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Abstract

In the present study, the effect of the multi-walled carbon nanotubes (MWCNTSs) fillers weight fraction
on the mechanical, electrical, and thermal properties of the epoxy was calculated analytically. The results
were then compared and it was found out that the MWCNTS has a significant effect on the electrical
conductivity of the epoxy. The MWCNT modified epoxy composites were considered as the matrix
material to design quasi-isotropic carbon fibre/epoxy composite. The change of the weight fraction of the
MWCNTSs on the mechanical, electrical, and thermal properties of the carbon fibre/epoxy laminates was
also calculated. Finally, the hygrothermal load and the bending load response of the laminated composites
were researched. MWCNTs fix the mismatch between the hygrothermal properties of the epoxy matrix
and the carbon fiber.

Keywords: Nanoparticle, Modified epoxy, Composite laminate, Hygrothermal response

Karbon Nanotiip ile Modifiye Edilmis Fiber Takviyeli Laminelerin Isil ve
Elektriksel Ozelliklerinin Teorik Analizi

Oz

Bu ¢alismada, ¢ogul duvarli karbon nanotiiplerin (MWCNT) epoksinin mekanik, elektrik ve 1sil
ozellikleri tizerindeki etkisi analitik olarak hesaplanmistir. MWCNT nin epoksinin elektriksel iletkenligi
iizerinde 6nemli bir etkiye sahip oldugu bulunmustur. MWCNT modifiyeli epoksi malzeme ile karbon
fiber/epoksi tabakali kompozit malzemeler tasarlanmigtir. MWCNT lerin agirlikca katkisinin karbon
fiber/epoksi kompozitlerin mekanik, elektriksel ve termal 6zellikleri tizerindeki etkisi de hesaplanmuistir.
Son olarak, MWCNT takviyeli tabakali kompozitlerin higrotermal yiik ve egilme yiikii altindaki tepkileri
aragtirllmisttr. MWCNT lerin, epoksi matris ve karbon fiberin 1s1 ve neme bagl 6zellikleri arasindaki
uyumsuzlugu azalttigi sonucuna varilmustir.

Anahtar Kelimeler: Nanopartikiil, Modifiye epoksi, Kompozit lamine, Is1 ve neme baglh tepki
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1. INTRODUCTION

Carbon fibre reinforced composite laminates have
increasing importance for engineering applications
due to their excellent properties. Owing to high
corrosion and chemical resistance makes
carbon/epoxy laminates a good alternative for the
durability needed applications such as bipolar
plates (BPs) that are used in the fuel cells. On the
contrary, the poor electrical conductivity of the
carbon/polymer laminated composites restricts
their use as BP in the fuel cells. To overcome this
deficiency, it is a good solution to modify the
insulating constituent of the carbon/polymer
composites with nano-sized particles [1-8]. It is
also well known that the functionalization and the
surface modification of nanoparticles improve the
dispersion of the particles in the resins by
preventing agglomeration [9,10]. The fracture
toughness, the mechanical and thermal properties
of polymeric materials filled with functionalized
particles are better than the neat polymers [9-13].

