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Micro-deformation mechanisms involved in thermoforming of alumina trihydrate (ATH) reinforced
poly(methyl methacrylate) (PMMA) was investigated in a new experimental method replicating indus-
trial heavy-gage thermoforming procedure. Uniaxial tension tests under non-steady thermal conditions
were carried out at different forming rates and forming temperatures. Stress-strain curves and
load-displacement histories of thermoformed samples were studied in terms of specimen tempera-
ture at different forming conditions. Neat PMMA samples were stretched to 50% strain under identical
thermoforming conditions as PMMA/ATH for comparison purposes. Stress whitening in thermoformed
PMMA/ATH samples was monitored with optical microscope and degree of stress whitening was charac-
terized by an index obtained from optical image histograms. Micro-deformation features on the surface
of PMMA and PMMA/ATH samples were examined by scanning electron microscopy (SEM). Micro-
deformation in neat PMMA was in the form of homogenous drawing and did not include any type of void
formation. SEM images of PMMA/ATH samples showed that particle cracking is the dominant deforma-
tion mechanism at low-forming temperatures, while at high-forming temperatures, combined particle
disintegration and interfacial failure are dominant mechanisms. Stress whitening was not observed in
neat PMMA which was attributed to absence of micro-voids or craze-like structures. On the other hand,
PMMA/ATH samples displayed different levels of stress whitening depending on density, size and type of
micro-deformation features.
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1. Introduction

Early implementations of thermoforming lay back to more than
a century ago when celluloid sheets pressed onto steel molds.
Later improvements in polymer chemistry and increasing vari-
ety of thermoformable polymer blends brought attention to this
comparatively low cost and multi-system adaptable method [1].
Thermoforming is a post-processing procedure in which heated
panels are stretched over or into molds by manual or pneumatic
means. Typical single-stage thermoforming steps include clamp-
ing step (mechanical restraining of extruded panel in a grip device
or support frame), heating step (heating of panel above glass tran-
sition temperature, Tg), shaping step (forming of heated panel to
desired shape and geometry), and cooling step (cooling of formed
panel to ambient temperature) [1,2]. Thermoformability which
depends on thermo-mechanical and rheological properties of poly-
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meric material is the main restriction on implementation of the
procedure. Morye [3] defined different aspects of thermoformabil-
ity as resistance to sag, ease of flow, mold replication, deep draw
capability, sensitivity to thermoforming temperature and speed,
uniformity of thickness distribution, and post-forming shrinkage
and dimensional stability. Reliable estimation of thermoformability
of materials and optimum thermoforming conditions are essen-
tial for the procedure. Instead of time-consuming and expensive
trials on actual size panels, experimental studies on prototypes
and numerical simulations of thermoforming have become more
efficient techniques in evaluation of potential materials, optimiza-
tion of thermoforming conditions and quality prediction of final
product.

During thermoforming, heated panels can be stretched at differ-
ent temperatures and rates. Typical forming rates are in the range of
0.1 and 10s~! [2]. Temperature range for thermoforming is limited
between glass transition temperature (Tg) and melting tempera-
ture (T ) of material. Amorphous polymers are in a soft rubbery
state above T which is ideal for thermoforming. Thermoforming at
temperatures close to Try, on the other hand, may result in localized
thinning and tearing of sheet. For acrylic resins, 30-40 °C above Tg
was found to be ideal preheating temperature range [4]. In previous
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experimental studies for thermoforming, material characteristics
were investigated while samples were in thermal equilibrium with
surrounding at the beginning of thermoforming procedure, i.e.
under isothermal conditions [5-7]. However, in practical thermo-
forming application, mold temperature (forming temperature) is
lower than temperature of pre-heated sheet (sample temperature).
Since sheet thickness in heavy-gage thermoforming is larger than
3 mm, thermoformed parts are exposed to significant thermal gra-
dient. Non-uniform temperature distribution causes non-uniform
thickness distribution and uneven residual stress patterns within
thermoformed part [8], which may result in warpage after part is
released from mold. Forming temperature and rate determine dura-
tion of cooling and amount of residual stress in thermoformed part.
During forming stage, polymer chains are oriented along stretch
direction. Upon cooling, they are held in position causing residual
stresses. Thermoforming at high-forming temperatures requires
longer cooling time and increases amount of residual stress. On the
other hand, slower forming rate promotes relaxation of polymer
chains and reduces amount of residual stress. Since lower resid-
ual stress results in better dimensional stability in thermoformed
parts, slower forming at low temperatures are desirable [3]. How-
ever, slow forming leads to longer application periods and very
low mold temperatures yields problems in appearance of thermo-
formed part.

Thermoforming involves different deformation modes. Stretch-
ing is essentially uniform biaxial extension in the center and nearly
uniaxial extension at the clamp edge [2]. Uniaxial tension tests are
often preferred to evaluate thermoformability of polymers due to
experimental simplicity in application and interpretation. In biaxial
stretching of polystyrene, polyethylene and polypropylene, effect of
deformation mode on stress-strain curves was observed as the dif-
ference in stress level, while strain hardening behavior was similar
under uniaxial stretching and biaxial stretching [9]. Film blow-
ing and thermoforming studies on polypropylene and polyethylene
also demonstrated that uniaxial elongation experiment is a versa-
tile method for studying processing operations involving biaxial
stretching [10]. Material models developed for numerical sim-
ulations commonly include material properties obtained from
uniaxial tests. In numerical simulation of acrylic sheet form-
ing, critical material properties were determined from uniaxial
tension tests [11]. Thickness distribution results from numeri-
cal simulation were found in good correlation with experimental
results [12].

