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interfacial shear strength between
a polymer matrix and carbon nanotubes on the
interphase strength and Pukanszky's “B” interphase
parameter

Yasser Zare and Kyong Yop Rhee*

In this paper, the “B” interphase parameter in the Pukanszky model and interphase strength for polymer

carbon nanotube (CNT) nanocomposites are expressed by the critical interfacial shear strength (sc) and

interfacial shear strength (s) between a polymer matrix and CNTs. A suggested model and a developed

Pukanszky model for tensile strength of nanocomposites are combined to develop the equations for “B”

and interphase strength. Many experimental data for various samples confirm the models. The impacts of

all parameters on the “B” and interphase strength are explained to approve the developed equations. The

contour plots display the same trends for the roles of all parameters in the “B” and interphase strength.

Low “sc”, high “s”, thin and large CNTs as well as a dense interphase are ideal to obtain the high levels for

“B” and interphase strength. Among the studied parameters, CNT size largely controls the “B” and

interphase strength, while the waviness and strength of CNTs play insignificant roles.
1 Introduction

Carbon nanotubes (CNT) can noticeably increase the perfor-
mance of nanocomposites, because they include high aspect
ratio, very high modulus and considerable conductivity.1–10 The
high aspect ratio of CNTs produces a low percolation threshold
in nanocomposites establishing a CNT network by a low
concentration of CNTs.11,12 Accordingly, polymer CNT nano-
composites are good candidates for many applications such as
electronics, biosensors, actuators, aerospace structures and
automotive components.13–21 The main difficulties for the
production of polymer CNT nanocomposites include the
deprived spreading of CNTs and the poor interfacial attachment
between polymer media and CNTs.22,23 As a result, improving
the processing terms and using the modied/functionalized
nanoparticles are recommended to solve these problems and
promote the nanocomposite performance.24–35

The interphase region between polymer matrix and nano-
particles plays an important reinforcing efficiency in nano-
composites.36–41 Moreover, the interphase region joins to the
network in nanocomposites improving the mechanical prop-
erties and electrical conductivity.42–45 In fact, a thicker inter-
phase causes a lower percolation threshold, which enlarges the
CNT network and positively manipulates the stress and charge
transferring through nanocomposites. These are many
ege of Engineering, Kyung Hee University,

nggi, Republic of Korea. E-mail: rheeky@

1 201 2565

f Chemistry 2020
modeling work in the literature investigating the interphase
characteristics and their roles in the performance of nano-
composites.46,47 The modeling techniques are interesting,
because the investigational handling of interphase region is
very tough due to the nanoscale manipulation, while themodels
give much information by simple approaches.

The functioning stress transferring among polymer media
and nanoparticles is critical to promote the mechanical
possessions, since a deprived interphase causes the debonding
of nanoparticles from polymer medium during loading,
whereas a robust interphase can stand a large volume of stress.
Consequently, a potent interphase amplies the stress bearing
promoting the performance of nanocomposites. These obser-
vations demonstrate the important roles of interfacial/
interphase properties in the nanocomposites. The incomplete
interphase unsuccessfully transports the stress from polymer
matrix to nanoparticles, because it is not strong enough for
efficient stress transferring. In this case, there is a critical
interfacial shear strength (sc) controlling the stress transferring
via interphase region. When the interfacial shear strength (s) is
poorer than “sc”, the interphase cannot provide the reinforce-
ment, but the effective strengthening of nanocomposites by
interphase happens when “s” is more than “sc”. Thus, “sc” plays
an important role in the strengthening of polymer nano-
composites, although the previous papers have ignored it.

