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Considering the Effects of Polymer/Polymer Interface

and Morphological Variation

Esmail Sharifzadeh”

Polymer Research Center, Faculty of Petroleum and Chemical Engineering, Razi University, Kermanshah, Iran

Abstract In this work, a unique model is proposed for predicting the tensile strength of binary polymer blends considering the effects of
polymer/polymer interface and the morphological variation of the system. The modeling was performed based on the combination of
analytical and artificial neural network (ANN) modeling methods. For the analytical part, Kolarik’s model was developed in accordance
with the system requirements and ANN was simultaneously involved in order to interpret some effective model parameters using the
tensile test result of an actual sample (e.g. the yield strength and thickness of the interface, efc.). Furthermore, the model accuracy was
evaluated by comparing the tensile test results of differently prepared /PP/PA and PS/PMMA blend samples and also some other data from
literature with the model predictions. It was revealed that the designed ANN perfectly elevates the capability of the analytical section in
order to predict the tensile strength of binary polymer blends with different compositions (prediction error < 10%).
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INTRODUCTION

Improving the mechanical and physical properties of an
individual polymer phase via blending processes and adding
nanoparticles is quite well-known.l'"'% However, the pre-
sence of many involving parameters in such processes (e.g.
random orientation of nanoparticles, properties of the poly-
mer/nanoparticle interphase, properties of the polymer/poly-
mer interface, blend morphology, efc.) makes it quite chal-
lenging to control the properties of the final products.l'!] As
a result, mathematical modeling has always been considered
as an efficient method for reducing unnecessary costs.[1>71¢]
Focusing on the immiscible binary polymer blends, there are
many practical models which are capable of providing
reliable predictions for the mechanical properties (e.g. tensile
modulus).'" 11 The improvement of modeling procedures
during the last decades has been increasingly elevating the
prediction accuracy and reliability due to the consideration
of more detailed parameters in the models.['* "] According-
ly, for polymer blends, the morphological variation (as a re-
sult of the increasing content of the dispersed phase) and the
formation of polymer/polymer interface can be considered as
the most effective parameters in determination of the mecha-
nical/physical properties.?2!1 The morphological variation
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can be simply categorized into four intervals using perco-
lation thresholds and phase inversion point, but it is essential
to consider the polymer/polymer interface as a specified part
of the main geometrical structure of the model.>:'7-?% This
makes it possible to evaluate the performance of the interface
as well as its effects on the reaction of other model parts
against the exerted stress. Similarly, the crucial role of the
polymer/polymer interface in analytically modeling the ten-
sile modulus of certain blend-based polymer nanocomposites
has been previously proven.l

Modeling of the tensile strength of polymer blends is a
quite challenging field of research where the drastic effects
of polymer/polymer interface on the final predicted results
are inevitable. Considering either strong or weak reaction of
the interface against the exerted stress in a binary polymer
blend, there are some well-known models which are capable
of predicting the final tensile strength.[16-22726] However, the
deficient consideration about the effects of morphological
variation in such models raises the question that how the ex-
erted stress acts on polymer/polymer interface while it is also
changing with the blend composition.

Accordingly, in this study, a new modeling procedure as a
combination of analytical and neural network (ANN) meth-
ods was used in order to predict the tensile strength of bin-
ary polymer blends. The analytical modeling was performed
based on developing Kolarik’s model so as to reach a com-
prehensive geometrical structure in which the morphological
variation and polymer/polymer interface region were simul-
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taneously considered.[-16:191 Furthermore, the designed ANN
was appended to the procedure in order to interpret some ef-
fective model parameters using the tensile test result of an
actual sample. It is noteworthy to mention that in a few stud-
ies, ANNs have been limitedly used to interpret the mecha-
nical properties (mainly tensile modulus) of some specific
polymer blends.[27-30]

The accuracy of the model was evaluated based on com-
paring the tensile test result of different prepared PA/iPP and
PS/PMMA blend samples (with different compositions) with
the model predictions. It was revealed that the coupling of
analytical and ANN modeling methods works perfectly and
the prediction error is less than 10%.

