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Abstract—In this article, several models are applied to reveal the effects of volume fraction, thickness,
strength and modulus of interphase region between polymer matrix and nanofiller on the Young’s modulus
and yield strength of polymer nanocomposites. The properties of interphase are calculated for several sam-
ples by experimental data of mechanical properties. It is found that the concentration of interphase is higher
than that of nanofiller in some samples. The Young’s modulus of nanocomposites largely depends on filler
and interphase concentrations. In addition, the highest fraction and strength of interphase region produce the

highest yield strength of nanocomposites.
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1. INTRODUCTION

Nanostructures suggest novel applications due to
the excellent properties of materials at nanoscale [1—
4]. Therefore, the structure and interaction at nano-
scale cause the significant effects on the properties.
The dramatic enhancement in the mechanical proper-
ties of polymers can be attained by incorporation of a
low weight percentage (wt%) of various nanofillers
such as layered silicates [5, 6]. The large aspect ratio
and stiffness of layered silicates may be the main rea-
sons for the highly enhanced mechanical properties of
polymer nanocomposites [7].

The Young’s modulus of polymer nanocomposites
increases by addition of nanoparticles, because they
usually have a much higher modulus than polymer
matrices [8—10]. However, the yield strength of nano-
composites depends on the stress transferal between
nanofiller and polymer matrix [11]. The stress applied
to nanocomposites can be excellently transferred to
nanoparticles in well-bonded nanoparticles to polymer
matrix. In this condition, the yield strength of polymer
nanocomposites noticeably improves in the tensile
test. However, the yield strength reduces by adding of
poorly bonded nanoparticles. As a result, the proper-
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ties of interface/interphase between polymer matrix
and nanoparticles cause main effects on the mechani-
cal properties of polymer nanocomposites and dis-
counting of interphase characteristics results in wrong
prediction of nanocomposites performances [12, 13].

The interphase dimension and stiffness have been
determined by micromechanical models for mechani-
cal behavior such as Young’s modulus and tensile/
yield strength [14, 15]. It was also reported that shape
memory polymer nanocomposites with a strong adhe-
sion at polymer—nanofiller interface show pronounced
shape memory properties [16]. However, there is not a
model which directly expresses the effects of inter-
phase properties such as interphase fraction on the
Young’s modulus and yield strength.

In this work, Ji and Pukanszky models are used to
display the Young’s modulus and yield strength of po-
lymer nanocomposites containing different filler geo-
metries as a function of the volume fraction, thick-
ness, tensile strength and modulus of interphase re-
gion. The influences of interphase properties on the
Young’s modulus and yield strength of nanocomposi-
tes are discussed. Additionally, the mentioned equa-
tions are used to analyze the properties of interphase
in various samples.
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2. BACKGROUND

Jietal. [17] proposed a three-phase model for
Young’s modulus of nanocomposites taking into ac-
count matrix, nanofiller and interphase between poly-
mer and nanoparticles. The Ji model for nanocompo-
sites containing layered (1), spherical (2) and cylindri-
cal (3) nanoparticles is expressed attributed to geome-
try of nanofillers as

E=Em{1—oc+ ol
l-o+a(k-1)/Ink
+ P j_l (1)
1—a+1/2(a—P)k+1)+BE E, |

oy =24/t + D)oy, ()
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O3 =+ (”13/”3 + 1)2(Pf3 ) 4)
ENEN (5)

k=i, (6)
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where E,,, Er and E; are the Young’s moduli of matrix,
nanofiller and interphase, respectively, ¢@r is volume
fraction of nanofiller, » and ¢ are the radius and thick-
ness of nanofillers, respectively, and »; and ¢ are the

thickness of interphase.
The volume fractions of interphase ¢; in different

polymer nanocomposites are defined as
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Therefore, all o parameters in Egs. (2)—(4) can be re-

lated to o; as
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As a result, Ji model for all nanocomposites is

given by ¢; as
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According to Egs. (7)—(9), @f can be expressed as a
function of ¢; as
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Accordingly, Ji model can be defined by the pro-
perties of interphase for polymer nanocomposites con-
taining different nanoparticles as
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which display the effects of interphase properties on
the Young’s modulus of polymer nanocomposites.

