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1 | INTRODUCTION

Multiphase polymer materials (nanocomposites, poly-
mer blends, copolymers, interpenetrating polymer
networks, particulate filled polymers) have emerged
as a new class of materials with enhanced properties
that may be tailored to meet increasingly stringent
specifications." The properties of such systems
depend not only on the properties of the individual
components, their composition and morphology, but
also on the chemical and physical interactions
between the different phases.” In particular, the exis-
tence of an interphase, a more or less extensive area
of interdiffusion or adsorption between the different
components, with its own characteristic properties or
property gradients, has been shown to affect the final
properties of the systems: mechanical properties,®>
thermal transport,® gas barrier properties,” aging and
degradation.®
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Three layers film shaped by thermocompression of acrylonitrile butadiene sty-
rene copolymer and polycarbonate have been analyzed in dynamic mechanical
thermal analysis in tensile mode. They present two peaks as the film is loaded
perpendicularly to the layers and three peaks as the film is loaded in parallel
to the layers. Numerical computations confirm that the origin of this peak is
not related to a mechanical issue such as the transmission of the imposed
deformation from one layer to the other. Using this method, it is demonstrated
that this third peak can only be obtained assuming a material transition with
its own behavior between layers. Tan 6 measurements provide a simple and
useful experimental tool to understand more about the interfacial zone in poly-

ABS/PC blends, damping, finite element method, interphase, viscoelasticity

Due to its small size, the interphase is quite difficult to
characterize and finding a relevant tool to study its extent
and properties remains still a challenge. Among the vari-
ous experimental techniques used to characterize inter-
phases (direct imaging by microscopic techniques,”’
reflectometry techniques either with x-rays or neutrons''),
dynamic thermomechanical analysis (DMTA) has been
proven to be an excellent probe, highly sensitive and able
to give insight on the viscoelastic properties and the vari-
ous relaxational mechanisms in the global systems.'** In
most cases, an additional damping peak was observed for
multiphase polymer systems and correlated with an inter-
phase region.”>'” The origin of this additional peak,
observed in DMTA spectra but not revealed by differential
scanning calorimetry (DSC), has been widely discussed in
the literature'®'® and several explanations have been pro-
posed: specific molecular relaxation process in the interfa-
cial region, change in the relative moduli values of the
components in the matrix-interphase-particle structure of
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the blend, layer with different mechanical properties
resulting from the residual thermal stresses.

An additional damping peak, located at a temperature
between the glass transitions of the two components, has
in particular been observed in multilayered polymer
system.?*"** While for some authors, the origin of this
intermediate peak is purely mechanical, just reflecting
the additive effect of the damping behavior of each phase,
some others point out the importance of interfacial stress
due to different thermal expansion between layers. Many
efforts have been done to investigate the impact on the
occurrence and amplitude of the third peak of several
experimental parameters: composition ratio, number of
layers, chain orientation, residual stress, cyclic, and so
forth. Some contradictory results suggested that the influ-
ential parameters are highly dependent on the system
studied, in particular on the compatibility between the
two combined polymers, that is, the presence of an inter-
phase, namely an interfacial layer. For example, while for
polycarbonate/poly(styrene-co-acrylonitrile)  (PC/SAN)
multilayered systems the peak is insensitive to the num-
ber of layers,” its intensity is increased as the number of
layers increases for more compatible systems like poly-
propylene/polyolefin elastomer (PP/POE),** propylene-
ethylene copolymer/polyolefin elastomer (PPE/POE)* or
poly(vinyl chloride)/chlorinated butyl rubber
(PVC/CIIR)*® system. Some other parameters may have
an effect on the presence of the third peak such as the
difference between the glass transition temperatures of
the two polymers, the difference between their moduli
and their temperature dependence or the coefficient of
thermal expansion of both polymers. As shown by Shen
et al,” a two-component Takayanagi model®’ is unable
to predict the apparition of the third peak suggesting that
a more complete simulation is needed. Zhang et al.*® per-
formed a finite element analysis to simulate the distribu-
tion of shear strain in the alternating multilayer system
but did not simulate the temperature dependence of the
loss factor.