Many investigators have studied the interphase features in
the mechanical presentations of polymer nanocomposites,47,48

but they ignored the least level of interfacial shear strength (sc),
which reinforces the nanocomposites. Actually, the former
RSC Adv., 2020, 10, 13573–13582 | 13573
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reports have studied the characteristics and roles of interphase
area in the nanocomposites, but they neglected the least inter-
phase terms strengthening the polymer media. The current
study tries to express the “B” interphase term (in Pukanszky
model) and interphase strength in polymer CNT nano-
composites assuming “sc” and “s”. At the rst step, “sc” is
dened and its roles in the effective interphase thickness and
operative CNT concentration are highlighted. Aer that, a sug-
gested model for tensile strength of polymer CNT nano-
composites is expressed and the Pukanszky model is developed
by “s” and “sc” terms. Many experimental data are applied to
conrm the models. These models are joined to express the “B”
term in Pukanszky model as a function of “s”, “sc” and CNT size.
Finally, an equation is developed for the interphase strength by
“s”, “sc”, CNT size and interphase thickness. The roles of all
parameters in the “B” and interphase strength are explained to
conrm the established equations.

2 Development of equations

In the case of imperfect interphase between polymer matrix and
CNT, which is normal in nanocomposites, the interphase
region is not strong enough for efficient stress transferring from
polymer matrix to CNT. In this condition, a critical level for
interfacial shear strength (sc) exists, which manipulates the
stress transferring between polymer matrix and nanoparticles.
Fig. 1 presents the prole of stress in the interphase region
surrounding CNT. At s < sc (zone 1), the stress decreases,
because it's far from the stiff CNT and the interphase is very
weak in this region. Nevertheless, when “s” exceeds the “sc”, the
interphase is strong enough to stand the stress transferred from
polymer matrix to CNT causing the reinforcement of
nanocomposites.

“sc” as the least interfacial shear strength tolerating the
loaded stress from polymer matrix to CNT is dened as:

sc ¼ sfR

l
¼ sf

2a
(1)

where “sf”, “R” and “l” are the strength, radius and length of
CNT, respectively and “a” shows the aspect ratio as a ¼ l/d (d is
CNT diameter).

We derived this equation by the denition of “Lc” as the least
length of CNT for effective transferring of stress from polymer
Fig. 1 The schematic profile of stress in the interphase region
between polymer matrix and CNT: zone 1 (s < sc) and zone 2 (s > sc).

13574 | RSC Adv., 2020, 10, 13573–13582
matrix to nanoparticles
�
Lc ¼ sfR

s

�
.49 According to “Lc” equa-

tion, the critical interfacial shear strength is dened by the
properties of CNT. Accordingly, “sc” does not depend on the
interphase properties, explicitly, but “sc” correlates to the CNT
aspect ratio controlling the extent of interfacial area between
polymer matrix and CNT. Actually, “sc” indirectly correlates to
the interfacial/interphase properties in nanocomposites.

The signicant length of CNT makes the waviness in nano-
composites.50 The effective length of CNT (leff) is the smallest
distance between two ends of curved CNT dening the waviness
parameter as:

u ¼ l

leff
(2)

where u ¼ 1 displays the straight CNT, but a higher “u” reveals
more waviness.

When “leff” is considered into eqn (1), “sc” is developed to:

sc ¼ sfR

leff
¼ sfRu

l
(3)

As mentioned, the properties of interphase region in nano-
composites correlate to the values of “sc” and “s”. Therefore, the
effective interphase thickness is expressed at two zones (Fig. 1)
as:

teff ;1 ¼ t
�sc
s

�
s\sc (4)

teff ;2 ¼ t
�
1� sc

s

�
s. sc (5)

where “t” is interphase thickness. The contributions of both
zones suggest the effective interphase thickness as:

teff ¼
�sc
s

�
t
�sc
s

�
þ
�s� sc

s

�
t
�
1� sc

s

�
(6)

Additionally, the effective volume fraction of CNT in the
nanocomposites comprises both CNT and interphase portions51

as:

4eff ¼ 4f

�
1þ t

R

�2

(7)

where “4f” is CNT volume fraction. When “teff” is replaced from
eqn (6) into the latter equation, “4eff” can consider the effective
interphase thickness using “sc” and “s”.

