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Abstract

In this study, two different type of glass and carbon fiber hybrid laminates
were manufactured using a low-viscosity thermoplastic resin that is, Elium®.
A detailed microstructure visualization study was conducted using X-ray com-
puted tomography (XCT) analysis. The viscoelastic properties were examined
through dynamic mechanical analysis. The mechanical performance was
investigated through flexural and tensile tests along with a fractographic study
using optical and scanning electron microscopy. The XCT analysis revealed a
weak interface between the Elium® resin and the glass fabric, with glass fiber
specimens exhibiting a void content of 1.24%, in contrast to the carbon fiber
specimens which showed void content of only 0.28%. Therefore, adding glass
fabric layers in the hybrid laminates increased the void content, which had a
negative impact on the overall mechanical performance. The average flexural
strength of the hybrid specimen having G,C,G, stacking sequence was
observed to be 254% higher than pure GFRPC specimens. Similarly, the tensile
strength and Young's modulus of the same hybrid specimen showed 155% and
380% increases, respectively, compared to the GFRPC specimens. This increase
was primarily due to higher stiffness of the carbon fibers and their better fiber
- matrix interface. Whereas the tensile strain of the hybrid specimen having
G5C,Gg; stacking sequence was 37% higher than that of the CFRPC specimens.
The SEM images highlighted fiber fracture and brittle failure modes in the car-
bon fiber specimens, in contrast to fiber pullout, interfacial failure, poor fiber-
matrix bonding and ductile failure modes in the glass fiber specimens.
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1 | INTRODUCTION

Fiber reinforced polymer composites (FRPC) have
become significantly popular in multiple structural appli-
cations over past few decades due to their unique proper-
ties such as, high strength and stiffness, fatigue
durability, low density and high corrosion, and chemical
resistance.l' In fact, FRPCs are better alternatives to
the conventional structural materials like metals, espe-
cially in the automotive, aerospace, construction and
marine industries, and this trend is to continue as a con-
sequence of their superior mechanical properties./*™®
Among the different types of FRPCs, carbon fiber rein-
forced polymer composites (CFRPCs) have emerged as
state-of-the-art material in modern aviation, automotive
and wind energy applications due to their lightweight,
dimensional stability, low thermal expansion and unprec-
edented mechanical properties such as high specific
strength and stiffness and superior impact energy absorp-
tion.”®! Nevertheless, the most considerable disadvan-
tage associated with CFRPCs is their sudden catastrophic
failure with little or no prior warning due to limited fail-
ure strain, brittle nature and lack of plastic deforma-
tion.”) Consequently, composite structures are often
oversized to ensure safety and as a result, their excellent
strength to weight ratio is not fully exploited."*!
Hybridization is one the most effective techniques to
avoid any catastrophic failure and ensure metal-like plas-
tic deformation in high-performance CFRPCs. Hybrid
FRPCs generally refer to a class of composite materials
with two different types of fibers reinforced within a sin-
gle polymer matrix.!"'"'”! Hybridization of high-strain
fibers, for example, glass fiber (GF) and high-strength
fibers such as carbon fiber (CF) can ensure high strength
as well as high failure.'®*! Carbon fibers are well-
known for their high strength, which is even higher than
that of some metals, but suffer from brittleness and
exhibit low tensile failure strain ranging from 0.4% to
2.4%.12°211 On the other hand, GFs are characterized by
high ductility, having failure strain as high as 5.2%.1"!
Therefore, carbon/glass hybridization can introduce plas-
tic deformation by increasing the percent elongation
(pseudo ductility) in the CFRPC composites and suppress
their catastrophic failure mode.”>?*! Over the years,
pseudo ductile hybrid composites with two different types
of fibers have been achieved in three distinct ways:
(1) interlayer, (2) intralayer and (3) fiber-by-fiber or
intrayarn configurations.”” A number of studies have
been reported over the years to achieve pseudo ductility
in FRPCs.['®**! Promising results of hybridization have
also been reported for other materials.!**>°! Another
promising approach for hybridizing is the use of two dif-
ferent type of weave structures which can significantly

reduce the resin-rich areas because of different weave
architecture (i.e., nesting effect). As a result, hybrid com-
posite laminates having dissimilar weave architectures
have a higher reinforcement packing density, higher fiber
weight fraction (FWF), and ultimately, superior mechani-
cal performance.!’”)