MODELING

Considering an equivalent box model (EBM) corresponding
to the structure of a binary polymer blend, Kolarik et al.
proposed the following equation for predicting the tensile
strength of the system (Syp):['"]

Sub = (B1pS u1 +$2pSu2) + AdSui @)

where Sut < Sw, ¢, denotes the volume fractions of the
parallel section of phase 1 (or 2) in the EBM model, ¢, is the
total volume fraction of the series section of the EBM model,
Syj is the tensile strength of phase 1 (or 2) and 4 is the extent
of interfacial debonding. It is clear that if parameter 4 = 1,
the tensile strength of series section of phase 1 (as the weaker
phase) affects Sup while 4 = 0 means interface failure and
therefore it is just the parallel section which reacts against the
exerted stress. Considering a polymer/polymer interface
region, Kolarik’s COS model can be reformed as a new
geometrical structure in which the morphological variation is
also involved (Fig. 1).[16:1]

The presence of both phases in the interface region makes
it crucial to consider its role in determining the final tensile
strength of the system.3!] Accordingly, Eq. (1) can be re-
formed based on the geometry of the model structure at dif-
ferent intervals and the phase inversion point.

I. Phase Inversion Point (¢p;) (Fig. 2)
Sunlpt = ($1pS ut +$2pS w2 + i pSui) +ASur +Sud gy (2)

$a, = 2mrp —2(16 — VI128)r3;

¢, =4(R-R?)-(3nR? - 2(16 - VI28)R®);

Bins = 2nR? =2(16 - VI28)R® - 6,

03 4=+ 15+ 0.

Pinp = ”(Rz - rlz,);

o = Mg

bip =1 (P2 + 1o+ bin s+ oy + biap):

where Sui denotes the tensile strength of the interface region.
It is considered that a very small percentage of each poly-

mer phase (y,) participates in the polymer/polymer interface
region.[>-3233] Therefore,

&,2 = ¢_52 XYp (3)

b1 =41 X0 @)
where % and q_ﬁlz are the volume fractions of the participant
portions of Phase (I) and Phase (II) in the interface region,
respectively. ¢, and ¢, denote the actual (experimental)
volume fractions of Phase (I) and Phase (II), respectively. It
is now possible to calculate parameter rp using ¢, and ¢,,, as
follows:

£(rp) =g (1-3p) = 3mr2 +2(16+ VI28)r3 =0
f (rp) —1p
where ¢p; is the volume fraction of Phase (II) corresponding

to the phase inversion point. Similarly, parameter R can be
calculated using Eq. (6):

f(R’ rp) = ¢In.s + ¢In.p - ((Z’l + &;n) =0

f (R, rp) — R
As illustrated in Fig. 2, the thickness of polymer/polymer

©)

(6)

0 ¢cr2 ¢PI
Droplet-matrix Droplet-matrix Co-continuous Droplet-matrix Droplet-matrix
morphology + morphology + morphology
co-continuous co-continuous
morphology morphology
Fig. 1 Geometrical structure of the model corresponding to the actual blend morphology in different intervals plus phase

inversion point(®]
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Fig. 2 (a) Geometrical structure of the model

Sharifzadeh, E. | Chinese J. Polym. Sci. 2019, 37, 1176-1182

Phase (I)

Polymer/polymer
interface region

at phase inversion point; (b) Side view of the

structure (The whole structure is surrounded by a cube of unite side length.[l)

interface region (7) is equal to R — r, which is constant and

independent of the volume fraction of polymer phases.

IL The Second Interval (4, < ¢, < ¢py) and the Third
Interval (¢p; < ¢, < 1-4¢,1) (Fig. 3)