Pukanszky [18] suggested an equation based on the
formation of interphase in composites, where the yield
strength is determined as a function of filler content.
Pukanszky model is presented as

I

O 1+25(Pf exp(B(pf),
where o; is relative yield strength as /6, 6. and o,
are yield strengths of composite and matrix, respec-
tively, B is an interfacial parameter which assumes the
capability of stress transfer between matrix and filler.
This model was well applied for different polymer
nanocomposites in the recent studies [19, 20]. There-
fore, it is applied in this work to analyze the effects of
interphase on yield strength of dissimilar nanocompo-
sites. Parameter B depends to interphase characteris-
tics as

(18)

B:(1+Acpfri)ln[ % J (19)
(e}

m

where A. is the specific surface area of filler, pr is
density of filler, and o; is the tensile strength of inter-
phase. To calculate parameter B, Pukanszky model
can be rewritten as

ln(cr 1+2.5; j _ o
1o

where the linear plot of In(c,(1 +2.5¢¢)/(1 — ¢r)) against

¢r shows the slope of B. Using Eqgs. (12)—(14), Pukan-

szky model can be expressed as a function of inter-
phase properties for polymer nanocomposites as
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Additionally, 4, can be defined for layered, spheri-
cal and cylindrical nanoparticles as
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where 4, m, v and [ are the surface area, mass, volume
and length of nanoparticles, respectively. As a result,
B can be expressed for polymer nanocomposites as
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3. RESULTS AND DISCUSSION

3.1. The Analysis of Experimental Data
from the Literature

In this section, the mentioned models are utilized
to determine the properties of interphase in several
samples from the literature. In addition, the effects of
interphase characteristics on the modulus and strength
of polymer nanocomposites are plotted. Table 1 shows
different samples from the literature as well as the
properties of neat polymer and nanofiller. The experi-
mental tensile moduli of samples are applied to Ji mo-
del (Egs. (1)~(6)) and the average levels of # or »; and
E; are calculated. The interphase thickness cannot be
more than the gyration radius of polymer chains and
E; changes between the moduli of polymer matrix and
nanofiller. Therefore, suitable 7; or ¢ and E; are chosen
from the explained ranges and finally, the average va-
lues of interphase properties are given in Table 1. The
presented data show the significant thickness of inter-
phase in the reported samples. Additionally, a high
interphase modulus is calculated in all reported sam-
ples, which is more than the stiffness of polymer ma-
trix. Accordingly, the interphase can play an impor-
tant role in the performances of polymer nanocom-
posites.

Moreover, the experimental yield strength of sam-
ples is fitted to Pukanszky model (Eq. (18)) to deter-
mine the B parameter. Parameter B is applied into
Eq. (19) to measure o; values. Table 1 gives the values
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Table 1. The samples and calculated interphase properties
No. Sample rort, | Pp = Ewn | Oms 7 OT fj, nm E;, GPa B c;, MPa A, m? g’1
nm |gcem ™ | GPa| MPa | Eqgs. (2)~(4) | Egs. (1)=(6) | Eq. (20) | Eq. (19) | Egs. (24)—~(26)

1 PBTl/nanoclay [21] 1.98 [2.14| 552 12.0 9.60 4.83 80.0 505.1
2 | PAl lz/nanoclay [22] 4 1.90 [0.61| 32.8 12.0 2.50 8.40 108.9 526.3
3 LLDPE3/Si02 [23] 220 [3.70| 51.0 12.0 11.10 24.60 | 4467.0 170.5
4 Epoxy/MWCNT4 [24] 15 1.90 | 1.90| 45.0 22.5 133.00 7.66 305.4 70.2
5 | PEC/MWCNT [25] 9 2.10 |2.96102.0 11.0 8.80 5.94 573.5 117.0

1—poly(butylene terephthalate), 2—polyamide 11, 3—linear low density polyethylene, 4—multiwalled carbon nanotubes, 5—poly-

etherimide.

of B and o; data. The diverse B data show the dissimi-
lar levels of interfacial adhesion in the samples. Addi-
tionally, different o; data are obtained for reported
samples. The highest o; is obtained for sample No. 3
as 4467 MPa and the least level is found for sample
No. 1 as 80 MPa. The o; results are much higher than
Onm demonstrating the significant strength of formed
interphase in the reported samples.