Significant developments have been made in the past
decade on pseudo-ductile carbon/glass hybrid compos-
ites, and it has been well-established through multiple
numerical and experimental studies that optimal
pseudo-ductile response can be achieved with interlayer
configurations where high strain GF layers surround a
thin ply of the low strain CF layers in a hybrid lami-
nate.l*"*? For example, Cz¢l et al.l**! prepared different
thin-ply carbon/glass hybrid composite specimens and
reported stress-strain responses in hybrid specimens
that resembled those observed in ductile metals. The
hybrid specimens exhibited pseudo ductile strain as
high as 2.64% compared to that exhibited by pure glass
fiber reinforced polymer composites (GFRPCs). At the
same time, the hybrid specimens exhibited high initial
modulus of up to 124 GPa, similar to that of high
strength CFRPC specimens, primarily due to hybridiza-
tion with the S-glass fabrics. Similarly, Jalalvand
et all® reported 1% pseudo strain in carbon/glass
hybrid composites exhibiting nonmetal-like stress-
strain curves with a progress tensile failure mode. A
number of other studies have reported similar pseudo-
ductile behavior in carbon/glass hybrid composite lami-
nates by stacking high strain glass fabrics as outer layers
to the high strength inner carbon layers.[>*

In recent years, considerate effort has been made to
move toward efficient design[SS] and sustainable compos-
ites manufacturing, where scientists and industrial part-
ners across the globe are looking toward thermoplastics
as an alternative to non-recyclable thermosetting resins.
This transition toward thermoplastics is driven by multi-
ple advantages, such as recyclability, post-formability,
high chemical resistance, superior energy absorption
capability and unlimited shelf-life.l**3”] Considering all
these advantages, a number of thermoplastic reactive sys-
tems compatible with resin transfer molding (RTM) pro-
cess have been developed in recent years. These reactive
thermoplastic systems include polyamide (PA) 6, PA
12, poly(butylene terephthalate) (PBT), and more
recently, polymethymethacrylate (PMMA).*®! In terms of
low-viscosity thermoplastic resins, Arkema Industries is
pioneer in developing a range of novel infusible thermo-
plastic resins under the trade name Elium®, having low
viscosities ranging from 100-200 mPa.s, that is, compara-
ble to those of thermosetting liquid resins.!>”’

Ever since its introduction, significant research has
been conducted on Elium® based composites, reporting
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major breakthroughs in terms of mechanical
performance,*”*!  thermomechanical  properties,*!

recyclability,!*?! thermoformability!*?! and weldability.!**!
In fact, a preliminary study on the hybridization of
Elium®-based composites comprising carbon and ultra-
high molecule weight polyethylene fiber (UHMWPE) has
also been reported in the literature.**! The authors
reported mechanical performance of the hybrid compos-
ites in terms of tensile, compressive and shear properties.
A comprehensive review on Elium®-based composites is
also available in the literature.'*>! While comprehensive
studies have been conducted on the pseudo-ductile
response of multiple thermoplastic composites, such as
polypropylene (PP), polycarbonate, and polyurethane,
and so forth, the true potential of Elium®-based carbon/
glass hybrid composites, in terms of pseudo ductility and
the effect of hybridization on the microstructure, has not
been explored yet.

In this article, two different types of hybrid composite
specimens were manufactured along with pure CFRPC
and GFRPC specimens to investigate the microstructural
changes and mechanical performance in infusible ther-
moplastic composites based on Elium® resin. A detailed
XCT study was conducted to visualize the microstructure
of the composite specimens in terms of fiber volume frac-
tion and defects, such as voids and porosity. The thermal
stability of specimens was investigated by the TGA analy-
sis and the thermomechanical properties were examined
by conducting the DMA tests. The mechanical perfor-
mance was investigated in detail through flexural and
tensile tests, and the fractographic study comprised of
optical and scanning electron microscopy (SEM). The pri-
mary objective of the study is to investigate, for the first
time, pseudo ductile response of Elium®-based hybrid
composites. Another aim of this study is to visualize the
fiber — matrix interaction at a microscopic level through
comprehensive XCT and SEM analysis. The results of this
research are expected to fill potential research gaps in the
literature in terms of microstructural analyses, thermo-
mechanical properties, mechanical performance, thermal
stability and fractographic analysis of infusible thermo-
plastic resin based hybrid composites.

2 | MATERIALS AND METHODS

2.1 | Materials

Four different types of composites, comprising of carbon
and glass fibers were manufactured. 3 K-CFs having a
(2 x 2) twill weave architecture and (plain weave) E-glass
fibers, provided by Gurit®, United Kingdom, were used.
The fabrics were reinforced with an infusible

{
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thermoplastic resin that is, Elium® 188 O, supplied by
Arkema, China. Luperox® ATC50 benzoyl per oxide
(BPO) initiator provided by Sigma-Aldrich Corporation,
was used to initiate the polymerization of the infusible
resin.