Experimental studies on thermoformability of polymer materi-
als and numerical simulations of thermoforming procedure have
been the focus of researches in the literature. Yet, there is no
study on micro-deformation mechanisms involved in thermoform-
ing. Problems observed in appearance of thermoformed parts are
related to microscopic flaws formed during the process. Ther-
moforming conditions strongly affect the quality and appearance
of final product. In thermoforming mineral filled acrylics, stress
whitening is observed as a result of excess stretching of insuffi-
ciently heated panels [13]. Therefore, it is necessary to investigate
source of problems at micro level and study influence of thermo-
forming conditions on stress whitening. Addition of fillers improves
thermal, mechanical, rheological and electrical properties of poly-
mer matrix and lowers cost of material [14]. Primary function of
soft particle inclusion is promoting matrix deformation by provid-
ing effective nucleation sites for yielding mechanisms, such as shear
yielding and crazing [15]. On the other hand, reinforcement effect
of rigid fillers improves strength and stiffness of polymer matrix,
while ductility of polymer matrix dramatically reduces [16,17].
Rigid fillers restrict plastic deformation by increasing yield stress
and modulus resulting in larger elastic regime [18-20].

Surface discoloration or enhanced opacity of polymeric mate-
rials in response to mechanical deformation is referred as “stress

whitening”. Under mechanical loading, transparent or translucent
polymeric materials become opaque and exhibit a whiter appear-
ance [21], while opaque materials attain lighter color compared
to original appearance [22-24]. A necessary requirement for good
measurement of stress whitening is that used method should
present perception of human eye. Recently, Misra et al. [25,26]
developed a new method that quantifies stress whitening in terms
of change in gray level obtained from optical images of deformed
regions. Implementation of this method is limited to qualitative
comparison of gray level change profiles of different compositions
and loading conditions. In this study, optical images are further
processed and single numerical values representing different lev-
els of stress whitening are derived from image histograms. Stress
whitening in PMMA based composites is primarily due to the scat-
tering of visible light from mechanically induced surface defects,
such as voids, cracks, cavities [21,27-31]. Degree of stress whitening
depends on size and density of these defects and stress whitening
is only observed if size of defects is in order of wavelength of vis-
ible light [20]. Stress whitening may be significantly reduced by
incorporating rigid particles in polymer matrix such that plastic
deformation is minimized [19,22,25,26,32]. However, inadequate
interfacial bonding strength may result in micro-void formation
and further enhance stress whitening in particle filled polymers.
In such cases, source of stress whitening is void formation due to
debonding of particles from matrix and/or breaking of particles
[33-36].

Inclusion of rigid particles in polymer matrices results in differ-
ent failure behavior depending on particle size and concentration
[37-41], interfacial bonding strength [33,42], relative matrix and
filler strength [24,35,43]. The effect of particle size on mechanical
properties of composites is related to specific surface of particu-
lates. Large specific surface of small particles enhances bonding
with matrix and improves reinforcement effect. Yet, blending
polymers with very small particles results in agglomeration and
non-uniform dispersion which are both detrimental to mechanical
properties of composite [38,39]. The strength of interphase modi-
fies stress distribution in the vicinity of filler and promotes different
failure mechanisms. In general, strong interfacial bonding improves
strength and stiffness of bulk material in the expense of ductil-
ity, while weak interfacial bonding reduces mechanical properties
along with improved toughness [44]. Surface treatment on parti-
cles in the form of chemical agents may improve adhesion between
matrix and particles. Coupling agents form strong bond between
filler and matrix which results in uniform particle dispersion and
increase in yield stress and stiffness, yet strong interfacial adhesion
reduces deformation capacity. [33]. In a recent study, effect of sur-
face treatment on tensile deformation behavior of ATH filled PMMA
was investigated [45,46]. In composites with adhesion promoting
additives, reinforcement effect of particles were more pronounced
compared to composites without chemical agent and composites
with debonding agent. Adhesion promoters resulted in higher ten-
sile strength but lower toughness in tensile testing of PMMA/ATH.
Fracture of particulate composites also depends on relative stiffness
and strength of constituent materials and interface strength. If both
constituent materials have material properties in the same order,
particle cracking occurs. If embedded particles are much stiffer and
stronger than matrix, particle debonding or matrix tearing becomes
major damage mode.

In the present work, a new experimental method has been
proposed for heavy-gage thermoforming procedure with specific
emphasis on non-steady thermal condition for specimens during
forming stage. Influence of forming rate and temperature on mate-
rial response throughout all stages of thermoforming procedure has
been studied. Micro-deformation mechanisms in thermoformed
mineral filled acrylics have been investigated with scanning elec-
tron microscopy.
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2. Experimental procedure
2.1. Materials

Standard ASTM D638 Type IV specimens [47] from extruded
acrylic (PMMA) and acrylic particulate composite (PMMA/ATH)
panels [48] were used for experimental study. ASTM D638 Type
IV specimens are suggested for direct comparison between materi-
als in different rigidity cases, similar to thermoforming procedure
in which material undergoes a transformation from non-rigid to
rigid form around its Tg. Acrylic particulate composite in this study
is characterized by ductile properties of lightly cross-linked, low-
molecular weight PMMA and hard, brittle nature of ATH. According
to supplier provided information, PMMA has a Ty around 100°C
which was obtained from differential scanning calorimetry test. The
number-average molecular weight (M) of PMMA was determined
as 150 kg/mol from batches without cross-linking agent. ATH inclu-
sion in PMMA specifically improves dimensional stability and flame
resistance of polymer matrix. Primary function of ATH as a fire retar-
dant agent is ignition inhibitor by increasing ignition temperature
and forming incombustible gases in the flame zone. ATH fillers also
act as smoke suppressants by catalyzing oxidation of carbonaceous
matter on burning surface [49]. Inclusion of ATH fillers results in
better high-temperature performance in the expense of reduction
in ductility.