The former studies established that the tensile strength of
nanocomposites directly correlates to polymer strength (sm), an
orientation factor (ho), “s”, “a” and “4f”

52,53 as:

s z sm + hosa4f (8)

Assuming the roles of “4eff” and s � sc, the latter equation
was developed in our previous article (submitted one) as:

s ¼ sm þ ho

ðs� scÞ
4

a4eff (9)
This journal is © The Royal Society of Chemistry 2020
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suggesting the relative strength of nanocomposites as sR¼ s/sm
by ho ¼ 0.2 (ref. 52) as:

sR ¼ 1þ 0:2ðs� scÞa4eff

4sm

(10)

Pukanszky54 developed a simple model for tensile strength of
nanocomposites assuming the interphase properties as:

sR ¼ 1� 4f

1þ 2:54f

exp
�
B4f

�
(11)

where “B” is an interphase parameter, which demonstrates the
extent of interphase properties between polymer and nano-
particles. “B” is dened as:

B ¼ �
1þ Acrf t

�
ln

�
si

sm

�
(12)

where “Ac” is the specic surface area of nanoller, “rf” is ller
density and “si” denotes the strength of interphase region.

The Pukanszky model can be developed assuming “4eff” as:

sR ¼ 1� 4eff

1þ 2:54eff

exp
�
B4eff

�
(13)

The developed Pukanszky model can be rearranged to:

lnðsreducedÞ ¼ ln

�
sR

1þ 2:54eff

1� 4eff

�
¼ B4eff (14)

where the linear correlation between ln(sreduced) and “4eff” gives
the “B” slope.

The specic surface area of CNT as the surface area (A) per
mass (m) can be expressed by:

Ac ¼ A

m
¼ 2pRl

rfV
¼ 2pRl

rfpR
2l
¼ 2

rfR
(15)

where “V” is the volume of CNT.
By substituting of “Ac” from the latter equation into eqn (12),

“B” is obtained as:

B ¼
�
1þ 2t

R

�
ln

�
si

sm

�
(16)

Now, the suggested equation (eqn (10)) and the developed
Pukanszky model (eqn (13)) are joined to express the “B” and
“si” terms by “sc” and “s”.

Eqn (14) can be rewritten as:

ln

�
sR

1þ 2:54eff

1� 4eff

�
¼ lnðsRÞ þ ln

�
1þ 2:54eff

1� 4eff

�
¼ B4eff (17)

Substituting of “sR” from eqn (10) into the latter equation
expresses:

ln

�
1þ 0:2ðs� scÞa4eff

4sm

	
þ ln

�
1þ 2:54eff

1� 4eff

�
¼ B4eff (18)

At very low “4eff” (4eff � 1), it is approximated that:
This journal is © The Royal Society of Chemistry 2020
ln

�
1þ 0:2ðs� scÞa4eff

4sm

	
y

0:2ðs� scÞa4eff

12sm

(19)

ln

�
1þ 2:54eff

1� 4eff

�
y 3:44eff (20)

When eqn (19) and (20) are replaced into eqn (18), the
following equation is obtained as:

0:2ðs� scÞa4eff

12sm

þ 3:44eff ¼ B4eff (21)

expressing the “B” term as a function of “sc” and “s” as:

B ¼ 0:2ðs� scÞa
12sm

þ 3:4 (22)

Moreover, when “B” is replaced from eqn (16) into the latter
equation, “si” is given by:

si ¼ sm exp

0:2ðs� scÞa
12sm

þ 3:4

1þ 2t

R

0
BB@

1
CCA (23)

correlating the interphase strength to “sc”, “s”, CNT size and
interphase thickness.

Fig. 2a exhibits the contour plot for the roles of “sc” and “s”
parameters in the interphase strength at average sm ¼ 30 MPa,
R ¼ 10 nm, u ¼ 1.2, l ¼ 10 mm and t ¼ 5 nm. It is observed that
the interphase strength reaches to 2 � 1022 MPa at sc ¼ 20 MPa
and s ¼ 400 MPa. However, this level is not reasonable, because
the interphase strength cannot surpass the CNT strength as
average 30 GPa.46 Therefore, eqn (23) gives the inaccurate levels
for interphase strength.

In addition, Fig. 2b shows the calculations of interphase
strength at different ranges of “R” and “t” and average s ¼
200 MPa. The interphase strength considerably increases to 18
� 1023 MPa at R¼ 5 nm and t¼ 1.7 nm. This level for interphase
strength is not reasonable, as mentioned. It is also shown that
the interphase strength improves by thin interphase indicating
the inverse relation between interphase strength and thickness,
while both interphase thickness and strength directly correlates
to the extents of interfacial interaction/adhesion between
polymer matrix and nanoparticles.55,56 So, eqn (23) is not
appropriate for the interphase strength in CNT
nanocomposites.