2.2 | Methods

2.2.1 | Manufacturing of laminates

The composite laminates were manufactured through the
VARTM or resin infusion process. Four different types of
composite specimen, comprising of 8 fabric layers, were
manufactured that is, CFRPC (Cg), GFRPC (Gg), G,C4G,
hybrid laminates referred to as H1 and G;C,G; hybrid
laminates referred to as H2, as shown in Figure 1A. A
glass mold was first prepared by applying the release
wax, followed by the placement of the fabric layers, peel-
ply and flow-mesh. After that, resin supply line and out-
let connections were connected. Finally, the setup was
sealed using a vacuum bag and tacky tape. For all the
infusion setups, 1.5% BPO initiator was mixed with the
thermoplastic resin and the mixture was carefully stirred
for 5 min as degassing is not advised for Elium®
188 O. VARTM manufacturing was performed at the
ambient temperature, and the laminates were cured at
the same temperature for 24 h. After that, the composite
laminates were post-cured at 60°C for 24 h. The optical
micrographs of all the specimens after manufacturing are
shown in Figure 1B.

2.2.2 | XCT analysis

The quality of the manufactured specimens was investi-
gated through a comprehensive Xray computed tomogra-
phy (XCT) analysis by using the GE Phoenix Nanotom®
XCT machine.!***¥! Rectangular samples, with an area of
10 x 50 mm?, were cut from the composite laminates and
scanned for comparison in terms of fiber volume fraction,
porosity, void content and the amount of defects. A total
of 460 radiographic images were captured during the 360°
rotation of the sample at a scan resolution of 10 pm. The
raw XCT images were then reconstructed into three-
dimensional (3D) gray scale volumes. To visualize the
individual components of the laminate that is, fibers, resin
and cracks/voids, the greyscale raw volume was seg-
mented using the GeoDict® analysis software package.
Global thresholding values were used for the segmentation
of the gray scale volume.*”! The segmented models were
used to evaluate the volume contents of each of the con-
stituents that is, fibers, resin and voids.
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FIGURE 1 (A) General layout of the VARTM manufacturing process along with fabric stacking sequence and (B) optical cross-sectional

micrographs of the specimens

223 | Thermogravimetric analysis
Thermogravimetric analysis (TGA) of all the samples was
conducted by using the TA SDT Q600 instrument. TGA anal-
ysis is widely used to investigate the thermal stability of mate-
rials and to evaluate the FWF of composite specimens.
The TGA scans were conducted as constant flow rate of
20 ml/min using nitrogen. The heating rate was kept constant
as 10°C/min and the scans were performed from 28 to 999°C.
Al,0O3 pans were used for all the specimens due to their higher
thermal stability and the sample mass was around 10 mg.

2.24 | Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) tests were con-
ducted using the NETZSCH DMA 242 E Artemis testing
equipment. The tests were conducted in three-point
bending mode using the temperature ramp program at a
constant frequency of 1 Hz. The temperature was varied
from 30 to 150°C at a constant heating rate of 3°C/min,
applying a dynamic amplitude of 15 pm. The span of the
samples during all the tests was kept constant as 40 mm.
At least three samples were tested for each configuration,
and all the tests were conducted according to the ASTM
D5023-15 test standard. The glass transition temperature
(Tg) for all the specimens was calculated from the Tan &
peaks. Tan 6 is a derived property and is a ratio of storage
modulus to loss modulus, as expressed by Equation 1.

/

E
Tanézﬁ (1)

2.2.5 | Flexural tests

The flexural properties of all the composite specimens
were evaluated by subjecting them to three-point

bending tests. The tests were conducted using an
Instron-5969 UTM machine with a load-cell capacity
of 5 kN. The span-thickness ratio was kept constant as
32:1. The test were conducted a constant speed of
1 mm/min and all the tests were performed in accor-
dance with the ASTM D790-17 test standard. The stan-
dard deviation in the results was calculated by using
the 95% confidence interval (CI) formula, that is,
(+1.96 x SD/\n), n is the number of samples and SD
is the standard deviation.!®®! The experimental setup
for the three-point bending tests is shown in
Figure 2B, whereas the dimensions of the test speci-
mens are provided in Figure 2C.

2.2.6 | Tensile tests

Tensile tests were also conducted on an Instron-5969
UTM having a load-cell of 50 kN and the experiments
were conducted in accordance with the ASTM D3039/
D3039M-17 standard. To avoid the clamping damage,
40 x 25 mm?* GFRPC end tabs were adhesively bonded
on both sides of the test specimen. The tests were per-
formed at a constant speed of 2 mm/min and at least
five specimens were tested for each configuration. The
tensile strain was calculated through digital image
correlation (DIC) mechanism as well through an
extensometer by creating random speckles throughout
the gauge length of the specimens using white spray
paint and creating extensometer markers on the
specimens.

