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Abstract

In this study, carbon fiber/epoxy composites (CFRP) were fabricated by vacuum-assisted resin
infusion moulding (VARIM) with polyphenylene ether (PPE) as a toughening agent. The PPE
contained hydroxyl end groups that facilitated chemical bonding with epoxy during curing.
PPE was incorporated into the epoxy matrix by dissolution, and spreading in the interlaminar
regions. The presence of PPE as a toughener exhibited significant improvement in the Mode-I
fracture toughness of the composites. The CFRP samples, which were toughened with 5 wt.%
and 10 wt.% PPE, showed about 191% to 380% enhancement, respectively, in the critical
energy release rate (Gic) compared to the unmodified sample. Dynamic mechanical analysis
(DMA) showed about a 6°C increase in the glass transition temperature of the toughened
composites, which is an interesting aspect of this work. These results indicate the potential of

using PPE as a toughening agent in CFRP composites.
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1 Introduction

The usage of carbon fiber-reinforced polymer (CFRP) composites is rapidly increasing with
time in various applications. CFRP composites are extensively used in aerospace, automobiles,
windmills, sports goods, and other structural applications, due to their superior properties such
as high specific strength, high stiffness, chemical resistance, and durability in corrosive
environments [1-3]. The global CFRP demand is estimated to be a massive 285 thousand
metric tons by the end of 2025 [4]. This is mainly attributed to the worldwide effort by many
countries to reduce CO; emissions and the huge consumption of CFRP for renewable energy
through windmills, tidal blades, and solar panels. In addition to the superior properties of
carbon fiber, research on low-cost carbon fiber will increase the consumption of CFRP further

in the coming years.

The fiber reinforcement, resin, and its cure kinetics control the final properties of the
composites. Determining an optimum cure cycle for a resin system is critical, as it directly
influences the mechanical properties of the composites [5]. For example, high-temperature
cured epoxies and other resins are mainly targeted for aerospace applications [6, 7]. Room-
temperature cured epoxy resins are also widely used for various applications, such as
manufacturing wind turbine blades, adhesives, insulators, and civil structures. However, epoxy
resin composites are generally brittle in nature, and there are several ways to increase their
fracture toughness. Quan et al., [8] reported a 63% improvement in fracture toughness for a
room-temperature cured epoxy system modified with in-situ nanofibers of polyphenylene
oxide (PPO) oligomer through an interpenetrating polymer network formation. In recent times,
the incorporation of thermoplastic additives into CFRP composites has become a focus of
interest in the field of polymer composites. Thermoplastic additives, or nanofillers, are added
to the matrix mainly to improve the fracture toughness or thermal properties of the CFRP [9,
10]. There are various thermoplastic polymers, such as polyamide, polyimide, polyether
sulfone [11], and polyphenylene ether (PPE), that can be added to CFRP composites to tailor
their properties. Daelemans et al., [12] reported a 45% increase in Mode-I interlaminar fracture
toughness for CF/epoxy composites toughened with electrospun polyamide nanofibrous veils.
An improvement of 61.5% in Mode-I fracture toughness was reported by Chen et al., [13] for
CF/epoxy composites toughened with porous films of polyether sulphone (PES) by the

interleaving method.



Chen et al., [14] reported a combination of extrinsic and intrinsic multiscale toughening
mechanisms to improve the interlaminar fracture toughness of CFRP composites. The addition
of a toughening system consisting of nanoscale core-shell rubber (CSR) and microscale short
carbon fiber (SCF) was found to increase the fracture toughness of CFRP composites by 127%
compared to the unmodified sample. While the fracture toughness is improved, there is an
adverse effect of a reduction in tensile properties in some composites. Luo et al., [15] reported
a tensile strength reduction from 64.9 MPa to 52.6 MPa for a diglycidyl ether of bisphenol-A
(DGEBA)/fluoro-terminated hyperbranched poly(phenylene oxide) (FHPPO; 20 wt.%)
composite, and Lv et al., [16] reported that the tensile strength of DGEBA modified with
epoxidized hyperbranched poly(phenylene oxide; EHPPO) increased from 70 MPa
(unmodified sample) to 90 MPa with 10 wt.% EHPPO and then decreased to 85 MPa when the
EHPPO content was increased further to 20 wt.%. Nguyen et al., [17] compared the
performance of two types of poly(2,6-dimethyl-1,4-phenylene ether) (PPE) as toughening
agents of epoxy/ionic liquid networks. The critical stress intensity fracture toughness (Kic)

improved by 150% and 200%, respectively, in the modified samples.