Average particle size of ATH is 30-40 wm and particle volume
fraction in acrylic composite is 50%. ATH agglomerates are irregular
in shape and they are strongly bonded to PMMA matrix by means of
adhesion promoting agent [46]. Another important aspect of acrylic
particulate composite is the temperature at which thermal micro-
stresses around ATH particles disappears. Thermal micro-stresses
due to coefficient of thermal expansion (CTE) mismatch between
filler/matrix can be monitored by utilizing stress optically bire-
fringence characteristic of PMMA. For PMMA/ATH in this study;, it
was found that stress field around agglomerates disappeared when
sample was heated to 90°C [45]. Sun and Liu [50] showed that
fabrication cooling process causes plastic flow of the composites
and overall yield surfaces of the composites exhibit a combina-
tion of kinematic and isotropic plastic hardening in the presence
of thermal stresses due to CTE mismatch. Upon cooling, stress level
around fillers may reach 15-75% of tensile yield strength of com-
posite. Therefore, thermal micro-stress due to CTE mismatch plays
an important role in the failure of particulate composites under
thermo-mechanical loading conditions.

2.2. Thermoforming experiments

Uniaxial tension tests are often preferred for evaluation of
thermoforming performance of materials due to experimental sim-
plicity in application and interpretation [5-7,10]. Material models
developed for thermoforming simulation commonly include mate-
rial properties obtained from uniaxial tests [11,12]. Based on these
observations, uniaxial tensile stretching of samples was preferred
in place of industrial heavy-gage thermoforming procedure. Similar
to standard thermoforming procedure, samples were first heated to
a temperature above Tg using VWR Signature™ Horizontal Airflow
type convection oven. Ideal pre-forming temperature for PMMA
is estimated as 30-40°C above Tg [4]. Heating duration and pre-
forming temperature were established as 20 min and 150 °C on the
basis of manufacturer’s manual. For continuous monitoring of spec-
imen temperature during testing, temperature of the specimens
was recorded by using 0S-PP Omegaette™ Pocket Pal® infrared
thermometer at intervals. Test procedure for thermoforming is
considered mainly in three steps: first, loading step correspond-
ing to forming step; second, dwell step corresponding to cooling
step; and third, unloading step corresponding to removal of sample
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Fig. 1. Loading history of thermoforming procedure.

from mold. Loading history of thermoforming test is presented in
Fig. 1.

Displacement controlled testing was preferred in the forming
step, since it was not possible to use any form of strain measurement
device. In a soft malleable state, samples were not able to withstand
the weight of axial extensometer. Strain gages are not suitable for
large strain measurements (>5%) at high temperatures (>100°C),
whereas laser sensors are not advised for high-temperature appli-
cations. Heated specimens were stretched to different levels of
deformation in a servomechanical MTS material testing unit type
858 table top system (1-10 kN capacity) controlled by a computer
and fitted with an ATS 7510 box thermal chamber for the control
of ambient temperature. In order to prevent extrusion of mate-
rial from grips, minimum possible grip pressure was employed.
Grip slip was not observed due to special serration pattern on
grip wedges. Initial distance between grips was kept at minimum
possible level such that uniaxial stretching was confined to the
neck-down portion of the dogbone sample [2]. Strain values in engi-
neering stress—strain curves were calculated by dividing crosshead
displacement by gauge length. Forming rate was chosen at three
different displacement rates as 0.9, 0.09, 0.009 mm/s (equivalent
strain rate of ~1072, ~10~3, ~10~4s~1, respectively). Although typ-
ical thermoforming rates are in the range of 0.1-10s~! [2], scale
effect on specimen size substantially restricted applicable strain
rate in thermoforming tests. Forming temperatures representing
different mold temperatures were selected as 30, 50, 75, 90, 100,
125, and 140 °C. Results presented herein are the arithmetic average
of results obtained from five separate tests conducted at the same
condition.

During forming step, temperature was held fixed in thermal
chamber representing desired mold temperature. Deformation lim-
its in forming step were established as 4.5, 6.75, 9, 13.5 and 18 mm.
Samples were thermoformed for five times with increasing defor-
mation level in each subsequent thermoforming cycle. Successive
thermoforming applications on the same sample were planned to
investigate damage evolution in repeated thermoforming cycles. At
the beginning of dwell step, thermal chamber door was opened for
cooling of sample. During dwell step, specimen deformation was
held fixed. Time necessary for cooling was established between 1.5
and 8 min depending on forming temperature. Unloading at high
rate was preferred in order to characterize rapid removal of thermo-
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formed part from the mold. During thermoforming tests, ambient
temperature, upper and lower grip temperatures and surface tem-
perature of samples were continuously recorded. In addition to
thermoforming tests, PMMA/ATH samples were tested to failure
and PMMA samples were stretched to ~50% strain under identical
thermoforming testing conditions. Test results of PMMA samples
are not presented in this paper.

2.3. Scanning electron microscopy

Micro-deformation features on the surface of thermoformed
PMMA/ATH samples and influence of forming rate and temperature
on micro-deformation mechanisms were studied using scanning
electron microscopy (HITACHI S4000) in secondary electron imag-
ing mode. PMMA samples stretched to ~50% strain were also
examined for comparison purposes. All samples were cryofractured
at the ends without damaging thin mid-portion and carbon coated
prior to examination.

2.4. Stress whitening characterization

Stress whitening characterization of thermoformed PMMA/ATH
samples is based on the difference in appearance at virgin and
thermoformed state. Specimens were monitored with Panasonic
GPKR222 CCD camera before any test (virgin state) and at the
end of each thermoforming cycle (thermoformed state). A region
of 2mm x 2.5mm in the middle of specimen was examined at
all cases. Great care was taken to maintain same brightness level
in all optical images. Optical images were first converted to gray
mode from RGB mode using Adobe® Photoshop® software. Pro-
cessed images were then digitized using MatLAB® Image Processing
Toolbox™ software and image histograms were obtained in gray
scale. An index corresponding to appearance of monitored region
was derived from image histograms. Finally, stress whitening in
thermoformed samples was numerically defined as the difference
between indices of virgin and thermoformed state.