Suh3 = (fapSu2 + binpSui) + A(Sut +Sui ) + S +AS uidy (7)
Pap = r23;
¢InAp = n(Rz - r§3);
R cos|arcsin 23
) 4 3 2 Ry+T
$os =2|mryy — gn(Rs+T) —2nh|(Rs+T)" — 3 —rs ||
h?
1 =423 +T)(0.5-h) - % - T(3(RS+T)—h)
A
T
where h=(Rs+T) (1 —cos (arcsin(u)))
Ry+T
m| 2 2
— 2 h 2 l,i _ h 2 ]/2 _
¢In.s =2 1'[(}"23 +T) 2nh(Rs+T) 3 (l”23 +T)+2nh(Rs+T) 3 3
T
A hi =(Rs+T)cos (arcsin(r23 hl ))
Ry+T
where ,
_ . 23
hy = (Rs+T)cos (arcsm(RS T ))
¢s = ¢25 +¢1s +¢In.s;
4 2 2\
#20 = 31((R+ T =3+ T)°);
¢1c =1- (¢2d + ¢In.s + ¢ls + ¢2$ + ¢In,p + ¢2p) ;
where, 723 and Rs are the model parameters at 2"¢ and 3™ f(Rs,723) = §y — 5 — (¢2p + o + ¢2d) =0 ©)
intervals (Fig. 3b). f(Rs,123) = Ry
Parameter 7,3 can be calculated using 7, (Eq. 5) as follows: . -
A II The First Interval (0 < ¢, < §.,,) and the Fourth
e XRD) : ROy P (2 +¢er2) @ mterval(-gu <g <) (Fig. 4
23 = ; =
P go1(1=¥p) — er2 Sublia = Suide +ASuidg (10)

where R(D) is a developed form of the parameter used by
Wang et al. in order to make a correlation between their
proposed model structures for the 2"4/3 interval and phase
inversion point.'>?% Considering constant 7' (Eq. 6), it is
possible to determine Rs using Equations (¢,), (¢5), and

(¢249):

Pin gn((Rs +7)°-R?)

o{ ¢a=¢mn+ (gnRg)(l —)’p)

(LT

Pe
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Phase (I)

Polymer/polymer
interface region

Fig. 3 (a) Geometrical structure of the model in the second and the third intervals; (b) Side
view of the structure (The whole structure is surrounded by a cube of unite side length.[))

Fig. 4

Phase (I)

IPolymer/polymer
interface region

(a) Geometrical structure of the model in the first and the fourth intervals; (b) Side

view of the structure (The whole structure is surrounded by a cube of unite side length.[))

The model parameter R can be determined using Eq. (11):
-, 4
#2= 9y = 3R (11
where, ¢, denotes the actual (experimental) volume fractions
of Phases (II),
In the next step, the designed ANN can be applied in or-
der to interpret parameters “4”, “S,;”, and “y,,” using an actu-
al blend samples in the 15t (or 4th) interval. Based on the

findings of Kolarik et al., parameter 4 can be considered as
a constant value between 0 and 1. Furthermore, it is possi-

Input layer
Sz =S <28,
=S+ S

Hidden layer
X~ y— y,— z« an experimental datum in the
! 15t (or 4™) interval

Fig. 5
procedure should be repeated.)

ble to consider Sy2 —Su1 <28y <Sw2+ Sy and 0<yp <0.5
(which is completely reliable based on our previously repor-
ted findings).[5:16]

Fig. 5 represents the schematics of the designed ANN.
Considering error < 5%, the network trains itself in order to
produce the best result with the least error, which may re-
quire the network to be trained multiple times. At the final
step, the results (Sy;, yp, and A) can be tested using Eq. (10)
in order to define the best set with the least error. It is im-
portant to mention that, the designed ANN should not be
used as a predictive tool since it just interprets parameters

M and N/H: sigmoid function
MII: linear fucntion

U,
——Error=27,—- 0,

Output layer

Target (O)):

Schematic of the structure of the designed ANN (If |error| > 5%, the training
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“4”, “S,;” and “y,” using the tensile test result of a specific
sample.

EXPERIMENTAL

Materials

The applied polymers for preparing blend samples were
polyamide (PA, Akulon F223D, DSM), isotactic polypro-
pylene (iPP, Polynar Petrochemical Co., Tabriz, Iran), poly-
styrene (PS, 1160 GPPS, Tabriz Petrochemical Co.), and