There are only a few literature reports on the incorporation of PPE into CFRP composites.
Bisphenol-A epoxy resin and PPE-based molecular composites with in-situ reinforcement were
reported by Guan et al., [18]. The composite samples showed a 73°C increase in glass transition
temperature (156°C—229°C) 60% improvement in fracture toughness (Kic; 1.1 to 1.79
MPa.m'?), a 30% improvement in tensile strength (30 to 39 MPa), and a 55% increase in
elongation at break (0.9 to 1.4%) with respect to the reference sample. Huang et al., [19]
developed carbon fiber prepregs (8+8 layers) and epoxy-based composites, toughened with
PPE particles by interleaving at the midplane. The composite samples containing 10 wt.% of
PPE exhibited a 65% improvement in Mode-I interlaminar fracture toughness (Gic). In addition
to increasing fracture toughness, PPE is also known for its excellent electrical properties. Weng
et al., [20] reported an epoxy system modified with polyphenylene oxide (PPO) for the
production of high-frequency copper claddings for electrical applications. The modified epoxy
laminates with 20 wt.% PPO has shown a considerable reduction in dielectric constant and

dielectric loss, with the lowest values of 3.76/107 Hz and 2.11x10 /107 Hz, respectively.



In this experimental study, carbon fiber-epoxy composites incorporated with PPE toughener
were fabricated by the liquid resin infusion method. The PPE particles were added to the epoxy
matrix by two methods: dissolution and interleaving. In the dissolution method, the known
quantity of PPE particles was mixed into the resin by manual stirring before the resin infusion
process. In the interleaving method, the PPE particles were sprinkled over the CF layers,
followed by resin infusion. The effect of PPE toughener on the glass transition temperature and
mechanical properties of the composites was studied. The viscoelastic properties of the
laminates, before and after modification with PPE, were measured with the dynamic
mechanical analyzer. The Mode-I fracture toughness was studied using the Double Cantilever

Beam (DCB) test.

2 Experimental

2.1 Materials

Epoxy resin (IN 2), hardener (AT 30), and other consumables required for the resin infusion
process, such as resin infusion mesh, spiral tubes for resin distribution, silicon ports, vacuum
tubes, and vacuum bagging films, were purchased from Easy Composites Ltd. U.K. The
unidirectional (0°) carbon fabric with an aerial weight of 603 GSM was procured from
SAERTEX Group in Germany. A free sample of PPE (NORYL™ SA-90 Resin; Hydroxy
Eq.wt. = 840 g/mol; Mn = 1600) was supplied by SABIC. Coupons for the double cantilever
beam (DCB) test was made by inserting a thin (13 pm) release film of perfluoroalkoxy alkane
to form a pre-crack length of 63 mm for initiating delamination (ASTM D5528).

2.2 Fabrication methods

Carbon fiber/epoxy composites were manufactured using vacuum-assisted resin infusion
moulding (VARIM). Four layers of carbon fabric each with a dimension of (450 mm x 450
mm X% 0.8 mm), were cut into squares and stacked together on a glass mould. A measured
quantity of finely ground PPE powder was added to the epoxy resin, dissolved by hand stirring,
and then a hardener was added. A PPE concentration of 5 wt.% and 10 wt.% were used for
CFRP samples prepared by the dissolution method, and 5 wt.% of PPE was used for samples
made by the interleaving method. With 5 wt.% of PPE addition, the resin mixture was
homogeneous, and the resin infusion process was smooth. Whereas, when 10 wt.% of PPE was

added, the resin mixture looked slightly heterogeneous with increased viscosity, but the



infusion process was still possible. The formulated resin mixture was then infused into the CF
fabrics under a controlled vacuum. In the case of interleaving, 5 wt.% of PPE powder was
divided into three equal quantities for uniform distribution among the three interlaminar
regions formed by the stack of four CF layers. A pre-crack release film was inserted at the
midplane between the 2" and 3™ CF layers to prepare DCB specimens for the Mode-I

interlaminar fracture toughness test. Figure 1 shows the schematic diagram for fabricating the