In this study, we aim at gaining insights on the origin
of the third peak combining finite element computation
and experimental characterization of the dynamic
mechanical behavior of a model trilayer system. The lat-
ter is composed of acrylonitrile butadiene styrene copoly-
mer (ABS) and polycarbonate (PC), two polymers often
combined thanks to their complementary properties: heat
resistance and toughness of PC (elongation at break at
50 mm/min is 125%) and ease of processability and reli-
able notched impact resistance of ABS (Charpy notched
impact strength at 23°C is 22 kJ/m?).>*" ABS and PC
are known to be quite compatible since no compatibilizer
is needed for ABS/PC blends.**** As shown by some
authors, the SAN phase of ABS interacts with the PC,

leading to a good adhesion between the two
polymers®**> and partial miscibility®® This trilayer sys-
tem is therefore of prime interest to consider the effect of
an interphase and to determine its effect on the
third peak.

2 | MATERIALS AND METHODS

2.1 | Materials

Terluran GP 22 Styrolution (BASF) is a very common
commercial grade of ABS (MVR =19 cm*/10 min at
220°C with load 10 kg according to ISO 1183 test
method) used for this study. Lexan PC 121R is a high flu-
idity polycarbonate (MFR = 21 cm®/10 min at 300°C
with load 1.2 kg according to ISO 1183) (SABIC Innova-
tive Plastics). The relative densities and glass transition
temperatures of ABS and PC are approximately 1.05
(114°C) and 1.2 (147°C) respectively.

2.2 | Preparation of blends

Trilayer systems have been realized via thermocompres-
sion with a Gibitre hot press (Italy). Films of each poly-
mer have been prepared separately from pellets. First,
polymer pellets were dried under vacuum at 80°C for
12 h before processing. Then films were pressed in the
hot press with a pressure of 100 bars during 30 s at 190°C
for ABS and 230°C for PC. The trilayer systems have been
obtained by stacking three films (ABS/PC/ABS) and
pressing them at 210°C with a pressure of 100 bars during
3 min. The thicknesses of the three stacked films have
been determined in order to get a symmetric ABS/PC/
ABS system with relative volume fraction of 70%
ABS/30% PC (denoted respectively ¢,zg, ¢dpc)- The total
film thickness is comprised between 3 and 4 mm.

2.3 | Characterization and methods

2.3.1 | Dynamical rheology

Dynamical mechanical thermal analysis was carried out
on small bar samples under nitrogen to avoid polymer
degradation and absorption of moisture using a DMTA
Q800 from TA Instruments, working in dynamic
tensile mode.

Samples were clamped into the DMTA in two differ-
ent ways (Figure 1): in the “regular” configuration, the
layers are parallel to the clamps so that the external
layers of the trilayer systems, that is, ABS layers, are in



contact with the clamps. In the “orthogonal” configura-
tion, layers are orthogonal to the clamps, so the two poly-
mers are in contact with the clamps.

The dimensions of their microstructures are specified
in Table 1.

An oscillating displacement (in the X direction, corre-
sponding to axial strain &) is applied to a sample at a
given temperature, and the material response force
(in the x direction, corresponding to axial stress o), cor-
responding to this displacement, is measured.

The oscillating frequency o was set to 1 Hz, the tem-
perature (T) was varied from 25°C to 200°C at 2°C/min
heating rate and a strain amplitude (ey) of 0.1% was
applied during the measurements, which was shown to
be in the linear domain both for virgin polymers and
blends.

For viscoelastic materials, the magnitude of the mate-
rial response (i.e., the amplitude of force and stress) to
the applied oscillating strain is shifted by a phase angle §.
From this relation between strain and stress produced in
the sample, elastic storage modulus (E") and loss modulus
(E") were calculated. All measurements were reproduced
twice and were well reproducible. The ratio between E”
and FE’ is called damping and is represented as tans.