In the past two decades, especially carbon
nanotubes have come to the fore as the filler
materials for polymers. The carbon nanotubes
(CNTs) which have excellent conductivity, high
aspect ratio, and good bonding with the polymers,
offer improved electrical, thermal and interfacial
properties. The unmodified CNTs can enhance the
electrical conductivity of the epoxy resin better
than the surface modified CNTs [6]. In fact, the
electrical conductivity of the CNT modified
polymers is directly depending on the used
functional groups, the functionalization method,
and the parameters of the nanoparticles [14,15].
Type of the CNT is also another fact that the multi-
walled CNT (MWCNT) particles have a higher
increasing effect on the electrical conductivity of
the epoxy than that of the single-walled CNT
(SWCNT) particles [16]. Chen et al. [3] reported
that the addition of electrospun carbon nanofibres
into the matrix of the carbon fibre/epoxy laminated
composite can increase the in-plane and the out-of-
plane electrical conductivities of the laminate up to
150% and 20% respectively according to the
pristine laminate. Costa et al. [6] found out that
both the glass fiber reinforced and the carbon fiber
reinforced laminates with CNT modified matrix
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have  doubled through-thickness electrical
conductivity according to the neat laminates and
the modified matrix does not affect the in-plane
electrical conductivity of the laminates. Moisala et
al. [16] presented that a very small amount of
MWCNT or SWCNT can bring significant
electrical conductivity to the epoxy resin and the
thermal conductivity is negatively influenced by
SWCNT particles while MWCNT particles
increase the thermal conductivity. Jarali et al. [17]
offered analytical equations to determine the
hygro-thermal-electrical properties of the CNT-
modified polymer composites. On the other hand,
the ambient temperature and the amount of the
existing moisture also affect the electrical, thermal,
and interfacial properties of the CNT modified
composites [18].

MWCNT particles are preferred as a filler material
for composite bipolar plates (BPs) owing to their
superior electrical properties in the last decade.
BPs are responsible for gas distribution to the flow
channels and collecting the current that occurred in
the cell. Therefore, BPs should have high electrical
conductivity, and mechanical strength as well as
corrosion resistance [19]. In this respect, the
MWCNT effect was evaluated as BP application
for PEM fuel cells in many studies [20-26]. Bairan

et al. [20] constituted composite BP using
polypropylene (20%), carbon black (25%),
graphite  (47-52%), and MWCNT (3-8%)

materials. The electrical conductivity and flexural
strength were increased by the addition of the
MWCNTSs up to a limit weight ratio of 6%. In the
rates above this limit value, there was a decrease in
the properties. According to another study of the
researchers  [23], 15832 S/cm electrical
conductivity and 30 MPa flexural strength were
obtained by the addition of 6% MWCNT into the
composite BP. Similar results were obtained by
other researchers, too [21,22].

Considering the aforesaid effects of the CNTs on
mechanical, hygrothermal, and electrical properties
of the polymeric materials, it is inevitable to see
similar changes on the polymer matrix composites
reinforced with continuous fibres. The stress state
and the deformation of the CNT modified
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laminated composites under the thermal and the 2, METHOD
moisture loads will certainly differ according to
the unmodified composites. However, it is well For the calculations, the MWCNT/epoxy

known that the effect of the mechanical properties
of the continuous fibre and the matrix on the
mechanical properties of the laminate can be
calculated by analytical approaches. In this study,
initially, the hygrothermal, electrical, and
mechanical properties of the MWCNT modified
epoxy was calculated. Then the properties of the
layers with the carbon fibre and the modified
epoxy layers were analytically determined
according to the rule of the mixture and the effect
of the MWCNTs was compared. Finally, MWCNT
modified quasi-isotropic carbon fibre/epoxy
laminates were designed to investigate the
response of the material to the hygrothermal and
the bending loads which are generally applied on
BPs.

Table 1. Properties of MWCNT and epoxy resin

composite resin was considered by using the
properties of the constituents (Table 1). The
addition of the MWCNTs with a high weight ratio
promotes the agglomeration of additives in epoxy
resin [27]. Thus, the weight ratio of the MWCNTs
in the epoxy resin was assumed as differed into a
range of 0.1% to 2% by taking previous researches
into account [4,28,29]. Modified resins were
designated due to the weight ratio of MWCNTs
they contain, such as M_05 contains 0.5%
MWCNT in a weight ratio, etc. The agglomeration
of the MWCNTs was ignored and the mixture of
the MWCNTs and the epoxy resin was assumed as
homogenous. Effects of the MWCNTs on the
mechanical, electrical, and thermal properties on
the epoxy resin were calculated by using a series
of Equations 1-10 [17].