CFRP composites.
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Figure 1. Schematic diagram of the fabrication of CFRP composites: A. PPE addition by
dissolution method; B. PPE addition by interleaving method.

In this study, four different composites were prepared with different PPE concentration as;

1. CF/Ep: CF/Epoxy without any additive (unmodified; reference sample).
2. CF/Ep/PPES-D: Addition of 5 wt.% of PPE in epoxy by dissolution.



3. CF/Ep/PPES5-I: Addition of 5 wt.% of PPE in between CF layers (Interleaving).
4. CF/Ep/PPE10-D: Addition of 10 wt.% of PPE in epoxy by dissolution.

The method of PPE addition during composite fabrication is shown in Figure 2.

Figure 2. Addition of PPE particles by (a) Dissolution and (b) Interleaving methods (450 mm

x 450 mm x 0.8 mm carbon fabric layers).

When the PPE concentration was increased from 5 wt.% to 10 wt.%, the resin mixture became
considerably viscous, and the infusion process took more time to complete (from 8 minutes to
13 minutes). Hence, 5 wt.% PPE addition was found to be the optimum quantity for easy

infusion processing. The typical vacuum-assisted resin infusion process is shown in Figure 3.

Figure 3. Vacuum-assisted resin infusion moulding (VARIM) process.
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2.3 Testing

The laminates were cut into test specimens of the required dimensions in a diamond-tipped wet
saw cutter machine (RAMG-1011). Test specimens of the required length, breadth, and
thickness (60 mm; 12 mm, and 3 mm, respectively) were extracted as per the ASTM standard
(D 4065) for dynamic mechanical analysis (DMA 850; TA Instruments, USA). The tensile test
specimens were cut into 250mm X 15mm x 3mm coupons as per ASTM D3039 standards.
Double cantilever beam (DCB) test specimens were extracted as 125 mm % 25 mm %3 mm as
per ASTM D5528. Small samples of composite specimens were mounted in epoxy resin with
the cross-section side facing upwards. These samples were polished in a polisher (ATA Saphir
520, Germany) using different abrasives in a 15-minute sequence each. The polished samples
were subjected to gold sputter coating before examination under the scanning electron

microscope (ZEISS, Germany).

The solubility of PPE in epoxy and the curing of liquid epoxy resin with different PPE contents
and hardeners were monitored in situ under an optical microscope (ZEISS Axioskop 2; x5,
Germany) to investigate the PPE phase in the cured resin and the presence of micro-voids, if
any. Finely ground PPE particles were mixed with epoxy resin at different concentrations (2.5,
5, and 10 wt.%). In the cases of 2.5 wt.% and 5 wt.%, the PPE was dissolved in epoxy resin,
and the infusion process was quite normal. However, when wt.10% was tried, the dissolution
of PPE was found to be difficult as it crossed the dissolution limit. A few PPE particles were
found to be suspended in the resin; the viscosity of the mixture increased, but the infusion was
still possible. Hence, 5 wt.% of PPW was found to be the optimum quantity. The fiber volume
fraction of the composite was measured through the resin burn-off method in a muffle furnace

(Thermal Engineering Services, Bangalore—India) as per ASTM D3171.