Digital image correlation

The DIC method is one of the widely used non-contact,
full-field actual strain measuring techniques, indepen-
dent of specimen dimensions.*!! In terms of the basic
working principle, the DIC technique tracks the
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FIGURE 2 (A) Experimental setup for tensile tests, (B) three-point bending test setup and (C) dimensions of tensile flexural test

specimens

movement of randomly distributed points and compares
the location of these points before and after the deformed
state.l*>*? Therefore, random texture (speckles) are cre-
ated on the test specimens by spraying them with white
paint. As the specimens are loaded, these random points
also deform and carry the deformation history. The sur-
face of the specimens is well-illuminated with light
(as shown in Figure 2A). A camera attached to the UTM
is connected to a computer which stores the acquired
images throughout the test. The stored images are then
post-processed by the Intron® 2D DIC Replay software
which readily provides the true strain. The DIC method
is extensively preferred especially in solid mechanics over
different interferometric methods.!>!

2.2.7 | Scanning electron microscopy

The fractographic study was conducted by using the
scanning electron microscopy (SEM) using the FEI
Quanta 250 FEG-SEM. The SEM analysis was performed
to further investigate the microstructure of the compos-
ite laminates and correlate the results with the XCT
analysis. The fractured specimens subjected to the
3-poin bending tests were thoroughly examined to
investigate the degree of interfacial adhesion, compare
the failure modes and observe the fiber-matrix interface
at a microscopic level.

3 | RESULTS AND DISCUSSION

3.1 | XCT analysis

The microstructure of all the composite specimens was
investigated by examining the XCT images. Different
slices from the raw volumes were initially considered to
understand the effect of hybridization on the microstruc-
ture, fiber-matrix bonding and mesoscopic defects. Addi-
tionally, 3D models of the composite laminates were
created from the raw XCT images using the GeoDict®
software and then the region of interest (ROI) was cre-
ated in the central portion of the voxel geometry. These
3D models were used to conduct a statistical analysis in
terms of fiber volume fraction, resin volume fraction and
crack/porosity content in all type of composites. The 3D
models generated from the raw images for CFRPC and
GFRPC samples are presented in Figure 3A,C, respec-
tively, where the gray regions correspond to the fabrics,
yellow regions represent the Elium® resin, and cracks/
porosity are highlighted in red color. In addition, the
porosity content and the void fraction in both CFRPC
and GFRPC samples are separately presented in
Figure 3B,D, respectively. Top-view from random slices
of the raw XCT images for the GFRPC specimens are
shown in Figure 3E,F. The blue regions in the raw XCT
images represent the fabrics, the yellow regions represent
the Elium® resin, and the voids/porosity are highlighted
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FIGURE 3 Xray computed tomography results (A, B) 3D models for carbon fiber reinforced polymer composites (CFRPC) specimens,

(C, D) 3D models for GFRPC specimens and (E, F) top-view of raw images for GFRPC specimens

TABLE 1 Material properties of composite specimens found through XCT analysis
Solid fiber volume fraction (SVF) (%)
Sample Carbon Glass Resin volume fraction (%) Void content (%)
CFRPC 76.88 + 1.4 - 22.84+1.2 0.28 + 0.01
H1 33.6 + 0.8 32.83 £ 0.7 32.67 £ 1.2 0.90 + 0.2
H2 2246 + 0.3 389+ 0.5 37.43 +£ 0.6 1.20 +£ 0.2
GFRPC - 69.6 + 2.1 29.16 £ 1.8 124 £0.3

in black color. The statistical results of the microstruc-
tural investigation for all the composite specimens are
provided in Table 1.

The 3D models revealed that the overall porosity con-
tent in the CFRPC specimens was only 0.28% and there
were no micro/macro level voids in the ROI. In contrast,
the GFRPC specimens exhibited microstructural defects
in the form of voids, mainly concentrated along the edges
of glass fiber tows (Figure 3E,F). The overall void content
in the GFRPC specimens was found to be 1.24%. These
voids in the GFRPC specimens clearly demonstrate a
weak glass fiber-Elium® interface, which is also observed

through the SEM analysis, as discussed in Section 3.6.
Another important factor that plays a key role in deter-
mining the fiber-matrix interface properties is the fiber
sizing. A preliminary study on Elium® resin has demon-
strated that the epoxy-sized fibers that are compatible
with the conventional thermosetting resins are soluble in
the reactive MMA monomer.”>*! Therefore, the solubility
of the glass fiber sizing is another possibility for weaker
fiber-matrix interface. It is well-known that the sizing for-
mulations for glass fibers are far more complex than
those for carbon fibers as they require a silane compo-
nent to build the bond between glass fibers and polymer.
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FIGURE 4 Xray computed tomography results for H1 specimens (A-C) 3D model showing void content and porosity, (D, E) top view of

raw images and (F-H) cross-sectional raw images

This is not an issue with carbon fibers as low-viscosity
resins are inherently sticky and wet the organic carbon
fibers quite well.>*! However, it should be noted that the
proprietary nature of fiber sizings, their formulation and
constituents are highly protected. Based on secrecy in this
field, it is almost impossible to determine the precise
chemical properties and role of fiber sizing.[54] Another
possible reason for high void content in the GFRPC speci-
mens is the high weave density, which in turn reduces
the permeability of the preform and leads to weak inter-
facial bonding and improper impregnation.’”) Such a
high void content had a major influence on the mechani-
cal performance of the GFRPC as well as the hybrid
composites.