3. Results and discussion
3.1. Mechanical properties

In simple uniaxial tensile tests of PMMA/ATH, specimens were
stretched at different temperatures and rates until the failure of
specimen. Engineering stress-strain curves of PMMA/ATH samples
tested to failure are presented in Fig. 2. Similar to thermoform-
ing tests, specimens were heated to 150°C prior to testing. Unlike
standard isothermal testing of materials, specimen temperature
in H and M series tests (tests at 0.9 and 0.09 mm/s displacement
rate) was not constant and specimens were not in thermal equilib-
rium with surrounding ambient. While specimens were stretched
to failure, they were also cooling down to environmental cham-
ber temperature (or mold temperature). This situation is identical
to industrial heavy-gage thermoforming procedure during which
panels start cooling immediately at forming stage. On the other
hand, at 0.009 mm/s forming rate (L series tests), specimen tem-
perature was nearly constant through testing. Displacement rate
and test temperature in these tests will be henceforth referred as
forming rate and forming temperature.

At high-forming temperatures (T>100°C), stress-strain rela-
tionships for all forming rates can be characterized with a yield
stress followed by a huge yield plateau without strain hardening
behavior. At low-forming temperatures (T<100°C), stress—strain
relations strongly depend on the competition between forming rate
and cooling rate. Cooling rate depends on the difference between
specimen temperature and forming temperature, and cooling is
much faster at low-forming temperatures. If forming rate is higher
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Fig. 2. Engineering stress—strain curves of PMMA/ATH samples tested to failure at:
(a) 0.9 mm/s, (b) 0.09 mm/s and (c) 0.009 mm/s displacement rates.

than cooling rate (H series tests), specimen temperature is always
larger than forming temperature. If forming is slower than cool-
ing (L series tests), specimens completely cool down to forming
temperature. Therefore, for forming temperatures below 100°C,
specimen temperature in H series (0.9 mm/s forming rate) was
higher than thatin M series tests (0.09 mm/s forming rate), whereas
at 0.009 mm/s forming rate (L series tests), specimens always
reached thermal equilibrium before test completion and had the
lowest temperature. Since cooling at forming temperatures above
100°C is insignificant, samples were stretched at nearly constant
temperature regardless of forming rate. As a result, at forming
temperatures below 100 °C, ultimate strength and tensile modulus
decrease with increasing forming rate, while at forming temper-
atures above 100°C, ultimate strength increases as forming rate
increases. Similarly, at forming temperatures below 100 °C, varia-
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Fig. 3. Engineering stress-strain curves of PMMA/ATH samples in forming step (a)
at 0.9 mm/s forming rate, 90°C forming temperature. (b) At 0.09 mm/s forming
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tion of modulus with forming temperature is more remarkable in
L and M series tests, while at temperatures above 100 °C, this vari-
ation is more noticeable in H series test. Yet, for all forming rates,
as forming temperature decreases, elongation at failure decreases
while tensile strength and modulus increase.

Engineering stress-strain curves for the forming step at selected
thermoforming conditions (H90, M125 and L125 series) are pre-
sented in Fig. 3. At all thermoforming conditions, stress-strain
curves in the first forming cycles are similar to initial 5% strain
portion of curves in tensile tests to failure (Fig. 2). This observa-
tion was anticipated because in the first thermoforming cycle and
“to failure” tests, virgin samples were stretched for the first time
under the same conditions. Repeated thermoforming cycles on the
same sample, on the other hand, cause deviation from first cycle

Table 1
Number of possible thermoforming cycles before failure of PMMA/ATH samples at
different conditions (na: not applicable).

Number of cycles Forming temperature (°C)

30 50 75 90 100 125 140

Forming rate (mm/s) 0.9 3 4 4
0.09 na 1 3
0.009 na na 1

[CVRN NN, ]
v
(OB IR
(SIS, IN9)]

stress-strain curve because of damage evolution in material (Fig. 3).
Stress values corresponding to same strain at sequential thermo-
forming cycles gradually decrease because of strength and stiffness
degradation. The amount of irreversible damage introduced in
material varies with forming temperature and rate. Damage evo-
lution with successive thermoforming cycles also limits possible
number of thermoforming operation on PMMA/ATH specimens
especially at low temperatures. Number of thermoforming cycles
before failure of PMMA/ATH samples at different conditions is pre-
sented in Table 1. At some thermoforming conditions (M30, L30 and
L50), thermoforming testing was not possible because elongation at
break in simple uniaxial tension tests were less than 4.5 mm which
was defined as the deformation limit in the first thermoforming
cycle (Fig. 2b and c).

Heat application at the beginning of each thermoforming cycle
was another factor affecting material performance in thermo-
forming tests. At this stage, plastic deformation in the polymer
matrix alone was recovered similar to polymer healing upon heat
treatment, while damage in the ATH agglomerates and in the inter-
phase were not recovered. Strength degradation in stress—strain
curves clearly indicates that complete healing did not occur, though
specimens were heated to 150 °C between thermoforming cycles.
Healing process at elevated temperatures beyond Tg of material
involves restoration of secondary bonds between mobilized poly-
mer chains and transportation of severed chains by a diffusional
process [51]. By means of this healing process prior to testing, the
part of damage associated with polymer matrix was reversed to
some extent and composite strength and stiffness at early stages
of deformation (for strain values less than 2%) did not change
significantly with increasing number of thermoforming cycles.
Material degradation was only pronounced at high-strain levels
where increasing damage in mineral fillers cause noticeable change
in stiffness and strength.