The glass transition temperature was measured in a dynamic mechanical analyzer (TA
Instruments, USA; DMA 850) from room temperature to 180°C at a heating rate of 3°C/min.
The frequency was 1 Hz, and the dynamic deformation was maintained at 10 um. The density
of the composite samples was measured by the water displacement method (ASTM D792)
using a density measurement kit (OHAUS Adventurer Density Kit, USA). The tensile
properties of the samples were tested in a servo-hydraulic test machine (INSTRON 8802, USA;
250 kN) at a loading rate of 2 mm/min. Interlaminar fracture toughness (Mode-I Gic) of the
DCB specimens was tested in a universal testing machine (UTM, INSTRON 3369, USA; 10
kN) at a loading rate of 3 mm/min, with a digital image correlation IMETRUM DIC, Bristol,



UK) for crack length measurement. The Gic values were calculated by modified beam theory
(MBT) as per ASTM D-5528. Cross-sectional analysis of the mounted samples was done with
an SEM (ZEISS, Germany) at 10 kV.

3 Results and discussion

3.1 Optical microscopy

Optical microscopy images of epoxy resin dissolved with varying amounts of PPE powder are
shown in Figure 4. As expected, the neat epoxy sample (Figure 4a) was observed to be
homogeneous. Figure 4b shows a cured epoxy sample dissolved with 5 wt.% of PPE, which
was also fairly homogeneous. When 10 wt.% of PPE was added with epoxy (Figure 4c), the
dissolution was not complete and the mixture was not homogeneous. The mixture became more
viscous and started forming a few lumps of PPE particles. Therefore, the resin mixture needed
relatively vigorous stirring, which allowed air bubbles to enter the mixture, creating micro-
voids. This phase separation suggests that 5 wt.% of PPE is an optimum quantity for dissolution

into the epoxy resin.



Figure 4: Optical micrographs of a. Neat epoxy; b. Epoxy with 5 wt.% PPE; ¢. Epoxy with
10 wt.% PPE.



3.2 Dynamic Mechanical Analysis (DMA):

The average values of four test specimens with a standard deviation of +£5% are presented in
this section. The tan & curves versus the temperature of the samples are shown in Figure 5a.
The glass transition temperature (Tg) of the CF/Ep sample was obtained to be 68°C from the
peak of the tan § curve. With the addition of 5 wt.% of PPE into the matrix, the Ty of the
composite increased by about 6°C, as observed in all PPE-modified samples (74°C). This shift
in Tg is significant and is likely to have a positive influence on the thermo-mechanical
properties of the composites. Both dissolution and interleaving methods of PPE addition
resulted in the same level of T shift. Figure 5b and Figure 5S¢ show the storage modulus (G')
and loss modulus (G") curves of the samples, respectively. The G’ values of the samples
showed a marginally decreasing trend with an increase in temperature (50°C to 80°C) and an
increase in PPE content. The decrease in G" and the increase in the tan delta peak values in the
PPE-modified samples indicate that the incorporation of PPE particles might have influenced
the network formation of the epoxy matrix during curing. It is due to the PPE molecules
containing hydroxyl end groups, which are likely to react with the epoxy resin while curing
and chemically bonded to the cross-linked epoxy network. These reactive modifications by
PPE can influence molecular network formation, which can bring significant improvements in
the overall performance of the composite. The loss modulus values of CF/Ep/PPE10-D and
CF/Ep/PPES-1 (Figure 5c) were found to be higher than CF/Ep/PPES-D samples. This
behaviour might be due to the viscous regions caused by the accumulation of PPE particles and

consecutive heat dissipation in the composites.
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Figure 5a: DMA curves; Tan 6 versus temperature.
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3.3 Density

The average density of four specimens is presented in Table 1. The density of both carbon fiber
(1.8 g/cc) and epoxy resin (1.15 g/cc) was comparatively higher than the toughening agent,
PPE (1.03 g/cc). A considerable reduction in density was observed in PPE-modified samples
compared to the unmodified ones. The decrease in density might be due to the presence of
micro-voids in the modified matrix and also to the lower density (1.03—1.08 g/cc) of PPE
compared to epoxy (1.15 g/cc). As the density variation is evident, it is likely to affect the final
mechanical properties of the composites.