As a result of hybridization, the void content in both
types of hybrid specimens was substantially increased
compared to the CFRPC specimens. The 3D models and
the raw XCT images for H1 specimen are shown in
Figure 4. The 3D models showing the microstructural
defects were also segmented based on the type of the fab-
ric reinforcement by counting the number of slices. The
voids in the top and bottom glass fabric layers are shown
in Figure 4A,C, respectively. Whereas the porosity in the
central carbon fabric regions of the H1 specimens is

shown in Figure 4B. A further investigation of the raw
XCT images in Figure 4 illustrated that the voids were
primarily constrained in the glass fabric regions whereas
the middle carbon layers only exhibited micro porosity.
Again, the cross-sectional XCT images in Figure 4 show
that the voids in the top and bottom sections of the glass
fabric regions were mainly confined along the edges of
tows, showing poor bonding of Elium® resin with glass
fabrics. The overall void/porosity content in the H1 speci-
mens was recorded as 0.90%.

A similar trend was observed in the H2 hybrid speci-
mens, where the voids were mostly confined in the glass
fabric regions, whereas the central carbon regions only
exhibited microporosity. The cross-sectional XCT images
in Figure 5 show that increasing the number of glass fab-
rics again increased the void content compared to the H1
specimens. The overall void/porosity content in the H2
specimens was found to be 1.20%, similar to that recorded
for the pure GFRPC specimens (1.24%). The carbon fabric
regions again exhibited microporosity with no visible
voids. It is also evident that the porosity in the carbon
fabric regions of both H1 and H2 specimens substantially
increased compared to that recorded in pure CFRPC
specimens. This is mainly due to the greater resistance to
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FIGURE 5 Xray computed tomography results for H2 specimens (A-C) 3D model showing void content and porosity, (D, E) top view of

raw images and (F-H) cross-sectional raw images

the through thickness flow in both directions due to the
presence of glass fabrics with high weave density.

It is important to note that the void content in H1
specimens was significantly decreased unlike in the H2
specimens (G5C,G3). This is primarily due to an increase
in the glass fiber content in the H2 specimens. A decrease
in carbon content in the H2 specimens from 33.6% to
22.46% compared to the H1 specimens does not have a
major effect on the overall void content, as most of the
voids are concentrated in the glass fiber regions. There-
fore, an increase in the glass fiber content of H2 speci-
mens from 32.83% to 38.9% compared to the H1
specimens increases the overall void content from 0.90%
to 1.20%. Furthermore, increased number of glass fibers
on both sides of carbon fibers in the H2 specimens pro-
vide more through thickness resistance, hence, leading to
increased porosity in carbon fiber regions of H2 speci-
mens compared to H1 specimens. Similarly, both carbon
fabric regions in both hybrid configurations show greater
porosity content than in CFRP specimens. The statistical
results from the XCT analysis are provided in Table 1. It
is important to note that the fiber volume fraction is pre-
sented in terms of the solid volume fraction (SVF). The
SVF is defined as the ratio of the solid tows to the total

volume of the specimen or ROLP**" In contrast to the
fiber volume fraction, the SVF provides a better estima-
tion of the solid fiber tows and includes the impregnated
resin content within the individual tows.

3.2 | Thermogravimetric analysis

Thermogravimetric analysis was performed to evaluate the
thermal stability of all the specimens and to calculate the
FWPFs. The TGA curves, in terms of percentage weight loss
against the applied temperature, for all the specimens are
shown in Figure 6A. Whereas the derivative thermogravi-
metric (DTG) curves showing the rate of change of mass
against temperature are shown in Figure 6B. It can be
observed that the curves for CFRPC, H1 and H2 speci-
mens show three distinct drops. The initial drop (labeled
as 1) in weight percentage of all the specimens from 30 to
280°C is due to the dehydration phenomenon and is
around 5% of the total weight drop.[*'” Figure 6 reveals
that a further increase in temperature resulted in a steep
drop in weight from 280 to 400°C (point labeled as 2). This
sudden drop represents the degradation of Elium® due to
breakage of the polymer chains.”! It is important to note
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that the Elium® resin starts to degrade at 280°C, critical
temperature for the degradation of the thermoplastic
matrix. The plateau between 400 and 600°C for all the
specimens represents the fiber weight fraction after com-
plete degradation of the Elium® resin. As the temperature
is further increased, a final drop in weight of the speci-
mens is observed from 600 to 850°C (point labeled as 3),
representing the degradation of the carbon fibers. The
weight loss curve for CFRPC specimens drops to zero

percent at 850°C, whereas those of H1 and H2 drop to
33.3% and 45.8%, respectively, representing the weight per-
cent of glass fibers in the hybrid specimens. It is obvious
from Figure 6 that the GFRPC curves exhibits no drop
beyond 400°C until 1000°C. This is due the high thermal
stability of the silica (SiO,) based glass fibers which do not
degrade over the applied temperature range.m] Therefore,
the residue after 400°C represents the FWFs of the glass
fibers in GFRPC specimens.
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. TABLE 2 Viscoelastic properties of
Specimen . .
composite specimens