It can be concluded that the exp function considerably grows
the interphase strength based on eqn (23). Also, eqn (23)
wrongly shows the relationship between interphase strength
and thickness. Therefore, eqn (23) can be modied by deleting
exp function as:

si ¼ sm

0:2ðs� scÞa
12sm

þ 3:4

1þ 2R

t

2
664

3
775 (24)

which presents the interphase strength in CNT nanocomposites
as a function of polymer strength, “sc”, “s”, CNT dimensions
RSC Adv., 2020, 10, 13573–13582 | 13575
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Fig. 2 Correlations of interphase strength to (a) “sc” and “s” and (b) “R” and “t” parameters using eqn (23).
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and interphase thickness. When we have a distribution of each
parameter, we apply the average level of each parameter in the
equations. In fact, when the different levels of parameters are
available, we consider the average and reasonable range for
each factor.

Thementioned equations have some limits. These equations
are only applicable for CNT reinforced nanocomposites or
nanocomposites containing cylindrical nanoparticles, because
the dened terms including “sc”, “u”, “4eff” and “Ac” were
dened for the reinforced nanocomposites by cylindrical
nanoparticles such as CNT. However, the developed equations
by Lazzeri and Phuong49 are applicable for polymer nano-
composites and composites comprising clay, CNT and wood
our. Moreover, our developed equations are valid for the large
aspect ratio of CNT. Also, t¼ 0 causes the meaningless value for
“si” (eqn (24)); so, the developed equations are applicable when
the samples include the interphase area (t > 0). In addition, it is
crucial to obtain the ne dispersion of CNT in the polymer
matrix, because the aggregation/agglomeration of nanoparticles
restricts the interfacial area and shortens the ller aspect
ratio.57,58
3 Results and discussion
3.1 Conrmation of models

The experimental data of relative strength for several samples
can validate the suggested model (eqn (10)) and the developed
Pukanszky model (eqn (14)). In other words, the appropriate
Table 1 Estimations of various parameters for the samples using the mo

Samples sm (MPa) R (nm) l (mm)

Polysilsesquioxane/MWCNT59 6.00 10 10
Chitosan-g-MWCNT60 39.6 8 7.5
PAN/MWCNT61 70.0 10 10
Chitosan/MWCNT62 11.6 10 10

13576 | RSC Adv., 2020, 10, 13573–13582
agreements between experimental results and predictions conrm
the models. Four samples including polysilsesquioxane/multi-
walled CNT (MWCNT),59 chitosan-g-MWCNT,60 polyacrylonitrile
(PAN)/MWCNT nanober61 and chitosan/MWCNT62 were chosen
from the valid papers. Table 1 shows the details for the samples
from the original references. The values of “sm” for the samples
were reported from the mentioned references, but some papers
did not report the CNT size. We considered the average R¼ 10 nm
and l¼ 10 mm for the samples excluding the data of CNT size. Also,
the interfacial/interphase properties are calculated using the
developed equations in this paper. The average values of “sf” and
“u” are considered as 30 GPa and 1.2, respectively. These data were
applied into eqn (10) to estimate the tensile strength of the
samples in our previous paper (submitted one). It was observed
that all calculations suitably agree with the experimental results
conrming the suggested model. As a result, the suggested model
can approximate the tensile strength of polymer CNT nano-
composites assuming “sc”, “s”, CNT size and interphase thickness.