Orthogonal

Regular

FIGURE 1 Multilayered configurations. [Color figure can be
viewed at wileyonlinelibrary.com]|

TABLE 1

viewed at wileyonlinelibrary.com]
Geometry $pc% L (mm) 1 (mm) h (mm)
Orthogonal 33.5 11.88 5.02 3.42
Regular 33.3 15.50 342 5.02

2.3.2 | Modeling

Methodology

Finite element (FE) modeling is an efficient tool to pre-
dict material structure properties. Numerical simulations
were carried out using FE software ZeBuLon developed
at Mines Paristech.?”

Virgin polymers are expected to follow viscoelastic
evolutions. At a first approximation we choose a Max-
well's model using one relaxation time 7; to describe their
macroscopic behaviors: considering a multiaxial loading,
stress ¢ and strain e tensors are related by this rela-
tion (1):

t -7 t -t
a(t):/ 2G0e_?é(1:)d1+1/ Koe atr(es)dr, (1)
0 0

where the decomposition of € in spherical e; and deviato-
ric e parts is assumed as Equation (2):

e(t) =es(t) +e(t),tr(e(t)) =0,e5(t) =elesc R (2)

Gy and K, are instantaneous shear and bulk moduli.
In expression (1) long time shear and bulk modulus are
neglected. Gy and K|, are related to the Poisson coefficient
v via the relation (3):

20+1

Ko=—=
07 T3

Go. (3)

In equations (1) and (2), bold letters refer to tensorial
mathematical objects.

In the case of uniaxial oscillatory tensile tests, stress
and strain tensors can be expressed as Equation (4):

ox(t) 00 e(t) 0 0
s)=| 0o oo0le)=| 0o &0 o |, @
0 00 0 0 g

where &, (t) = exosin(wt), ey (t), & (t) are the lateral and out
of space strains and oy(t) = ooy sin(wt + ).

Dimensions of the trilayer systems ABS/PC/ABS for the “orthogonal” and “regular” configurations. [Color table can be

E (mm)

1.68
1.14 h
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Assuming &9, material parameters 7,0 and Gy
known, o, and é can be deduced from a FE simulation.
Only one finite element is used for this latest simulation as
the simulation corresponds to a homogeneous test and clas-
sical boundary conditions of a uniaxial tensile test are
applied. As a sinusoidal strain signal (amplitude &y, fre-
quency w) is applied, the analysis of stress signal after
numerical simulation enables the determination of o,
and 6.

Identification of material parameters of virgin polymers
DMTA experiments are able to evaluate the evolution of
E'(T), E"(T), and thus tans(T) versus temperature for
neat polymers.

From &(T) and E'(T), the evaluation of stress magni-
tude oy, is available for each testing temperature via the
relation (5):

- E()xEl(T>

GOX(T) —W(T)

()

As rheological behavior of each polymer is strongly
dependent of temperature, it is assumed by that way that
virgin polymer behavior can be described via the knowl-
edge of three parameters 7,,0 and Gy, strongly dependent
on temperature.

The optimum material parameters (z1,v,Gp) corre-
spond to the best accordance between experimental and
numerical strain amplitude and phase shift.

To solve this non-linear problem, an optimization
scheme, based on sequential quadratic programming
(SQP) algorithm, is selected. This second order local opti-
mizer is included in the optimisation module “Z-optim”

!