Viscoelastic properties CFRPC H1 H2 GFRPC

Storage modulus (GPa) 44.5 + 0.41 24+0.78 183 +0.12 14 + 0.70
Loss modulus (GPa) 8.3+ 0.15 4.2+ 0.14 3.3+ 0.08 3+ 0.06
Tan delta (GPa) 0.53+0.02 047+0.01 045+0.01 043+0.01
Glass transition temperature (°C) 119 + 0.50 115 + 0.50 116 + 0.25 114 + 1.25

3.3 | Dynamic mechanical analysis

A series of DMA tests were performed on the composite
specimens to examine their viscoelastic properties. The stor-
age moduli curves for all the configurations are presented in
Figure 7A, whereas the loss moduli and the tan delta curves
are presented in Figure 7B,C, respectively. The maximum
values of the storage moduli, loss moduli, and the T, corre-
sponding to the tan delta peaks were calculated from these
curves. The average values of all these viscoelastic parame-
ters are given in Table 2. The highest values of the storage
moduli were recorded at room temperature in the glassy
state where the components were closely packed and had
low mobility, experiencing stronger intermolecular forces,
hence, higher stiffness values. The storage modulus gradu-
ally decreased as the applied temperature was increased
before approaching the Tj,. As the T, value was achieved, a
sharp drop in the storage moduli for all the samples was
recorded due to transition from glassy to rubbery state.

As expected, the highest storage modulus among all
the thermoplastic composites was recorded on the
CFRPC specimens, this being 44.5 GPa, reflecting the
high stiffness of CFRPC specimens. As the outer layers of
the CFRPC specimens were replaced by glass fabrics in
the H1 specimens, the stiffness was compromised by
around 46% and reduced to 24 GPa. As the glass fiber
content was further increased, the average value of the
storage modulus dropped to 18.3 GPa in H2 specimens.
The lowest value of storage modulus was recorded for
GFRPC samples as 14 GPa. It is important to note that
hybridization of GFRPC specimens lead a substantial
improvement in stiffness, where the H1 specimens exhib-
ited around 72% increase in the storage modulus com-
pared to GFRPC specimens. This improvement is
attributed to the higher stiffness of the carbon fibers as
well as to the stronger carbon fiber — matrix interface, as
discussed in detail in Section 3.6.

A similar trend was observed in the loss moduli of the
thermoplastic composites. The maximum value was found
to be 8.3 GPa for the CFRPC specimens, whereas the low-
est value was found to be 3 GPa for GFRPC specimens.
Additionally, the tan delta peaks also showed a similar
trend. Tan delta is the ratio of the loss modulus to the

storage modulus and it is the measure of the energy
absorption and dissipation of a material. The highest value
of tan delta was recorded as 0.53 for CFRPC specimens,
and it dropped as a result of hybridization with glass
fibers, approaching a minimum value of 0.43 for pure
GFRPC specimens. As a common practice, the T, of the
specimens is accurately calculated from the tan delta
peaks. The curves in Figure 7C and the average results in
Table 2 show that the highest T, was observed as 119°C
for CFRPC specimens. Whereas a slight drop in the T, was
recorded for both hybrid specimens, exhibiting a similar
temperature for glass transition. However, the lowest value
was recorded for GFRPC specimens as 114°C, showing a
5°C decrease compared to the CFRPC specimens. It has
been well-established in the literature that the higher T, of
the CFRPC specimens compared to the GFRPC specimens
is primarily due to higher stiffness of CFs, which further
confines the movement of the polymer chains and delay
the transition phase.l**! The DMA results for the thermo-
plastic composites are in good agreement with those
reported in the literature for epoxy composites with a simi-
lar fabric architecture.'”! Furthermore, the values of the
storage moduli are also comparable with the flexural and
the tensile moduli of the composite specimens, as dis-
cussed in detail in the subsequent sections.

3.4 | Flexural tests

The load - displacement curves for 3-point bending tests
on the thermoplastic composite specimens are given in
Figure 8A, whereas a comparison of the flexural response
for CFRPC and GFRPC thermoplastic composites with
conventional epoxy counterparts is given in Figure 8B,C,
respectively. The maximum flexural strength (o) of the
composite specimens was calculated based on the relative
ASTM standard using Equation 2.1°°!