The calculations of various parameters for the samples by
the suggested model are given in Table 1. The interphase
thickness is calculated from 4 to 10 nm representing the
different ranges of interfacial adhesion between polymer
matrices and MWCNT. “sc” is obtained as 36 and 38.4 MPa for
the samples. According to eqn (1), “sc” depends on the “sf” and
CNT size and thus three samples show the same “sc”. Addi-
tionally, the highest and the lowest levels of “s” are reported for
chitosan-g-MWCNT and polysilsesquioxane/MWCNT samples,
respectively. “s” results for the samples are higher than “sc”
dels

t (nm) sc (MPa) s (MPa) teff (nm) B si (MPa)

4 36 140 2.50 123.8 81.7
10 38.4 223 7.15 33.7 412.7
8 36 217 5.80 21.4 335.4
4 36 165 2.60 80.6 108.9

This journal is © The Royal Society of Chemistry 2020
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expressing that the interphase region effectively transfers the
stress from polymer matrix to CNT. “teff” (eqn (6)) also varies
from 2.5 to 7.15 nm, due to the dissimilar ranges of “sc” and “s”
for the samples. Generally, a higher level of “s” produces
a higher “teff”, because it raises the efficiency of interphase for
stress transferring.

The developed Pukanszky model is validated by comparing
the experimental and theoretical levels of ln(sreduced) at
different effective CNT concentrations using eqn (14), as shown
in Fig. 3. The calculations properly follow the experimental data
at all CNT fractions validating the developed Pukanszky model.
By this comparison, it is possible to calculate the “B” (eqn (22))
and “si” (eqn (24)) values for the reported samples, as expressed
in Table 1.

“B” values change from 21.4 to 123.8 for the reported
samples. “B” depends on polymer strength, CNT size, “sc” and
“s” based on eqn (22). Therefore, it is expected to obtain the
dissimilar levels of “B” for the reported samples. The highest
and the lowest levels of “B” are obtained for polysilsesquioxane/
MWCNT and PAN/MWCNT samples, respectively. The values of
“si” are also calculated using eqn (24). “si” changes from 81.7 to
412.7 MPa for the samples. The strongest interphase is observed
in chitosan-g-MWCNT sample, while polysilsesquioxane/
Fig. 3 Experimental levels and calculations of ln(sreduced) at different CNT
(b) chitosan-g-MWCNT,60 (c) PAN/MWCNT61 and (d) chitosan/MWCNT62

This journal is © The Royal Society of Chemistry 2020
MWCNT shows the poorest interphase among the samples.
Since the interphase strength depends on polymer strength,
“B”, CNT radius and interphase thickness, a high level of “B”
may not produce a high interphase strength for the samples.
However, it is observed that the lowest levels of “s” and “teff” for
polysilsesquioxane/MWCNT sample cause the poorest inter-
phase strength, while chitosan-g-MWCNT showing the highest
levels of “s” and “teff” contains the strongest interphase.
Accordingly, there is a direct correlation among “s”, “teff” and
“si” parameters, which is reasonable, because all these param-
eters are a function of interfacial adhesion between polymer
matrix and nanoparticles demonstrating the efficiency of
interphase region for the stress transferring from polymer
matrix to nanoparticles. The sensible correlations between
these parameters validate the suggested equations in this study.

3.2 Analysis of parameters

In this section, the developed equations are used to investigate
the inuences of all parameters on the “B” (eqn (22)) and “si”

(eqn (24)) terms. The accurate roles of all parameters in the
mentioned terms approve the developed equations. Contour
plots are used to calculate an output at different ranges of two
parameters and average values of other factors as sm ¼ 30 MPa,
concentrations based on eqn (14) for (a) polysilsesquioxane/MWCNT,59

samples.

RSC Adv., 2020, 10, 13573–13582 | 13577

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra00978d


Fig. 4 The calculations of (a) “B” and (b) interphase strength at different ranges of “sc” and “s” parameters using the developed equations.
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sf ¼ 30 GPa, R ¼ 10 nm, u ¼ 1.2, l ¼ 10 mm, t ¼ 5 nm and s ¼
200 MPa. The contour plots are useful to optimize the values of
parameters producing the highest “B” and the strongest inter-
phase in nanocomposites.