Properties MWCNT Epo.xy Fibre
resin
Longitudinal | Transverse
Density (p), gr/cm’ 2.10 1.18 1.84
Elastic modulus (E), GPa 450 2.47 260 | 0.8
Shear modulus (G), GPa 173.1 0.88 110
Poisson’s ratio (v) 0.3 0.3 0.2
Coefficient of thermal expansion (a), C' | 4.00¥10° | 4.50*10° -3.80%10° | 2.00*10°
Coefficient of moisture expansion (), 0 0.06 0
Thermal conductivity - 0.196 - | -
Electrical conductivity (k), S/m 1.00¥10° | 1.67x10™" 106
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=1 EQFLESr (6)
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The MWCNT modified resin with its calculated
properties was regarded as the matrix for the newly
designed carbon fiber reinforced composite
lamina. The direction of the yarns of the
unidirectional carbon fabric was assigned as the
lamina principle axis 1 and the orthogonal of the
axis 1 was axis 2. By considering the common
knowledge of the volume ratios of the fibre and the
matrix constituents (Vf 0.55, Vm=0.45) in hand
layed up laminated composites, the mechanical
and the hygrothermal properties of the carbon/fibre
composite lamina were predicted. Calculations
were performed due to the rule of mixtures
(Equations 10-19) [30].

E,=V'E+V"E™ (11)
fﬁ (12)
12:% (13)

vip=Vivirymym (14)

a=Via (1+v))+Vmam (14+v™)-(VIVHVY™ay (16)
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B, (17

B,=V B (1+v") VB (1-+v™)-(VIVHVTY™B, (18)

2o 2
3™ i3
h +(kf)<1 v )

k=KK™ 5 5 (19)
(vf)i-vf#('%:)(1+Vf-(vf)§>
OO s
ORI e
PPP7II77 7777

.
90° @
00

0. b)

a)

The mechanical and the hygrothermal behavior of
the quasi-isotropic laminates were calculated
according to Classical Laminate Theory. The
hygrothermal  stress-strain  relationship ~ for
unidirectional ~ carbon/epoxy  layer  without
mechanical load was given in Equation 20.
Thermally and moisture-induced strains can also
be determined by using the changes of the
temperature and the moisture by Equations 21,22,
respectively. AT is the temperature change and the
AM is the absorbed moisture amount per unit
weight. After determining the elastic properties of
reinforced composite plies which contain
MWCNTs in different weight ratios, quasi-
isotropic composite laminates were designed with
[-45,/45,/90,/0,]s oriented layers (Figure 1a). The
stacking sequence of the plies was kept constant
for each laminate. Reference ambient during
designing was assumed with attributes of T= 20°C
and w%= 0.95 for all laminates. Inevitably, the
change of the elastic properties of the layers owing
to MWCNTs alters the response of the laminates
to external loads. Especially in fuel cell
applications, MWCNT modified composite
laminates are subjected to the bending load and the
interlaminar shear response of the laminate is
crucial under the bending load. The effect of the
weight ratio of the MWCNTs on the plane stress
and the strain of the composites under
hygrothermal load was determined (Equation 23).

Therefore, MWCNT modified composite short
beams were also examined for stresses caused by
the bending load (Figure 1b).
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Figure 1. a) Stacking sequence of the laminates and b) the dimensions of the model for bending analysis
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3. RESULTS

The determined effect of the MWCNT particles on
the mechanical, electrical, and hygrothermal
properties of the epoxy was presented in Figures 2,
3, and 4. The effect of the MWCNT particles on
the properties of the epoxy is evident.
Theoretically, it is possible to increase the
modulus of elasticity of the epoxy by 94.49%.
Compared to the insulating structure of the epoxy,
it is possible to add electrical conductivity to the
epoxy by aid of MWCNTs. On the other hand,
MWCNTs significantly decrease the hygrothermal
expansion coefficients of the epoxy. By adding
MWCNT in a weight ratio of %3, the thermal
expansion coefficient and moisture expansion
coefficient of the epoxy decreased by 29.69% and
181.37%, respectively.