Table 1. Measured densities of different composite samples

Sample ID Density (g/cc)
CF/Ep 1.5259
CF/EP/PPE5-D 1.4561
CF/EP/PPE5-1 1.4939
CF/EP/PPE10-D 1.4202

3.4 Mechanical properties

3.4.1 Tensile strength

The average tensile strength results of five test specimens of different composite samples are
given in Table 2. The breaking loads of the samples were found to be minimally affected by
the addition of PPE because fiber dominates in the longitudinal direction compared to the
matrix. The variation in tensile strength and strain with increasing PPE content was found to
be minimal. However, few literatures suggest that higher concentrations of PPE/PPO tend to
alter the tensile strength. Tensile strength decreased from 64.9 MPa to 52.6 MPa for a
DGEBA/20wt.% PPO [14] and 90 MPa to 85 MPa for a DGEBA/20wt.% PPO [15].

Table 2. Mechanical properties of composite specimens

Sample ID Tensile Tensile Tensile Density Fiber
strength modulus strain (g/ce) fraction
(GPa) (GPa) (%) (volume %)
CF/Ep 1.15+0.23 79.2+ 4.4 1.07 1.5259 58+0.8
CF/EP/PPE5S-D 1.22+0.14 80.5+4.38 1.00 1.4561 57+0.6
CF/EP/PPE5-1 1.03+0.11 91.1+7.2 0.93 1.4939 56+1.3
CF/EP/PPE10-D | 0.99 £0.15 89.9+83 0.90 1.4202 56+0.9
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3.4.2 Mode-I fracture toughness:

A typical Mode-I fracture toughness (Gic) test of a DCB specimen is shown schematically in
Figure 6A. An actual sample picture taken from the digital image correlation (DIC) instrument
during testing is shown in Figure 6B, mentioning details like pre-crack length (L,) and actual
crack length (L.). The load versus displacement curves of all the samples are shown in Figure
7. The average Gic values of the reference sample at the initiation and propagation zones were
found to be 365 J/m? and 780 J/m?, respectively. There was a significant improvement in the
Gic with the incorporation of PPE toughener. Ep/PPE10-D samples exhibited the highest Gic
value of 2054 J/m? in the initiation zone and 3740 J/m? in the propagation zone. The average
Gic values of six DCB specimens in each category of composite samples are presented in Table
3. Figure 8 shows the comparison of the R-curves of all the samples, indicating the average Gic
in the propagation zones.

Broken CF filaments PPE
II I at the midplane particles

/\

i

ssanssessP Crack propagation

l l l Rele\ase film

Tensile load
(3 mm/min)

Figure 6A. Schematic on visualization of DCB specimen test.
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Figure 6B. Typical sample picture from DIC during Mode-I fracture toughness test.
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Table 3. Interlaminar fracture toughness of different composite samples

Mode-I Interlaminar

Sample ID Fracture Toughness Gic; (J/m?)
Initiation Propagation
CF/Ep (Reference sample) 365+ 15 780 £42
CF/Ep/PPES-D 696 + 23 1248 + 68
CF/Ep/PPES-I 395 +28 1150 £ 76
CF/Ep/PPE10-D 2054 + 107 3740 + 345

50
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10

e 1 CF/Ep
=2 CF/Ep/PPE5-D
=3 CF/Ep/PPE5-I
4 CF/Ep/PPE10-D

50

Displacement (mm)

, .
100 150

Figure 7. Load versus displacement curves of all the samples.
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Figure 8. Comparison of the R-curves (crack propagation) for different composite samples: 1)

CF/Ep; 2) CF/Ep/PPES5-D; 3) CF/Ep/PPE5-1; 4) CF/Ep/PPE10-D.