Typical loading-displacement histories of thermoforming tests
are presented in Fig. 4. Following forming step, environmental
chamber door was opened and specimens were left for cooling at
room temperature while deformation at the end of forming step
was kept constant during cooling period. In cooling step, behavior
of PMMA/ATH samples is governed by two counter-acting phenom-
ena. At the beginning of dwell step, stress values drop by some
amount because of stress relaxation of polymer matrix whereas
continuous cooling increases tensile stress in the sample induced
by thermal shrinkage at constant deformation level. The compe-
tition between stress relaxation and thermal stress determines
maximum experienced tensile stress throughout thermoforming
procedure. The effect of stress relaxation is more pronounced at
high-forming rates while effect of thermal stress is more pro-
nounced at high-forming temperatures. If forming temperature is
below 90°C, regardless of forming rate, maximum experienced
stress occurs in the forming step, i.e. effect of thermal shrinkage
at these temperatures is less pronounced upon sufficient cooling
in forming step. For temperatures above 90 °C, maximum experi-
enced stress occurs at the end of cooling step and may have a value
twice as much as maximum stress in forming step. At 0.9 mm/s
forming rate, as forming temperature increases, amount of stress
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Fig. 4. Loading-displacement history of PMMA/ATH sample thermoformed (a) at
0.9 mm/s forming rate, 90 °C forming temperature. (b) At 0.09 mm/s forming rate,
125°C forming temperature. (c) At 0.009 mm/s forming rate, 125°C forming tem-
perature (deformation limit 13.5 mm).

relaxation decreases and duration of stress relaxation increases. At
0.09 mm/s forming rate, amount and duration of stress relaxation is
smaller compared to 0.9 mm/s forming rate. At 0.009 mm/s form-
ing rate, there was no noticeable stress relaxation, since at such
low loading rate, there was sufficient time for molecular relax-
ation before any additional load increment during forming step.
In unloading step, elastic recovery takes place to different extent
depending on forming rate and temperature, yet recovered elas-
tic strain is less than 0.1% of total strain at all thermoforming
conditions.

100pm =

Fig. 5. SEM images of (a) undeformed PMMA sample and (b) PMMA sample
stretched to ~50% strain at 100°C and 0.9 mm/s displacement rate.

3.2. Micro-deformation mechanism in thermoformed acrylics

In our experimental study, stress whitening was only observed
in thermoformed PMMA/ATH samples, while PMMA samples did
not display any stress whitening at any testing condition. Sur-
face features were studied in order to investigate source of stress
whitening in thermoformed PMMA/ATH samples. In addition, neat
PMMA samples were investigated, since at micro-level, deforma-
tion characteristics of neat polymer and its composites are usually
interrelated.

3.2.1. Surface deformation in neat PMMA samples

Surface structure of undeformed PMMA sample (Fig. 5a) dis-
plays large amount of scratches formed during sample preparation.
SEM image of stretched PMMA sample (Fig. 5b) clearly shows that
there is no micro-void formation on the surface and original surface
texture was preserved during homogeneous plastic deformation of
polymer in the form of enlargement of previously formed scratches.
In the absence of micro-voids or other light scattering entities,
PMMA samples did not display any stress whitening under any ther-
moforming conditions. Previous studies on PMMA indicated that
source of stress whitening in neat PMMA was micro-void formation
due to crazing [52,53] and that in rubber modified PMMA was due
to cavitation or debonding of rubber particles [27,28,31,54]. In our
case, PMMA molecular structure was modified with cross-linking
agent in order to improve stiffness and strength of the material.
Resulting molecular network restricts polymer chain mobility and
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Fig.6. SEM images of (a) undeformed PMMA/ATH sample and (b) virgin PMMA/ATH
sample heated at 150 °C for 20 min.

reduces possibility of fibrillation which is a primary condition
for craze widening or thickening. In addition, for a stable craze
growth in PMMA, critical number-average molecular weight (M.)
was found as 200 kg/mol based on experimental studies [55]. Since
PMMA in our study has a molecular weight (My = 150 kg/mol) less
than the critical value, it is unlikely to observe a craze structure in
neat PMMA. Finally, PMMA samples were stretched at temperatures
above T; where micro-deformation mechanism generally does not
involve crazing or shear yielding but it is in the form of homogenous
drawing of bulk polymer [56].

3.2.2. Surface deformation in thermoformed PMMA/ATH samples

SEM image of undeformed PMMA/ATH sample is presented in
Fig. 6a. It is clear that particle size distribution of ATH fillers is
quite large and ATH agglomerates are randomly dispersed in PMMA
matrix. In order to examine the effect of heating on surface tex-
ture of PMMA/ATH, a virgin sample heated at 150 °C for 20 min was
investigated (Fig. 6b). It is apparent that heating prior to thermo-
forming procedure does not cause any loss of mechanical integrity
between PMMA and ATH, yet surface finishing layer applied during
sample preparation disintegrates by heat application which reveals
the level difference between filler and matrix causing slight change
in optical appearance of composite.

Recently, Basaran et al. studied tensile behavior of PMMA/ATH
samples with different interfacial strength [42]. Strong interfacial
bonding strength was achieved by treating ATH agglomerates with

adhesion promoting chemical agents, whereas debonding promot-
ing agent was used for eliminating any possible chemical bond
between polymer and matrix. It was observed that difference in
tensile behavior of different blends arises from failure mechanisms
at micro-level [42]. Failure in composite with adhesion promot-
ing additives was internal cracking of ATH agglomerates while
debonding of particles from matrix took place in composite with
debonding promoting additives. In the acrylic composite used in
this study, ATH agglomerates are strongly bonded to PMMA matrix.
SEM images of thermoformed samples show that nature of defor-
mation in polymer matrix significantly changes with respect to
forming temperature and rate leading to different modes of particle
failure.