The dimension and level of interphase are attribut-
ed to some parameters such as interfacial area and
compatibility between polymer matrix and nanofiller
which control the interfacial interaction. Some proce-
dures such as treatment, modification and functionali-
zation of nanofillers can encourage the compatibility
and interfacial adhesion between the components of
nanocomposites. Furthermore, 4. data are reported in
Table 1 using Egs. (24)—(26). The nanoclay produces
the highest level of 4. among the nanoparticles. This
occurrence causes the highest level of interfacial area
between polymer matrix and nanoclay layers, which
finally creates the highest level of reinforcement in
polymer nanocomposite. In fact, the high value of A4,
is the significant advantage of nanofiller, which makes
the unexpected behavior in polymer nanocomposites.
According to Egs. (24)—(26), 4. is inversely related to
r and ¢ and the smallest nanoparticles create the high-
est level of 4. as shown in Table 1.

Figure 1 illustrates the volume fraction ¢; in some
reported samples by Egs. (7)—(9). It is observed that
the interphase occupies a large volume in polymer na-
nocomposites which is more than the nanofiller vo-
lume in some samples. Volume fraction ¢; increases
with nanofiller content in all samples. The high level
of interphase confirms the significant influence of this
phase beside matrix and nanofiller phases. As a result,
assuming the interphase is compulsory for estimation
of mechanical properties in polymer nanocomposites.
In addition, ¢; is directly related to the thickness of in-
terphase (according to Egs. (7)—(9)), i.e. ¢; increases
when the thickness of interphase enlarges.

3.2. The Roles of Interphase Properties According
to the Models

Figure 2 demonstrates the effects of ¢; and E; on
modulus of polymer nanocomposites containing
spherical nanoparticles by Eq. (16). The Young’s
modulus more depends to o; than E;.
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Fig. 1. ¢; as a function of ¢; in PBT/nanoclay [21] (No. 1)

(a), LLDPE/SiO, [23] (No.3) (b) and epoxy/ MWCNT

[24] (No. 4) samples (c).
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Fig. 2. Roles of ¢; and E; in the Young’s modulus of
polymer nanocomposites containing spherical nanoparti-
cles by Eq.(16) in rp,=15nm, rp,=10nm and E, =
2 GPa: (a) 3D and (b) contour plots (color online).

The low @; generally results in a low modulus at all
E; levels. However, the best modulus is obtained by
high levels of @; and E;. It means that ¢; and E; have
optimistic effects on the modulus of nanocomposites,
where the effect of E; becomes important at high va-
lues of ¢; indicating the important role of ¢; in
Young’s modulus of polymer nanocomposites.

Figure 3 exhibits the influences of ¢; and o; on pa-
rameter B in polymer nanocomposites containing
spherical nanoparticles (Eq. (28)). Parameter B shows
comparatively same levels at all ¢; values depended to
the level of ;. In other words, o; more expressively
affects the level of parameter B compared with ;.

Parameter B shows negative values when o; is lo-
wer than o, at all @;. The best level of B is obtained in
the highest values of ¢; and o;. As a result, B is more
depended to o; value in polymer nanocomposites (es-
pecially at low o;), while formation of a high-volume
interphase improves the magnitude of B interfacial pa-
rameter.

Figure 4 also shows the roles of nanoparticle radius
and interphase thickness on the interphase fraction @i,
of nanocomposites containing spherical nanoparticles

PHYSICAL MESOMECHANICS Vol.23 No.6 2020
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Fig. 3. 3D (a) and contour plots (b) to show the effects of
¢; and o; on parameter B in polymer nanocomposites con-
taining spherical nanoparticles (Eq. (28)) in ¢z =0.1 and
G = 50 MPa (color online).

by Eq. (8) in ¢ =0.02. The high values of nanoparticle
size decrease the @, but the small radius of nanopar-
ticles increases it. On the other hand, a thick interphase
grows the level of @;, while the thinner one produces
a smaller ;. Therefore, small nanoparticles and thick
interphase show beneficial effects on the ¢j,.

Since a higher volume fraction of interphase cau-
ses a better level for tensile modulus and strength
(Figs. 2 and 3), it is concluded that small particles and
thick interphase introduce the high mechanical proper-
ties in nanocomposites. Likewise, large particles and
thin interphase result in low levels for mechanical per-
formances. The small nanoparticles induce the high
specific surface area between polymer and nanopar-
ticles. A good interphase is gained by the high level of
interfacial interaction/adhesion in nanocomposites
[20, 26].

A micromechanical model was also proposed by
Boutaleb et al. [27] to calculate the modulus and yield
stress in polymer/SiO, nanocomposites. It considers
the interphase as the perturbed region of polymer ma-
trix around the nanoparticles. The predicted effects of
nanoparticle radius, interphase thickness and modulus
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0.5@) nanocomposites, the high values of ¢; and o; play po-
sitive roles in the yield strength.
04
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