PC

FIGURE 2
“orthogonal” (right) configuration. [Color figure can be viewed at

FE geometries and meshes, “regular” (left)

wileyonlinelibrary.com]

of ZeBuLon's software. The gap between experimental
and numerical stress values oo, and & at each tempera-
ture T is computed via a cost function written as follows:

1
J(71,0,Go) =3 (00x(71,0,Go) — 00xexp)2 + (8(71,0,Go) — 5axp)2~

(6)

The problem is thus to solve, at each temperature fol-
lowing Equation (7):

Inf(TI,U,Go) €R3J(Tlav, GO) (7)

Prediction of multilayered behavior

A quarter of the geometry of the trilayer model system
is considered thanks to the symmetries of the geome-
try and boundary conditions Geometry and meshes
are presented in Figure 2. In FE simulations displace-
ment continuity is assumed at the interface
ABS/PC. Materials properties of ABS and PC, for each
temperature, are defined through preliminary simula-
tions (see section 2.3.2.2). The volumes are subjected
to displacement values hegsin(wt) on lateral surfaces
delimitated by the dotted rectangle (height of 2mm) on
Figure 2. E'(T), E"(T) and thus tan §(T) of the multilay-
ered materials can therefore be obtained and compared
to the experimental ones.

3 | RESULTS AND DISCUSSION
3.1 | Rheological properties
3.1.1 | Virgin polymers

Figure 3 presents the evolution of E’ and tan$é as a func-
tion of temperature for ABS and PC polymers obtained
with DMTA equipment. Both polymers exhibit one tran-
sition peak corresponding to the glass transition tempera-
ture of the amorphous polymers, located at 114°C and
147°C for ABS and PC respectively. As expected, the stor-
age moduli show a pronounced decrease of two to three
decades after the glass transitions.

3.1.2 | Multilayered structure behavior

Results of the dynamic mechanical analysis of the multi-
layered materials are presented in Figure 4. In both
“orthogonal” and “regular” configurations, native damp-
ing peaks of PC and ABS are visible, which is clearly an
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(ABS) and polycarbonate (PC) versus temperature.
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FIGURE 4 Effect of the orientation of the sample in dynamic thermomechanical analysis (DMTA) apparatus on the intermediate peak
(left) and on the storage modulus (right) for acrylonitrile butadiene styrene copolymer (ABS)/polycarbonate (PC)/ABS three-layer samples.

indication of PC and ABS immiscibility. As expected, the
storage modulus decreases with temperature for both
configurations while shifted for the “orthogonal”
configuration.

Moreover the “regular” multilayer structure leads to
the presence of an additional intermediate damping peak.
As discussed in the introduction, the origin of this inter-
mediate peak is still debated. The fact that this third peak
is measured only for “regular” configuration would sug-
gest that its origin is rather purely mechanical and
reflects the additive effect of the damping behavior of
ABS and PC. Moreover, the contribution of the residual
stresses®® and their progressive relaxation in temperature
should be involved. Modeling approach was used to shed
new light on the origin of this peak.

3.2 | Modeling

3.2.1 | Virgin polymers

The first step was to define materials properties (73,0, Gp)
of ABS and PC depending on temperatures. The method-
ology used is the one presented in section 2.3.2.2. The dis-
crete temperatures are chosen to correspond to critical
points of E'(T) and tan 5(T):

Te{100,108,110,113,117,120,125,130,135,140, 143,147,
150,155,160°C}.

The Poisson's ratio of viscoelastic materials cannot be
regarded as a constant parameter, but as a time-
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dependent material function, being increased according
to the temperature. Some authors found that this depen-
dence can be fitted with a sigmoidal function, extending
from a lower plateau value to an upper plateau value
scattered around 0.5.>**° For the sake of simplicity, we
assume a bilinear evolution for the Poisson's ratio from
the value given in the data sheet (vpc =0.37, v4ps =0.42
at 25°C) to 0.5 around glass transition (see Figure 5).

The algorithm of minimization quickly converges
toward a solution for each polymer and each tempera-
ture. (71, Gy) are presented in Figure 6 and Figure 7 (left)
for the temperatures between 100 and 160°C, stages of
maximum variabilities for these variables. These material
parameters lead to an accurate description of tans(T)
curve (see dot points corresponding to this minimization
on the graph of Figure 8 [right]).