Surface deformation features associated with stress whitening
was studied on samples from last available thermoforming cycles.
SEM images of PMMA/ATH samples thermoformed at 0.9 mm/s
forming rate and at different forming temperatures are presented
in Fig. 7. SEM images show that main failure mechanism at tem-
peratures below Tz of PMMA (100°C) is particle cracking and at
temperatures above 100°C, it is combined interfacial failure and
particle disintegration with ductile tearing of matrix. However,
main source of stress whitening in all cases is light scattering enti-
ties formed by failure of ATH agglomerates. At 0.9 mm/s forming
rate, intensity of particle cracking at 75°C forming temperature
(Fig. 7c) is less compared to 50 °C forming temperature (Fig. 7b).
Since influence of thermal stress due to CTE mismatch diminishes
as temperature increases, thermal micro-stress field around ATH
particles also reduces and particle failure also decreases at 75°C
forming compared to 50 °C forming. At 90 °C forming temperature
(Fig. 7d), intensity of particle cracking is more than that at 75°C
forming temperature (Fig. 7c). As forming temperature increases,
polymer matrix becomes more flexible while ATH remains rigid
regardless of forming temperature since ATH has a melting tem-
perature around 3500°C. At 90°C forming temperature, polymer
matrix is also still stiff enough to exert large tensile stresses on
ATH particle such that resultant state of stress causes failure of
ATH particles at a higher level compared to that at 75 °C. Since at
0.9 mm/s forming rate, specimen temperature is higher than form-
ing temperature, transition in polymer matrix characteristics was
observed at 90 °C forming temperature. At 100 °C forming temper-
ature, polymer chain mobility increases significantly and strength
and stiffness of PMMA matrix reduce dramatically. Severe deforma-
tion in matrix causes failure only at particle-matrix interphase or
some weak particles (indicated with arrows in Fig. 7e), such that it
is sufficient enough to permit large deformation of polymer matrix
while major portion of particles remain intact. At 125°C forming
temperature, source of micro-deformation mechanism is com-
pletely different than colder forming temperatures. At this forming
temperature, matrix is more like in a semi-liquid form. Severe
stretching of highly mobilized polymer chains leads to failure in
particle-matrix interphase, observed as isolated large size particles
in Fig. 7f. On the other hand, small size ATH agglomerates fails at
many locations causing formation of fine cracks (Fig. 7f) contrary to
previous cases where single cracks were observed. Further increase
in forming temperature causes disintegration of ATH agglomerates
(encircled in Fig. 7g) because of completely incompatible deforma-
tion capabilities of the two constituents while interfacial failure is
still observable at some isolated large particles.

SEM images of PMMA/ATH samples thermoformed at 0.09 mm/s
forming rate and at different forming temperatures are presented
in Fig. 8. At 0.09 mm/s forming rate, matrix deformation is not
significant for forming temperatures below Ty of PMMA and fail-
ure of ATH particles are controlled by the level of thermal stress
due to CTE mismatch. Only at forming temperatures above 100°C,
polymer matrix deformation controls intensity of particle cracking.
Density of cracks at 100 °C thermoforming (Fig. 8c) was increased
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Fig. 7. SEM images of thermoformed PMMA/ATH samples at 0.9 mm/s forming rate at (a) 30°C, (b) 50°C, (c) 75°C, (d) 90°C, (e) 100°C, (f) 125°C and (g) 140°C forming
temperatures.
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Fig. 8. SEM images of thermoformed PMMA/ATH samples at 0.09 mm/s forming rate at (a) 75°C, (b) 90°C, (c) 100°C, (d) 125°C and (e) 140°C forming temperatures.

significantly compared to lower forming temperatures (Fig. 8a and
b). Increase in intensity of light scattering entities is attributed to
change in polymer matrix behavior from solid to semi-fluid like
behavior. At 100°C forming temperature, ATH fillers are prone
to cracking at a higher level, because surrounding highly mobi-
lized polymers have a tendency of flowing rather than deforming
coherently with agglomerates (Fig. 8c). At even higher forming
temperatures (125 and 140 °C), this flow-type deformation mecha-
nism becomes more obvious. As surrounding polymer matrix flows
(stretches) around fillers, ATH agglomerates disintegrate instead
of cracking (encircled in Fig. 8d and e). Isolated large particles in
Fig. 8d and e indicates that interfacial failure is significant at 125
and 140 °C forming temperatures. Since 0.09 mm/s forming rate is
relatively faster than relaxation rate, tearing of highly stretched
polymer chains around ATH fillers was also observed (indicated
with arrows in Fig. 8e). At 0.09 mm/s forming rate, particle disin-
tegration also took place at 125°C forming temperature (Fig. 8d),
contrary to the case at 0.9 mm/s forming rate.

SEM images of PMMA/ATH samples thermoformed at
0.009mm/s forming rate and at different forming tempera-

tures are presented in Fig. 9. At 0.009 mm/s forming rate, particle
cracking is only observed at 75 and 90°C forming temperatures
and intensity of particle cracking depends on the level of thermal
stress around ATH particles (Fig. 9a and b). Deformation in poly-
mer matrix is only severe at temperatures above 90°C. Ductile
stretching of polymer matrix takes place which is accompanied
with particle disintegration (encircled in Fig. 9c-e). Transition
in polymer behavior at 100°C forming temperature can be also
observed at 0.009 mm/s forming rate (Fig. 9c) similar to that
in 0.09 mm/s forming rate (Fig. 8c). Severe plastic deformation
in polymer matrix causes formation of large size cracks in ATH
agglomerates at 100 and 125°C forming temperatures. On the
other hand, sufficient relaxation in highly stretched polymer
chains reduces severity of failure of polymer matrix at 140 °C form-
ing temperature. Increase in surface irregularity at high-forming
temperatures (100, 125 and 140°C) also hinders stress whitening
to some extent because light is scattered into many directions from
irregular surfaces [35,57]. Similarly, large size voids or cavities (at
100 and 125 °C forming temperature) also absorb light instead of
scattering which results in lower stress whitening level [19,32].
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Fig. 9. SEM images of thermoformed PMMA/ATH samples at 0.009 mm/s forming rate at (a) 75°C, (b) 90°C, (c) 100°C, (d) 125°C and (e) 140°C forming temperatures.