3PL 2)
o=
2bd*
Where, P is the peak load, L is the support span, b is the
width and d is the thickness of the specimen. The average

B5UBD | SuoLILLOD aAIR1D) 3|eat|dde ay) Aq pausenob ae sspne YO ‘9N JO Sajni o Ariq1TauljuQ A3]1IM UO (SUONIPUOD-PUB-SLLIBIALIOD' AB | IM' Azeiq | U 1uo//:SdNY) SUOIPUOD PUe SWIS | 8Y) 89S *[9202/90/2T] Uo AiqiauluQ A3|1IM Bous|pax3 918D pue YljeaH 1oy ainiisu| euoieN ‘IO IN Aq 0Tz 2d/200T 0T/1I0p/od A3 1m Afelq i puljuo'suo el jgndedsty//sdny wouy pepeojumod ‘€ ‘€202 '69508YST



KHAN ET AL. o12) INSPIRING Polymer 1869
w PROFESSIONALS COMPOSITES_WI LEY
400
——CFRP
(A) - —H1
350 4 H2
----GFRP
300
e
z/ 250
@
200
(@]
-
150
/ O
100 - o |
// -
e ‘
50 P L—-—————-——M
// Y
0 T T T T T T T T
0 2 4 6 10 12 14 16 18 20
Displacement (mm)
S0 —— CF/Elium . —— GF/Elium
450 (B) —— CF/Epox . © —— GF/Epox
400
60
350 0 o
Z 300 £ 501 e
< @ s
T 250 ®© 40
9 5
200 30
150
20
100
50 104
o * T ¥ T L) T = T o T ¥ 0 T T T T T T T T T
0 1 ) 2 3 4 5 6 0 2 4 6. 8 0 12 14 16 18 20
Displacement (mm) Displacement (mm)
FIGURE 8 Flexural test results (A) load - displacement curves for all the specimens, (B) comparison between carbon/Elium® and

carbon/epoxy composites and (C) comparison between glass/Elium® and glass/epoxy composites

TABLE 3
composite specimens

Flexural properties of Specimen

Peak load (N)

Max. flexural stress (MPa)
Flexural modulus (GPa)

Flexural strain (%)

values of the peak loads, flexural strengths and flexural
moduli for all specimens, along with standard deviations,
are given in Table 3.

The flexural tests revealed that the lowest flexural
performance, in terms of flexural strength and flexural
modulus, was exhibited by GFRPC specimens. Neverthe-
less, the highest displacement prior to failure was exhib-
ited by GFRPC specimens, confirming their ductile
nature. The average flexural strength of the H2 speci-
mens was observed to increase from 127 to 281 MPa (over
121% increase) by introducing only two carbon fiber
layers. Additionally, the H2 specimens exhibited a fairly
ductile response, similar to GFRPC specimens despite a

CFRPC H1 H2 GFRPC
360 + 1.9 138 + 6.3 84 + 4.6 61 +0.3
658 + 3.8 449 +12.3 281 +4.2 127 £ 3.4
50+ 1.5 26 +£2.1 14+ 04 12+ 0.5
1.37 £ 0.1 292 +0.3 397 £ 04 516+ 0.3

notable increase in strength. The flexural performance of
the H1 specimens was further improved by increasing
the number of carbon layers. The H1 specimens exhibited
an average flexural strength of 449 MPa and average flex-
ural modulus of 25.8 GPa, around 254% increase and
110% increase compared to the GFRPC specimens,
respectively. As expected, CFRPC composite specimens
exhibited superior flexural performance compared to all
the specimens. The average flexural strength of CFRPC
specimens was recorded to be 658 MPa, whereas the
average flexural modulus was recorded as 50 GPa. How-
ever, the CFRPC specimens exhibited a catastrophic brit-
tle failure mode compared to all other specimens. This
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catastrophic failure mode was effectively eliminated
through hybridization in both H1 and H2 specimens. In
this context, the displacement upon failure for CFRPC
composites was improved by 120% and 160% as a result
of hybridization for H1 and H2 specimens, respectively.
The precise effect of hybridization in terms of pseudo
ductility was investigated in detail through tensile tests,
as discussed in Section 3.5. It is important to note the
values of the flexural moduli of the thermoplastic com-
posites are also comparable to the storage moduli values
reported in Section 3.3.