Sharifzadeh, E. | Chinese J. Polym. Sci. 2019, 37, 1176-1182

poly(methyl methacrylate) (PMMA, EG920, LG). To avoid
the effect of moisture, all the materials were dried in a
vacuum oven at 80 °C for 12 h prior to melt mixing. All the
blends with 10 vol%, 20 vol%, 30 vol%, 40 vol%, 50 vol%,
70 vol%, and 90 vol% as the total volume fraction of dis-
persed phase were prepared in an internal mixer (Brabender
Plasticorder WSOEHT) with a rotor speed of 60 r/min at 230
and 200 °C (for iPP/PA and PS/PMMA, respectively) for
8 min. The obtained compounds were compression molded
into suitable pieces for tensile tests. Molding was carried out

Table 1 Yield strength (MPa) of different iPP/PA and PS/PMMA blend samples

Sample * Volume fraction of dispersed phase
P 0 0.1 0.2 0.3 0.4 0.5 0.7 0.9 1
PS/PMMA 43.8 42.6 473 46.4 43.24 51.93 57.47 59.11 62.4
iPP/PA 31.8 34.1 37.8 39.2 47.3 52.1 70.7 78.2 84.7
* The latter item (PMMA, PA) refers to the dispersed phase in each sample.
10
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% 80 | “Model predictions i s st
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2 30F I 3
540t [ £ 20
= 1 1 .
30 : . . . : . . : :
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0.1 02 03 04 05 06

Volume fraction of dispersed phase (PP)

0.7

Fig. 6 The comparison of model predictions with the experimental data of (A) iPP/PA, (B) PS/PMMA, (C) PP/PET, and (D)
LDPE/PP blend samples with the corresponding prediction error represented in (a), (b), (c), and (d), respectively!>34-33]
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at 230 and 200 °C (for iPP/PA and PS/PMMA, respectively)
followed by slow water-cooling under 10 MPa.

Mechanical Properties

Tensile tests were conducted on a Zwick/Roell tensile testing
machine (Z 010) at a fixed crosshead speed of 5 mm/min at
room temperature according to ISO 527. At least five specim-
ens were tested for each composition and the results were av-
eraged. Table 1 lists the yield strength (Su) of the tested
samples.

RESULTS AND DISCUSSION

Fig. 6 compares the experimental results with the model
predictions. It should be mentioned that the immiscibility
of the constituents of all blend samples is previously
proven.l!'13473¢] Clearly, the combination of analytical and
ANN methods was completely successful in approximating
the tensile strength of different binary polymer blend sys-
tems (error < 10%). However, the presence of dispersed
phase in the bulk of continuous phase (in immiscible blends)
may cause stress concentration points that negatively affect
the tensile strength of the system.37-8] This is the reason why
in some cases the experimental data and/or the model pre-
dictions of a blend sample give lower values compared to the
tensile strength of the neat continuous phases. It should be
mentioned that the high value of prediction error for some of
the PP/PET blend samples (Figs. 6¢) is most likely due to the
inaccuracy of the corresponding experimental data.

As mentioned before, it is assumed that y, (%) of each
polymer phase participates in forming the interface and ac-
cordingly the interface relating parameters y,, 4, and S; were
defined using the designed ANN (Table 2). As clearly
shown, parameters 4 and S,; of iPP/PA blend are greater than
those of PS/PMMA while iPP/PA has smaller y,,. In the case
of PP/PET blend samples (Fig. 6C), the presence of the dis-
persed phase weakens the systems (formation of stress con-
centration points), which, based on the model results, is due
to the very low value of parameter 4 (Table 2).

Table 2 The result of ANN for iPP/PA, PS/PMMA, PP/PET, and
LDPE/PP blend samplesi*+33]

Blend o (%) A Su (MPa)
PS/PMMA 0.34 0.214 497
iPP/PA 0.18 0.535 56.17
PP/PET 0.03 0.037 41.1
LDPE/PP 0.12 0.108 23.89
CONCLUSIONS

A combination of analytical and ANN modeling methods
was used to predict the tensile strength of binary polymer
blends. The analytical section was developed based on
Kolarik’s model, emphasizing on drastic effects of the inter-
face on system reaction against the exerted stress. On the
other hand, an ANN was designed to interpret parameters A4,
yb, and Sui as the effective model parameters, using the
tensile test result of an actual sample. As reported, the model
predictions were very close to the tensile test results (as an

advantage of applying ANN) and final prediction errors were
completely acceptable (error < 10%) (Fig. 6).
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