3.2.2 | Multilayered materials

Numerical computations are conducted through 3D sim-
ulations as described in section 2.3.2.2.

Comparison between loss factors related to
“orthogonal” and “regular” loadings is given in
Figure 8. As expected, the loss factor peaks of native
polymers are clearly present even if for the “orthogo-
nal” simulation, the one of ABS is slightly shifted
toward the lower temperatures. Moreover, for the “reg-
ular” configuration, ABS layer does not transmit the
load as it shows a low elastic modulus, in comparison
to PC. In both configurations, layers are not subjected
to the same level and nature of stress. This observation
is not sufficient to explain the apparition of the addi-
tional third peak.

—ABS
2,5 —PC
o PC Fit
2 a ABS Fit
[Ze)
c 15
(1]
-
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0,5
0
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FIGURE 7 Relaxation time versus temperature of virgin polymers acrylonitrile butadiene styrene copolymer (ABS) and polycarbonate
(PC)—zoom on temperatures between 100 and 160°C (left) Discrete fitting of tan5(T) of ABS (triangles) and PC (circles) (right)—trend

curves (solid line).



3.3 | Discussion
3.3.1 | Predictive simulation with an
interphase

To go further, the hypothesis of an interphase between
ABS and PC is investigated using the numerical simula-
tion, as Patel et al. have done it for nanocomposites mate-
rials.*! To do so, an interphase with material average
properties mainly due to the possible SAN-PC miscibility
was considered. An interphase with an arbitrary thickness
of 0.4 mm is assumed between ABS and PC considering
the partial ABS-PC miscibility of a 25 wt% SAN rate.

The dimensions of the new microstructures are speci-
fied in Table 2. As the interphase size has been arbitrarily
fixed, a sensitivity analysis is then conducted.

We use the Fox's equation** to predict the interphase
damping peak (Tginer)from the one of native polymers
(Tqpc, Tgaps)- As we assume miscibility in the interphase
area, the interphase damping factor can be
deduced from:

1—
+ ¢PC . (8)
T¢ABs

L dec
Tg inter TgPC

2,50

+Regular
-o-Orthogonal

100 110 120 130 140 150 160 170
Temperature (°C)

FIGURE 8
structures acrylonitrile butadiene styrene copolymer (ABS)/

Loss factors versus temperature for multilayered

polycarbonate (PC)/ABS “orthogonal” and “regular”—zoom on
temperatures between 100 and 160°C—trend curves (solid line).

TABLE 2
interphase. [Color table can be viewed at wileyonlinelibrary.com]

Geometry ¢pcP L (mm) 1 (mm) h (mm)
Orthogonal 33.5 11.88 5.02 3.42
Regular 333 15.50 3.42 5.02

Tginter Was estimated around 123°C.

The same methodology as the one proposed for the
virgin polymer is used to define materials properties
(Tinters Vinters Ginter) Of this interphase. A set of parameters
for this interphase: G inter = Go ABS» Vinter = Vaps and Tipger
leads to a good representation of the interphase relaxa-
tion. This relaxation time of the interphase is presented
in Figure 9 (left) in comparison with native polymers.
This interphase exhibits a maximum peak in its loss fac-
tor at 123°C; below and above this value, the behavior
interphase is between native polymers (Figure 9 [right]).

A predictive modeling is conducted using these new
microstructures; the geometries and meshes are given in
Figure 10 (left); boundary conditions are those described
in section 2.3.2.3. Results of the finite element simula-
tions are given in Figure 10 (right) for “orthogonal” and
“regular” configurations. For the “orthogonal” sample,
the presence of the interphase does not impact the evolu-
tion of tan §. For the “regular” configuration, the inter-
phase conducts to an increase of tan & between the
damping peaks of ABS and PC. This increase could be
related to the additional peak observed in the experimen-
tal value obtained for the “regular” multilayered sample
(Figure 4). To go further in this analysis, the interphase
behavior should be finely characterized with microscopy
tools (e.g., AFM for example).