Fig. 4 exhibits the impacts of “sc” and “s” parameters on the
“B” and interphase strength according to the developed equa-
tions. The highest level of “B” is calculated as 90 at sc ¼ 20 MPa
and s ¼ 400 MPa, while “B” reduces to 10 at sc > 30 MPa and s ¼
100 MPa. Additionally, sc > 35 MPa and s < 130 MPa cause the
interphase strength of 50MPa, but sc¼ 20MPa and s¼ 400MPa
increase the interphase strength to 500 MPa. As a result, both
plots display the same roles of “sc” and “s” parameters in the
“B” and interphase strength. They indicate that a low critical
interfacial shear strength and a high interfacial shear strength
are optimum to obtain the high levels of “B” and interphase
strength. On the other hand, high critical interfacial shear
strength and poor interfacial shear strength weaken the “B” and
interphase strength at the same time.

A poor “sc” and a high “s” grow the efficiency of interphase
region for stress transferring, because they grow the effective
interphase thickness (eqn (6)). In fact, a low “sc” and a high “s”
enlarge the zone 2 in the interphase region (Fig. 1)
Fig. 5 (a) “B” and (b) interphase strength as a function of “R” and “l” para

13578 | RSC Adv., 2020, 10, 13573–13582
strengthening the interphase for good stress transportation
between polymer matrix and nanoparticles. However, high “sc”
and poor “s” expand the zone 1 in the interphase region fading
the interphase and causing the thin effective interphase. These
explanations demonstrate that “s” directly manipulates the
effectiveness of interphase region, while “sc” has an adverse role
in the interphase properties. Since both “B” and interphase
strength directly correlate to the interphase efficiency, “sc” and
“s” reasonably control the mentioned terms validating the
developed equations. Generally, a high level for s � sc enhances
the interphase characteristic in nanocomposites.

Fig. 5 reveals the variation of “B” and interphase strength at
different ranges of “R” and “l” parameters based on the devel-
oped equations. R > 15 nm and l < 15 mm fall the “B” to about 10,
whereas the “B” signicantly grows to 180 at R ¼ 5 nm and l ¼
20 mm. Moreover, R > 15 nm largely decreases the interphase
strength to about 0, but R ¼ 5 nm and l ¼ 20 mm produce the
maximum interphase strength of 1600MPa. Therefore, thin and
large CNT optimize the values of “B” and interphase strength in
the nanocomposites, while thick and short CNT weaken the
interphase properties. Also, only thick CNT are enough to fail
the interphase strength in nanocomposites. The large variation
meters by the developed equations.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The calculations of developed equations for (a) “B” and (b) interphase strength at different ranges of “u” and “sf” parameters.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

11
:0

5:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of “B” and interphase strength at different ranges of CNT size
demonstrates that the CNT size highly manipulates the inter-
phase properties.

Thin and long CNT produce a big surface area, which largely
involves the surrounding polymer matrix. It means that thin
and large CNT cause a big interfacial area between polymer
matrix and nanoparticles. In this condition, the strong inter-
facial interaction exists between polymer matrix and CNT
enhancing the “B” and interphase strength. However, thick and
short CNT minimize the surface area of nanoparticles, which
ineffectively involves the polymer matrix near the CNT. In this
state, the nanoparticles slightly affect the surrounding polymer
chains creating a thin and poor interphase in the nano-
composites. Moreover, the concentration of interphase region
only depends on the CNT radius according to eqn (7). As
a result, only thick CNT reduce the efficiency of interphase
region in the nanocomposites. These observations approve the
calculations of the developed equations for “B” and interphase
strength at different levels of “R” and “l” parameters.

Fig. 6 shows the inuences of “u” and “sf” parameters on the
“B” and interphase strength based on the developed equations.
The high levels of “u” and “sf” decrease the “B” and interphase
Fig. 7 Variations of (a) “B” and (b) interphase strength at different range

This journal is © The Royal Society of Chemistry 2020
strength, but a high “B” and a strong interphase are obtained by
the minimum levels of both “u” and “sf” parameters. Therefore,
the waviness and strength of CNT negatively affect the “B” and
interphase strength in nanocomposites. However, both “B” and
interphase strength slightly change at different ranges of CNT
waviness and strength. Accordingly, these parameters insignif-
icantly manipulate the interphase properties in the
nanocomposites.