The average Gic propagation of the CF/EP/PPES-I sample is higher than the unmodified sample
but not as high as than that of the CF/EP/PPE10-D and CF/EP/PPES-D samples. This could be
due to the lower PPE content at the midplane, as the total amount of PPE was evenly distributed
(one-third of 5 wt.%) at the interlaminar regions of the CF layers. It was observed that the
dissolution method of PPE addition increased the Gic propagation more effectively than the
interleaving method and was found to be more promising. A homogeneous distribution of the
PPE phase was generated within the epoxy matrix in the dissolution route that played an
effective role in improving the fracture toughness (Gic) of the sample. With the interleaving
method, the PPE distribution per unit area was not uniform and the dissolution of PPE particles
in liquid epoxy could happen for a very short time during the resin infusion process until the
resin started to gel. Thus, the role of PPE as a toughener was less effective with the interleaving
route, resulting in lower values of Gic. When compared to the unmodified sample, about 3.2
and 4.8 times improvement were obtained in Gic propagation for the CF/Ep/PPES-D and
CF/Ep/PPE10-D samples, respectively. The CF/Ep/PPES-I sample resulted in 1.8 times higher

Gic with respect to the unmodified sample.
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These results were encouraging and proved that the addition of PPE particles to the CF/epoxy
composite can significantly increase the Gic values. This is mainly due to its plastic
deformation effect at the tip of the microcracks. The average Gic values with error bars for the
initiation and crack propagation zones are shown in Figure 9. It was also observed that the Gic
values did not change much with the partially agglomerated PPE particles and micro-voids in
the sample, CF/Ep/PPE10-D. However, they made the resin mixture more viscous and

significantly affected the vacuum resin infusion process.

4500 -
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3000 -
o ' 2482
S 2500 - T
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Y 2000 -
e
1500
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I 907
1000
| 780 _ 696 _ >I\;i;i;i T
500 365 395
l] ] ] ] ] ] ] ]
Initiation Propagation

Figure 9. Gic values for initiation and crack propagation zones in modified and unmodified

CF/epoxy composite samples.

A literature survey about the effects of various toughening agents on the Gic of CF/epoxy
composite systems is presented in Table 4. The Gic values obtained in this work with the
incorporation of 5 wt.% and 10 wt.% PPE into the CF/epoxy composites are listed in the last
row of Table 4, which showed a 191% and 380% improvement in Gic, respectively, compared
to the unmodified resin sample. This comparison emphasizes the significance of this work with

similar toughening agents (PPO/PPE) and other tougheners such as PES, PEEK, PAEK,
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phenoxy fibers, and rubber nanoparticles. The literature report by Y. Huan et al., [19] shows a

65% improvement in Gic by incorporating 10 wt.% of PPE particles by the interleaving

method. In this study, a 116% improvement in Gic was shown for similar conditions

(CF/Ep/PPE5-I), which is a significant and encouraging sign for further studies.

Table 4. Literature survey on Gic values of CF/epoxy composites with different toughening

agents
Mode-I Gic (J/m?) Literature
Composite system Toughening Unmodified | Modified | Improvement | Reference
agents sample sample #
CF/epoxy composites | PES 324 523 61.5% [13]
interleaved with porous | (25 wt.%)
polyether sulfone films
CF/epoxy (RTM6-2) PAEK 261 751 188 % [21]
composites, coating of | (20 wt.%)
poly (aryl ether ketone
(PAEK) on carbon
fiber
CF/epoxy composites PEEK 270 2250 733 % [22]
dissolved with Poly
ether ether ketone
(PEEK) as a toughener
CF/epoxy composites, | PPO 131 216 65 % [19]
Polyphenylene ether (10 wt.%)
(PPO) particles were
interleaved at the
midplane of 16 layers
stack of CF prepregs
CF/polybenzoxazine PES 375 895 139 % [24]
toughened with (20 wt.%)

hydroxyl-terminated
polyether sulfone

(PES) by dissolution
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CF/epoxy composites Phenoxy fibers 271 700 158 % [23]
with chopped phenoxy | (5 cm;

fiber added at the 10 wt.%)

interlaminar regions of

4 CF fabric layers (400

mm % 370 mm)

CF/epoxy composites | Phenoxy fibers 500 2300 360 % [25]
with electro spun -Interleaving