Absence of crazing yielding mechanism in PMMA/ATH samples
can be attributed to homogenous high-temperature deformation
of cross-linked, low-molecular weight polymer matrix which was
discussed in stretching of PMMA. In addition, it was observed in
particulate reinforced composites with high volume fraction that
small interparticle distance yields overlapping stress fields which
prevent crazing formation [58,59]. Under such conditions, it is
clear that a stable craze structure cannot be formed in PMMA and
PMMA/ATH samples.

In order to study the influence of healing upon heat treat-
ment prior to thermoforming cycles, a PMMA/ATH sample was
heated after the 5th thermoforming cycle at 0.9 mm/s forming
rate and 100°C forming temperature. SEM image of post-heated
PMMA/ATH sample is presented in Fig. 10. Compared to image
in Fig. 7e, it is clear that cracks in ATH agglomerates are closed
mostly while failure zones are still observable within fillers and
at matrix-filler interphase (indicated with arrows in Fig. 10). Such
defects in post-heated PMMA/ATH sample are the sources of resid-
ual stress whitening. However, intensity of remaining flaws is very
small compared to density and size of fully developed cracks in a

H100-5th cycle
pnst—lﬁcd

b 2

Fig. 10. SEM image of post-heated PMMA/ATH sample after thermoformed at
0.9 mm/s forming rate and 100 °C forming temperature.
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Fig. 11. Image histograms of thermoformed PMMA/ATH sample at 0.009 mm/s
forming rate, 100 °C forming temperature (a) in gray level scale and (b) in logarithmic
gray level scale.

thermoformed sample. Therefore, permanent stress whitening is
hardly distinguishable in post-heated samples.

3.3. Stress whitening in thermoformed PMMA/ATH

At micro level, deformation in neat PMMA did not include
any type void formation, and consequently stress whitening was
not observed in deformed PMMA. However, PMMA/ATH samples
displayed different levels of stress whitening at different thermo-
forming conditions. In optical images, increasing stress whitening
level was observed as a change from darker to brighter appearance.
SEM images of PMMA/ATH samples showed that light scattering
entities on the surface were failure zones within and around ATH
agglomerates. At forming temperatures below 100 °C, many densely
packed cracks were present in ATH agglomerates, while combined
particle disintegration and interfacial failure were dominant failure
mechanisms at forming temperatures above 100°C. Image his-
tograms of optical images of PMMA/ATH samples thermoformed
at 0.009 mm/s forming rate, 100 °C forming temperature are pre-
sented in Fig. 11. Increase in stress whitening is observed as a shift
to higher gray values in histograms (Fig. 11a). Since total number
of pixels is constant and same location is monitored in all opti-
cal images, higher stress whitening levels mean that pixels with
small gray values in previous cycles have larger gray values in the
following cycles.

For comparison of stress whitening at different thermoforming
conditions, it is necessary to obtain an estimator from image his-
tograms in Fig. 11a. It is possible to assume a Gaussian model for
image histograms and define an estimator based on location param-
eter of Gaussian distribution. Gaussian model is a suitable model
to fit histogram distributions in optical images, similar to magnetic
resonance images [60]. Since gray level is in the range of 0-255, this
distribution is truncated [61,62]. However, image histograms of vir-
gin state and first three cycles (Fig. 11a) have long tails above mean
(positive-skew) which may result in a biased estimator. Estimators
in this form are inconvenient for comparison of stress whitening
at different thermoforming cycles. In order to eliminate positive-
skewness in data distributions, image histograms were plotted in
natural logarithm of gray scale (Fig. 11b), which is one of the possi-
ble data reflection and data transformation techniques for obtaining
normal distribution [63].

Image histograms plotted in natural logarithm of gray scale
(Fig. 11b) display improvement in structure of distribution, such
that central tendency of image histograms in logarithmic scale can
be used for stress whitening quantification. Instead of mean value of
distributions, a new estimator is defined in Equation (1), where N is
total number of pixel points and n; is number of pixel points corre-
sponding to g;th gray value. The proposed estimator uses only pixel
points with gray values larger than some threshold value defined
in Equation (2); thereby effect of outliers is minimized while all
data points with high gray values are included in calculation of the
index. In Equation (2), fi,i; and ;. are mean and standard deviation
of image histogram of virgin sample, respectively. Stress whitening
is defined as the difference between index of kth thermoforming
cycle and index of virgin state as shown in Equation (3).

> min(g)

giz(ﬂfﬁ)virgin

G= 5 (1
&z (ﬂ - 6)virgin (2)
AG = thh cycle Gvirgin (3)

Stress whitening levels calculated for PMMA/ATH samples at dif-
ferent thermoforming conditions are presented in Fig. 12. At all
forming temperatures and rates, stress whitening increases with
increasing thermoforming cycle. Larger plastic deformation in suc-
cessive thermoforming cycles results in formation and enlargement
of more light scattering entities on the surface of PMMA/ATH which
cause higher stress whitening level. On the other hand, forming
rate and temperature control deformation mode in polymer matrix
and micro-stress fields around ATH agglomerates which result in
difference in stress whitening for the same level of deformation.