7.00 T

6.00 4

Modulus of Elasticity (E), GPa
w
8

+ 0.8340
0.8330
0.8320
0.8310
1 0.8300
1 0.8200
0.8280

+ 0.8270

Shear Modulus (G), GPa

T 0.8260

T 0.8250

0.8240

MWCNT weight fraction in the EPOXY, %

Figure 2. Change of the elastic modulus and shear modulus of the epoxy according to MWCNT ratio

The electrical conductivity of the 3% MWCNT
including epoxy was increased by 158.22% by
introducing unidirectional carbon fibres into it.
Electrical properties are matched with the
literature. Bairan et al. reported that the electrical
conductivity of the MWCNT reinforced composite
BP was increased till 6% filler (158.32 S/cm)
[20,23]. In another study, Suherman et al. [25]
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fabricated = CNT/G/EP  (CNT/graphite/epoxy)
nanocomposite BP and indicated that the electrical
conductivity values were determined as 180 and
75 S/em for in-plane and through-plane
measurements, respectively (with 5% MWCNT).
Also, it was noted that the pure composite (without
MWCNT) material was unsatisfied in terms of
conductivity targets by DOE [19]. As understood,
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the MWCNT additive is increased the electrical

conductivity, in general. After a certain rate, not =MWCNT.
only decrease the conductivity but also increase

the BP cost because of the high price of the
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Figure 3. Change of the hygrothermal coefficients of the epoxy according to MWCNT ratio
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Figure 4. Change of the electrical conductivities of the epoxy and the composite
MWCNT ratio
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The mechanical and the hygrothermal properties of
the designed unidirectional carbon/epoxy layers
with different MWCNTs weight ratios were listed
in Table 2 and the changes of the hygrothermal
properties were also presented in Figures 4 and 5.
Since the in-plane mechanical properties of the
unidirectional fibre reinforced layer depend on the
fibres, it was concluded that the effect of the
MWCNTSs on the composite layer is limited. The
longitudinal elastic modulus of the layer with 3%

Fatih DARICIK, Alparslan TOPCU

MWCNT increased only by 0.97% and the
transverse elastic modulus increased by 8.74%. By
introducing the carbon fibres into the 3% MWCNT
modified epoxy, the coefficients of longitudinal
and transverse thermal expansions were changed in
ratios of 4.54% and -80.20%, respectively. On the
other hand, the coefficients of longitudinal and
transverse moisture expansions decreased in order
0f 45.80% and 71.98%.

Table 2. Calculated elastic properties of unmodified and MWCNT modified carbon/epoxy layers

Weight Elastic Modulus, GPa Shear Thermal Expansion x 10 Moisture Expansion x 10
Iaayer Ratio of Longitudinal | Transverse Modulus Longitudinal | Transverse | Longitudinal Transverse
ode | MWCNTs (G,
% (En) (£2) GPa (ar) (a2) B B2
L 00 0 144.49 1.21 1.82 -3.30 24.75 6.17 349.49
L 01 0.1 144.53 1.22 1.82 -3.32 16.84 5.89 324.51
L 03 0.3 144.61 1.23 1.82 -3.34 14.70 5.44 283.80
L 05 0.5 144.70 1.24 1.82 -3.37 13.02 5.09 252.03
L 07 0.7 144.79 1.25 1.82 -3.38 11.68 4.80 226.56
L 09 0.9 144.87 1.26 1.82 -3.40 10.58 4.57 205.77
L 12 1.2 145.01 1.27 1.82 -3.41 9.23 4.28 180.04
L 15 1.5 145.14 1.28 1.82 -3.42 8.15 4.05 159.66
L 20 2.0 145.38 1.29 1.83 -3.44 6.77 3.75 133.40
L 30 3.0 145.89 1.32 1.83 -3.45 4.90 3.34 97.94
MWCNT weight fraction in the LAYER, %
0 0.5 1 1.5 2 25 3
-3.28 . e L e S 3.00
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Figure 4. Change of the longitudinal and transverse thermal expansion coefficients of the layers