The charge transfer in the multilayered material is
very different in the presence of the interface between
the two configurations. The average strain components
can be numerically evaluated in both situations for each
layer component (ABS, PC, and interphase).

An equivalent strain can be computed as follow
(Equation 9):

L R T E

1/2
+6(eg” +ex” + eyzz)} .

This equivalent average strain is given in Figure 11 for
samples loaded under a temperature of 125°C and for an

Multilayered dimensions for “orthogonal” and “regular” microstructures ABS/PC/ABS assuming the existence of an

e (mm) i (mm)
1.48 0.4

0.94 0.4 I

- —
A ama d
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(PC)/ABS with interphase between layers (left) Loss factors versus temperature for multilayared ABS/PC/ABS structures “orthogonal” and

“regular” with an interphase of 0.4 mm between the layers—zoom on temperatures between 100 and 160°C (right). [Color figure can be

viewed at wileyonlinelibrary.com]

axial strain of 0.04%. It appears that in the “regular” configu-
ration the PC layer is almost not loaded, which leads to a
disappearance of its associated peak at 147°C in Figure 10.
On the other hand, the interphase in the “regular” configu-
ration exhibits the higher equivalent strain (0.1%), which
could explain the increase of the loss damping between the
two native peaks of PC and ABS. In the “orthogonal” config-
uration, the equivalent strain is almost the same for all layers
of the components, suggesting that the interphase is not suf-
ficiently stretched to contribute to the loss factor evolution.

3.3.2 | Sensitivity analysis

Further analyzes are needed to properly describe the
interphase between layers. Let us first consider the thick-
ness of the interface, value which was fixed a priori in
the previous study. As it is shown in Figure 12 (left),
decreasing the thickness of the interface leads to lessen
the contribution of the interphase (by decreasing the
value of tan & between 120°C and 130°C) to favor that of
ABS (at 114°C).
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4 | CONCLUSION

Trilayer ABS/PC/ABS films fabricated by thermocom-
pression have been characterized using dynamic mechan-
ical thermal analysis in tensile mode. When the film is
loaded in parallel to the layers, an intermediate damping
peak is observed in the DMTA curves, while this peak is
not present when the film is loaded orthogonally to the
layers. Numerical computations show no difference in
the behavior of the films in both configurations, suggest-
ing that the origin of the observed intermediate peak is
not a purely mechanical phenomenon. However, assum-
ing the presence of an interphase with its own behavior
and thickness leads to differences in the local mechanical

behavior of the two configurations. Moreover,
Seq
0,12%
0,10% Orthogonal
Regular

0,08%

0,06%

0,04%

0,02%

0,00%

ABS Interphase PC ABS Interphase PC

FIGURE 11
layer of material for “orthogonal” and “regular” acrylonitrile

Average value of the equivalent strain in each

butadiene styrene copolymer (ABS)/polycarbonate (PC)/ABS
configuration at 125°C and for an applied axial strain of 4°*,

-a-Regular
-A-Regular with interphase (i=0.4 mm)
~a-Regular with interphase (i=0.2 mm)

- Regular with interphase (i=0.1 mm)

170

Temperature (°C)

FIGURE 12

computations reveal the appearance of an additional
peak for the loss factor as the film is loaded in parallel to
its layers. The interphase thickness considered in the
computations (around 400 pum) seems in reasonable
accordance with interphases measured for compatible
polymer blends. More experiments are needed to prop-
erly quantify and qualify this interphase, but this first
study shows clearly the relevance of an interphase.
Dynamic tests Charpy, Izod or dynamic traction could
confirm this conclusion. Since polycarbonate is more
notch sensitive than ABS, the “regular” sample direction
should allow more absorption of impact energy (due to
the presence extra peak) in comparison with the
“orthogonal” one.
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