The waviness signicantly worsens the effective length of
CNT, which negatively inuences the surface area of nano-
particles. In fact, a high waviness weakens the efficiency of CNT
surface area at the interfacial area between polymer matrix and
CNT. So, the waviness adversely affects the interphase proper-
ties such as “B” and “si” in the nanocomposites. On the other
hand, a low waviness produces the efficient interfacial area
between polymer matrix and CNT growing the interphase
performance.

A high CNT strength raises the “sc” (eqn (1)) diminishing the
effective interphase thickness based on eqn (6). In other words,
a high “sc” worsens the effectiveness of interphase region in
nanocomposites. Therefore, it is expected to observe the poor
interphase properties at high CNT strength. However, a poor
s of “t” and “a” parameters by the developed equations.

RSC Adv., 2020, 10, 13573–13582 | 13579
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strength of CNT falls the “sc” growing the stress bearing of
interphase region and the effective interphase thickness.
Accordingly, both CNT waviness and strength adversely affect
the interphase properties conrming the developed equations.
It should be noted that the strengthening efficiency of nano-
particles in nanocomposites correlates to their strength,46

although the strength of CNT differently controls the interphase
properties. In can be concluded that the CNT strength should
be optimized to provide a strong interphase and an effective
strengthening in nanocomposites.

Fig. 7 highlights the roles of “t” and “a” parameters in the
interphase parameters using the developed equations. The “B”
value of 180 is achieved by a > 2300, but a < 700 mainly decrease
the “B” to 40. However, the various levels of “t” parameter do not
change the “B”. Therefore, CNT aspect ratio directly manages
the “B”, while the interphase thickness is an ineffective
parameter. Furthermore, the interphase strength of 1800MPa is
obtained at t¼ 10 nm and a¼ 2500, but the interphase strength
weakens to about 100 MPa at t < 2 nm and a < 1000. These
results demonstrate that both CNT aspect ratio and interphase
thickness directly inuence the interphase strength in
nanocomposites.

According to eqn (22), “B” depends on “s”, “sc”, polymer
strength and CNT aspect ratio. Also, “sc” correlates to CNT size
and strength. As a result, the interphase thickness is an inef-
fective parameter on the “B” term. However, the thickness and
strength of interphase region in nanocomposites depends on
the interfacial adhesion between polymer matrix and nano-
particles.55,56 In other words, the strong interfacial interaction
between polymer matrix and nanoparticles produces the thick
and strong interphase. Therefore, the interphase strength
directly depends on the interphase thickness approving the
calculations of developed equations. Additionally, a high aspect
ratio of CNT decreases the extent of “sc” (eqn (1)), which posi-
tively manipulates the effective interphase thickness. Actually,
the high-aspect-ratio CNT producing the strong interphase
region positively inuence the properties of polymer matrix.63,64

However, a low aspect ratio of CNT deteriorates the properties of
interphase regions surrounding CNT. So, the aspect ratio
directly handles the “B” and interphase strength conrming the
developed equations.

4 Conclusions

“B” interphase term in Pukanszky model and interphase
strength were expressed using “sc” and “s” by joining the sug-
gested model and the developed Pukanszky model for tensile
strength of nanocomposites. The experimental results of
various samples conrmed the models and the parametric
examinations validated the developed equations for “B” and
interphase strength. A low critical interfacial shear strength and
a high interfacial shear strength increased the “B” and inter-
phase strength. Moreover, thin and large CNT optimized the “B”
and interphase strength, while thick and short CNT weakened
the interphase properties. In addition, only thick CNT lonely
failed the interphase strength in nanocomposites. The different
ranges of CNT size changed the “B” from 10 to 180 and the
13580 | RSC Adv., 2020, 10, 13573–13582
interphase strength from about 0 to 1600 MPa. These calcula-
tions demonstrated that the CNT size extremely manipulates
the “B” and interphase strength among the parameters. The
waviness and strength of CNT negatively affected the “B” and
interphase strength. “B” changed from 10 to 90 and the inter-
phase strength varied from 50 to 500 MPa at various values of
waviness and strength of CNT. So, both “B” and interphase
strengthmarginally changed at different ranges of these factors.
CNT aspect ratio directly managed the “B”, while the interphase
thickness played an ineffective role. However, high CNT aspect
ratio and thick interphase positively handled the interphase
strength.
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