according to MWCNT ratio
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Figure 5. Change of the longitudinal and transverse moisture expansion coefficients of the layers

according to MWCNT ratio

Hygrothermal load-induced plane stresses and
strains in the composite laminates were also
calculated and given in Figure 6. Since the
laminates were designed as balanced and quasi-
isotropic, stresses and strains along longitudinal
and transverse directions came out as equal
However, it was obviously seen that the MWCNT
particles improve the stability of the fiber-
reinforced laminates under hygrothermal loads,
and the improvement of the MWCNTSs decreases
by the increasing of the weight ratio of the
nanotubes in the composite. In fact, because of the
viscosity reducing effect and curing delaying effect
of the nanotubes on the epoxy, it is very difficult to
produce a composite laminate containing more
than 1.5% particles by weight.

The bending load caused ply-wise longitudinal
stresses and shear stresses were also studied for the
unmodified and the MWCNT modified laminates
(Table 3). In the bending analysis performed with
some of the designed models, it was seen that the
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MWCNTs did not affect the stresses due to
bending load. Therefore, the analyzes made on half
of the models (C_00, C 05, C 10, C_15, C _30)
were found sufficient. As indicated in Table 2,
MWCNTs have no significant effect on the in-
plane elastic properties of the layers and so on
laminates. Thence, the bending load response of
the unmodified and the MWCNT modified
laminates are similar and MWCNTs have no sense
on the bending resistance of the composite
laminates. It is clearly stated in the literature that
the MWCNT modify has no significant increase in
the bending or flexural strength [22-25]. Also, it
was reported that the flexural strength was
decreased in low quantities with the MWCNT
reinforce by Yao et al. [21]. Similarly, the flexural
strength was decreased with the 3%, 5% and 7%
MWCNT modified carbon-felt-reinforced
polypropylene-polyethylene composite [22]. In
addition, it was noted that the MWCNT reinforce
was decreased area specific resistance of the
composite structure.
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Figure 6. Change of the plane stresses and the strains in the quai-isotropic laminates according to

MWCNT ratio
Table 3. Bending load induced ply-wise stresses in the unmodified and MWCNT modified
carbon/epoxy composites
C_00 C_05 C_15 C 30
Layer
G1 T2 G1 Ti2 G1 T2 S Ti2
-45 96.0054 | 20.5484 | 95.8848 | 20.5455 | 96.0231 | 20.5407 | 96.2445 | 20.5245
-45 86.9047 | 19.0831 | 86.7405 | 19.0779 | 86.8185 | 19.0698 | 86.9704 | 19.0509
45 77.8040 | 17.6179 | 77.5962 | 17.6104 | 77.6140 | 17.5990 | 77.6962 | 17.5773
45 77.7993 | 17.6179 | 77.5915 | 17.6104 | 77.6092 | 17.5990 | 77.6914 | 17.5773
90 71.8273 | 16.2199 | 71.5951 16.2106 | 71.5845 | 16.1969 | 71.6396 | 16.1735
90 65.8554 | 14.8219 | 65.5988 | 14.8109 | 65.5597 | 14.7949 | 65.5877 | 14.7697
0 108.7764 | -14.8219 | 108.5710 | -14.8109 | 108.6042 | -14.7949 | 108.7415 | -14.7697
0 97.9490 | -13.4414 | 97.7100 | -13.4308 | 97.6980 | -13.4148 | 97.7806 | -13.3900
0 87.1217 | -12.0609 | 86.8490 | -12.0507 | 86.7918 | -12.0347 | 86.8198 | -12.0102
0 87.1098 | -12.0609 | 86.8371 | -12.0507 | 86.7797 | -12.0347 | 86.8076 | -12.0102
90 78.7479 | -10.7558 | 78.4654 | -10.7463 | 78.3981 | -10.7312 | 78.4162 | -10.7082
90 70.3861 | -9.4506 | 70.0938 | -9.4418 | 70.0165 | -9.4277 | 70.0248 | -9.4061
45 -85.0970 | -0.6910 | -85.4919 | -0.6917 | -85.8083 | -0.6909 | -86.2221 | -0.6885
45 -71.6758 | -0.5686 | -72.0778 | -0.5701 | -72.3673 | -0.5703 | -72.7188 | -0.5692
-45 | -58.2546 | -0.4462 | -58.6637 | -0.4485 | -58.9264 | -0.4498 | -59.2155 | -0.4499
-45 | -58.2664 | -0.4462 | -58.6756 | -0.4485 | -58.9384 | -0.4498 | -59.2277 | -0.4499

