fractures along a
family of weak planes. In both cases (Types I and II) local
fragmentation appears to be an integral part of the sticking
process. A third type of adhered material (Type III) is identified
in particles that may have been pressed onto the punch face
under a larger particle. They appear to be flattened and their
thickness diminishes toward their outer contour. It is presumed
that these maybe particles present in the initial material.

The observations presented above provide some first order
ideas for a mechanistic understanding of sticking. These con-
cepts are shown schematically in Fig. 15. A possible scenario
for Type I and II particles (Fig. 15(a)) is when the corners of
some ASA particles are subjected to loads that lead to high
local stresses. This is possible for ASA particles in contact with
the punch at an oblique angle. This configuration presents a
limited contact area due to the prismatic shape and results in
high local stresses. To accommodate the imposed deforma-
tion, the corners of these particles can fragment, aided by
cleavage along their weakest planes and localized deforma-
tion. The detachment of fragments from the tablet is aided
by the distributed damage around these contacts and can be
achieved by even moderate adhesion to the surface. Another

Fig. 11 Sequence of separation of
punch from the tablet during
unloading. The presence of wall
friction dictates that this process
begins at the periphery of the punch
face and continuous towards the
center. The fine vertical lines above
the center of the tablet indicate the
contact area in each instant.
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possibility (Fig. 15(b)) is that small particles are Btrapped^
under larger ones and because of the size difference are sub-
jected to larger stresses and become Bflattened^ upon loading
(Fig. 14, i.e. Type III). From a mechanics point of view, de-
tachment is difficult as the flattened particle is almost engulfed
by the larger neighboring one. High local adhesion to the die
and/or local small cohesion with the neighboring larger parti-
cles are conditions for separation of these particles from the
tablet on unloading. Although it is premature to claim that

these are generic, fully verified mechanisms behind sticking,
they are consistent with many of the visual observations made
here for ASA.

CONCLUSION

In this work, we employed low voltage scanning electron mi-
croscopy to observe and quantify the adhesion of ASA

Fig. 12 SEM composite images of the same location on the punch after N= 1, 2,3, and 4 compactions. The outline of the adhered particles from the previous
compaction is overlaid on each image to facilitate the observation of the evolution of the sticking phenomenon. (a) RD = 0.93, and (b) RD = 0.97.
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powders on the punches during a small number of compac-
tion cycles. The important results are summarized below:

& From a very small number of compactions (flat face tab-
lets), we extracted a rate of sticking in terms of percent
area coverage of the punch per compaction cycle using
SEM images that allowed us to differentiate the sticking
tendencies at two different pressures

& It was observed that the distribution of the adhered mate-
rial is not uniform but has a maximum at the center of the
punch. Potential explanations of this observations include
the non-uniform densification of the tablet due to

frictional interaction between tools and tablet, and the
gradual separation process of the tablet from the punch
during unloading that leads to an initial separation at the
periphery of the punch and then progressively towards the
center.

& Following individual particles at the same location on
the punch over a sequence of sequential compaction,
we concluded that there is removal of adhered mate-
rial during compaction at the same time with further
deposition.

& A first order schematic explanation of the potential mech-
anisms of sticking in ASA was presented.

Fig. 14 SEM photographs showing a summary of the particle types detected on punch faces. Note: Solid bar is 10 μm.

Fig. 13 (a) Initial particles, (b) tablet surface and (c) punch surface with adhered material in the same scale.
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& Beyond some elements of mechanistic understanding pre-
sented here, we believe that the quantification of the ad-
hered material during a very small number of compac-
tions (N < 5) can provide an interesting, truly material
sparing technique for the assessment of sticking risk.

Overall we believe that the results presented here indicate
that the thinking about sticking needs to be expanded to in-
clude the role of defects. Defects may be pores, weakly bonded
contacts or incompletely densified local fragments (with the
two last ones being the result of the statistical nature of the
geometry and stress distribution). We believe that sticking is
the result of crack propagation along a path that alternates
between areas of punch/tablet interface (clear areas) and
areas within the tablet (where adhered material is left on the
punch). The evolution of the separation is affected by the
presence of defects that occur close to the punch/tablet inter-
face. Increase in strength implies that such local microcracks
(defects) are reduced or eliminated, and the corresponding
adhered material on the punch is reduced.
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