Stress whitening values at 0.9 and 0.09 mm/s forming rates can
be categorized by two characteristic temperature of acrylic com-
posite. At temperatures below 90°C, thermal stress due to CTE
mismatch becomes significant which influences stress field around
ATH particles and at temperatures above glass transition tempera-
ture of PMMA (100 °C), polymer chain mobility increases compared
to lower temperatures. At 0.9 mm/s forming rate (Fig. 12a), stress
whitening values continuously increase from 75 °C forming tem-
perature to 30°C forming temperature under the influence of
increased thermal stress due to CTE mismatch. Intensity of par-
ticle cracking observed in SEM images display close correlation
with stress whitening levels at different forming temperatures. As
forming temperature increases from 30 to 75 °C, density of particle
cracks decreases and results in lower stress whitening (Fig. 7a-c).
Similarly, higher density of particle cracks at 90°C (Fig. 7d) com-
pared to 75°C (Fig. 7c) can be observed as an abrupt increase in
stress whitening at 90 °C forming temperature compared to 75°C
(Fig. 12a). At 90 °C forming temperature, incompatible deformation
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Fig. 12. Stress whitening, AG in thermoformed PMMA/ATH sample at (a) 0.9 mm/s,
(b) 0.09 mm/s and (c) 0.009 mm/s forming rate.

capacities of constituents lead to significantly increased failure of
ATH agglomerates compared to lower forming temperatures. Lower
stress whitening values at 100°C is primarily because of signifi-
cantly reduced stiffness of PMMA. Increased stress whitening at
125 °C forming temperature is related to severe plastic deformation
taking place in polymer matrix (Fig. 7f). At 140 °C forming tempera-
ture, increased surface irregularity due to sever plastic deformation
of polymer matrix and particle disintegration type failure in ATH
agglomerates (Fig. 7g) result in lower stress whitening compared
to 125°C (Fig. 12a).

At 0.09 mm/s forming rate (Fig. 12b), there is adequate time for
specimens to reach thermal stability so that temperature sensitivity
of stress whitening values can be classified simply into two regimes.
At forming temperatures below 90°C, stress whitening values
increases as temperature decreases because of pronounced effect of
thermal stress field around ATH particles. At forming temperatures
above 100°C, decreasing stress whitening with increasing forming
temperature (Fig. 12b) is related to change in mode of micro-
deformation (Fig. 8c-e) compared to lower forming temperatures
(Fig. 8a and b). At high-forming temperatures, flow-type deforma-
tion in polymer matrix and disintegration in ATH agglomerates
reduce stress whitening significantly. Higher stress whitening level
at 100°C forming temperature compared to 90 °C forming temper-
ature (Fig. 12b) is attributed to remarkable change in deformation
behavior in polymer matrix inducing larger stress values around
ATH particles.

At 0.009 mmy/s forming rate (Fig. 12c), complete thermal stabi-
lity of specimen is achieved before completion of forming step and
slow forming rate allows reorganization of polymer chains. For all
thermoforming cycles, change in gray level decreases as forming
temperature increases. Relatively larger decrease in stress whiten-
ing between 75 and 90°C is related to diminishing influence of
thermal stress due to CTE mismatch while moderate decrease at
higher temperatures is attributed to reduction in stiffness of poly-
mer matrix. The transition in polymer matrix behavior at 100°C
forming temperature was suppressed at this forming rate caus-
ing less stress whitening compared to 90 °C forming temperature.
SEM images show that voids formed by particle cracking is much
larger at 100°C forming temperature (Fig. 9¢) than 90°C form-
ing temperature (Fig. 9b) which results in lower stress whitening.
At 125°C forming temperature (Fig. 9d), flow-type plastic defor-
mation becomes significant in polymer matrix, while integrity of
constituents is preserved at 140°C forming temperature (Fig. 9e)
producing lowest stress whitening at 0.009 mm/s forming rate.

4. Conclusions

A new experimental method is proposed to replicate conven-
tional in situ heavy-gage thermoforming procedure. Effects of
thermoforming conditions on material behavior through all stages
and quality of final product can be studied via proposed experimen-
tal technique. At forming temperatures below 100 °C, behavior of
the acrylic composites in forming stage is controlled by the com-
petition between forming rate and cooling rate. Samples formed at
faster rates have lower strength and stiffness compared to those
formed at slower rates because of higher specimen temperature at
high-forming rates. At forming temperatures above 100°C, tem-
perature dependency of stress—strain curves is less remarkable.
Maximum experienced stress throughout thermoforming depends
on stress relaxation and tensile stress induced by thermal shrink-
age during dwell step. Stress relaxation is only significant at
high-forming rates, whereas thermal stress is only observed at
high-forming temperatures. Successive thermoforming cycles on
same samples result in damage observed as material degradation
in stress-strain curves. Even though, heat application prior to ther-
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moforming cycles causes healing in the polymer matrix, failure in
ATH agglomerates and filler-matrix interphase is irreversible. Coa-
lescence and growth of previously formed cracks with increasing
deformation level at each thermoforming cycle result in strength
and stiffness degradation in PMMA/ATH samples. PMMA samples
stretched to 50% strain did not display any void or crack formation
on the surface. Contrary to some other researchers’ observations,
crazing is not observed in our PMMA and PMMA/ATH samples
due to low-molecular weight of material and cross-linking agent
present in the material. Tensile testing at temperatures around
and above Tg of PMMA also results in homogenous drawing rather
crazing type of yielding mechanism. Source of stress whitening
observed in thermoformed acrylic composites is particle cracking
and disintegration. At all forming temperatures and rates, stress
whitening level increases with increasing thermoforming cycle
due to the increase in density of light scattering entities. At low-
forming temperatures, particle cracking was dominant deformation
mechanism in thermoformed PMMA/ATH samples which resulted
in higher stress whitening levels compared to higher forming
temperatures. Surface micro-structure of thermoformed samples
shows many densely packed cracks in ATH agglomerates. At high-
forming temperatures, particle disintegration and interfacial failure
were observed. SEM images of thermoformed samples show that
nature of deformation in polymer matrix significantly changes with
respect to forming temperature and rate leading to different modes
of particle failure. The transition in mode of micro-deformation
is around glass transition temperature (100°C) of PMMA, above
which deformation in polymer is more severe and flow-like. Large
micro-deformation fields around ATH agglomerates cause particle
disintegration instead of particle cracking at high temperatures.
Flow-like polymer matrix deformation and particle disintegration
at high-forming temperatures lower stress whitening. Small size
and densely packed particle cracks formed at low-forming tem-
peratures result in higher stress whitening compared to large size
particle cracks observed at higher forming temperatures.
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