4. CONCLUSION

In the present study,

modified

C.U. Miih. Mim. Fak. Dergisi, 35(4), Aralik 2020

epoxy

composite

laminates

were

investigated by means of electrical, mechanical,
and hygrothermal properties, theoretically.

carbon  fibre/MWCNT Properties of the layers with the carbon fibre and

the modified epoxy layers were analytically
determined and the effect of the MWCNT content
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was compared. The ratio of the MWCNTs in the
epoxy was evaluated in the range of 0.1% to 3%
by weight considering the existing literature when
preparing epoxy/ MWCNT mixture. MWCNTs
significantly decrease the hygrothermal expansion
coefficients of the epoxy. By adding MWCNT in a
weight ratio of %3, the thermal expansion
coefficient and moisture expansion coefficient of
the epoxy decreased by 29.69% and 181.37%,
respectively.

The MWCNT modified resin was approved as the
matrix for carbon fiber reinforced composite
lamina. The mechanical and the hygrothermal
behavior of the quasi-isotropic laminates (with
[-45,/45,/90,/0,]; oriented layers) were calculated
and the stacking sequence of the plies was kept
constant for each laminate. Ambient temperature
and humidity values were assigned as 20 °C and
0.95, respectively. Moreover, the bending
characteristics of MWCNT modified composite
laminates were performed which is one of the most
important operating characteristics for bipolar
plates used in fuel cells. The main conclusions
from this investigation can be drawn as follows:

e First of all, the electrical properties of the
epoxy were improved with the MWOCNT
contribution. The electrical conductivity of the
3% MWCNT including epoxy was determined
as 47.39 S/m and the conductivity value was
increased by 158.22% with introducing carbon
fibres into it. These conductivity values satisfy
the electrical conductivity of composite bipolar
plate requirements of the Department of
Energy (DOE) [19].

e The effect of the MWCNTSs on the mechanical
features of composite layers are limited due to
the mechanical properties of the unidirectional
fibre reinforced layer depend on the fibres.
Even so, MWCNT is contributed to mechanical
characteristics. 0.97% and 8.74% increase were
calculated for the longitudinal and transverse
elastic modulus, respectively with the 3%
MWCNT additives.

e The coefficients of longitudinal and transverse
thermal expansions were changed in ratios of
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4.54% and -80.20%, respectively for the 3%
MWCNT/epoxy-carbon fibre composite. On
the other hand, the coefficients of longitudinal
and transverse moisture expansions decreased
in order of 45.80% and 71.98%.

e It was understood that MWCNT has no
important effect on the bending strength of
composite laminates. Similar bending results
were obtained for unmodified and MWCNT
modified composites.

Nomenclature

volume fraction

volume of constituents

elastic modulus

shear modulus

poisson’s ratio

coefficient of thermal expansion
coefficient of moisture expansion
electrical conductivity

N™R T Q™

The superscripts are as follows;
epoxy polymer

MWCNT

MWCNT modified epoxy matrix
carbon fibre

carbon fibre/epoxy composite
thermal

moisture

gvﬂn\g 5o

The subscripts are as follows;
I longitudinal direction of reinforcements
2 transverse direction of reinforcements
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