Phenoxy fibers by (1.6 wt.%)

dissolution and

interleaving

T-700 CF fabric / MX-153 562 1724 207 % [14]
DGEBA epoxy rubber

composites interleaved | Nanoparticles

with rubber (16 wt.%)

nanoparticles and short

carbon fiber

CF/epoxy Prepreg of PPO 190 530 179 % [26]
200 gsm toughened (10 wt.%)

with Electro spun PPO

particles veils by

interleaving

This experimental PPE-D (5 780 1150 191 %

study wt.%) 780 907 116 % --
Unidirectional CF PPE-I (5 wt.%) 780 3740 380 %

fabric (603 gsm; 4 PPE-D (10

layers) /epoxy with wt.%)

PPE particles by

dissolution and

interleaving
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3.5 Micromorphology (SEM)

Cross-sections of the composite samples were subjected to SEM analysis to investigate the
epoxy resin impregnation through the CF fabric layers and the presence of micro-voids, if any.
Figures 10 (a, b, ¢, d) show the SEM images of the cross-sectional specimens. The CF/Ep
sample (Figure 10a) is fairly homogeneous, and there were no voids seen. In CF/Ep/PPES-D
and CF/Ep/PPE10-D (Figure 10b and 10d), a few micro-voids were seen that could be due to
improper wetting resulting from the higher viscosity of epoxy resin with PPE particles. The
CF/Ep/PPES-I (Figure 10c) sample was relatively more heterogeneous and had more micro-
voids. The possible reasons might be the non-uniform distribution of PPE particles in the
interlaminar regions and friction due to the solid-solid interactions at the weaving edges of CF
fabric layers. Similar DCB fracture surfaces are reported in the literature [27-29]. Huang et al.,
[20] have reported SEM images of CFRP DCB specimens made with 10 wt.% polyphenylene

oxide (PPO) showing the PPO particle distribution between carbon fiber reinforcement.

Figure 10. SEM images of cross-sections (a, b, ¢, d) of the CF/Ep, CF/Ep/PPES-D,
CF/Ep/PPES5-1, and CF/Ep/PPE10-D samples respectively.
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4 Conclusions

This study aimed to enhance the interlaminar fracture toughness of carbon fiber/epoxy
composites by incorporating a high-performance thermoplastic toughener (PPE). Carbon
fiber/epoxy composites were fabricated using a vacuum-assisted resin infusion process with
varied contents of PPE. The PPE particles were incorporated into the composites using two
different techniques: dissolution and interleaving. DMA studies revealed that the addition of
PPE increased the T of the CF/epoxy composites by about 6°C. There was a marginal decrease
in the longitudinal tensile strength of the composite with the PPE addition. The cross sections
of the laminates were examined under SEM, which showed adequate impregnation of epoxy
resin across the thickness in the presence of micro-voids. The cross-sections of the samples
CF/Ep/PPES-1 and CF/Ep/PPE10-D (Figures 10c and 10d) revealed similar morphological
features that indicated agglomeration of the PPE phase, with 10 wt.% resembling PPE particles
added in the interlaminar regions. The cross-sectional morphology of CF/Ep/PPE5-D was
much more uniform, which implies 5 wt.% PPE is an optimum amount for dissolution in epoxy

before the infusion process.

Adding PPE toughener yielded superior Mode-I fracture toughness (4-5 times; 3740 J/m2)
compared to the unmodified sample. The PPE with hydroxyl end groups was very compatible
with CF/epoxy composites, which provides a good choice of toughener for researchers. This
experimental study showed that PPE is an effective thermoplastic additive to improve the
fracture toughness of CFRP composites without compromising on either processability or glass
transition temperature. While 10 wt.% PPE addition resulted in maximum Gic, and the infusion
process was easier with 5 wt.% PPE addition as the viscosity increase was less in this case. The
experimental findings of this study will be useful for any future work in the field of
thermoplastic toughened CFRP and can be explored for producing CF/epoxy prepregs. It is
important to note that several chemicals, despite playing vital roles in industrial products, can
have adverse effects on human health and the environment. Extreme caution and strict health
and safety regulations are needed while using these chemicals. They should be replaced with

equivalent biobased, more environmentally friendlier alternatives wherever applicable.
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