A comparison of the flexural response of Elium com-
posites with their epoxy counterparts revealed that the
thermoset composite exhibited superior flexural proper-
ties to both CFRPC and GFRPC composites. The average
flexural strength of the CF/epoxy composite specimens
was found to be 721 MPa, this being around 9.5% more
than the CF/Elium® composites. Nevertheless, the aver-
age displacement upon failure for CF/Elium® composites
was found to be 25% more than that of CF/epoxy com-
posites. Therefore, CF/Elium® specimens exhibited a rel-
atively less catastrophic failure mode compared to their
epoxy counterparts, owing to the ductile nature of the
thermoplastic matrix. Based on Figure 8A, the CF/epoxy
composites exhibited a sharp drop in load upon simulta-
neous failure of the carbon fibers and the matrix. On the
other hand, the initial drop in the load - displacement
curve for CF/Elium® composites (i.e., the point labeled as
1) represents the fracture of the thermoplastic matrix, fol-
lowed by the progressive failure of the carbon fibers in
the load - displacement curve (i.e., the point labeled
as 2).

On the other hand, the GF/epoxy composites exhib-
ited an average flexural strength of 208 MPa, 65% more
than that of GF/Elium® composites. Both thermosetting
and thermoplastic composite specimens exhibited typical
progressive failure mode observed in GFRPC specimens.
However, the average displacement upon failure for
GF/Elium® composites was recorded to be 80% more
than that of the epoxy counterparts. Similar to
CF/Elium® composites, the point labeled as 1 in
Figure 8C represents failure in the Elium® matrix,
whereas the point labeled as 2 represents the start of the
progressive failure of the glass fibers. A substantial
decrease in the performance of the GF/Elium® compos-
ites compared to the GF/epoxy counterparts is primarily
attributed to weak interface, poor bonding of the glass
fibers with Elium® resin and higher void content, as dis-
cussed in detail in Section 3.1 and Section 3.6. In term of
comparison with the conventional thermosetting com-
posites, multiple studies have reported lower flexural per-
formance of Elium® composites. For example, Bhudolia
et al.l®! found that the flexural strength of CF/Elium®
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FIGURE 9 Tensile stress-strain curves for all the specimens

was decreased from 1007 to 671 MPa, showing a around
34% decrease. Similarly, the tensile strength of the infus-
ible thermoplastic composites was also decreased by
around 17% compared to that of the epoxy composites.
Another study also reported similar trends in the flexural
properties of the thermoplastic composites compared to
the conventional thermosetting composites.!®!)

3.5 | Tensile tests

The tensile stress—strain curves for all the thermoplastic
composite configurations are given in Figure 9, whereas
Figure 10 shows typical strain contour plots achieved
from DIC along with failure images. The average results
for the tensile tests in terms tensile strength, failure strain
and Young's modulus are provided in Table 4. It is evi-
dent from the results that the CFRPC specimens exhib-
ited a significantly higher tensile strength (607 MPa)
compared to all the other specimens. Whereas the lowest
value of the tensile strength was recorded for GFRPC
specimens as 180 MPa. Both H1 and H2 hybrid speci-
mens exhibited 155% and 78% higher tensile strength,
respectively, compared to the GFRPC specimens. A simi-
lar trend in the Young's modulus of the composite speci-
mens was observed. The highest value was recorded as
59.5 GPa for CFRPC specimens, comparable to the flex-
ural modulus (50 GPa) and the storage modulus
(44.5 GPa) recorded for the CFRPC specimens in previ-
ous sections.

The strain contours show the maximum strain
regions (in red color) prior complete failure of the com-
posite laminates. It can be seen in Figure 10 that the
maximum strain was concentrated on the center of the
CFRPC specimens and the brittle failure also occurred in
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FIGURE 10 Digital image correlation results and failure modes under tensile tests
TABLE 4 Tensile properties of Specimen CFRPC H1 H2 GFRPC
composite specimens
Peak load (kN) 31.6 £ 0.5 18.9 + 0.2 13.2+0.3 8.6 +0.3
Max. tensile stress (MPa) 607 + 7.8 459 + 4.6 321 +5.3 180 + 7.4
Max. tensile strain (%) 1.09 + 0.04 1.28 + 0.03 1.49 + 0.03 243 +0.1
Young's modulus (GPa) 59.5+0.2.1 357+ 0.8 21.5 + 0.6 7.4 +0.2

the same region. Whereas the maximum strain in both
types of hybrid specimen was randomly distributed
through the specimens. In contrast to CFRPC specimens,
the GFRPC samples exhibited a ductile failure where the
maximum strain was introduced in the lower regions of
the samples in the direction of the applied load (similar
to the contours observed by Naresh et al.!®?! for GFRPC
epoxy composites).

It is important to note that even though CFRPC speci-
mens demonstrated the highest tensile strength, a cata-
strophic failure mode was observed for these specimens
with an average tensile strain of only 1.09. As result of posi-
tive hybridization effect, the tensile strain for H1 specimens
increased to 1.28, showing more than 17% increase com-
pared to the CFRPC specimens. At the same time, the
pseudo-strain was increased by around 37% for H2 hybrid
specimens. Failure in both hybrid specimens initiated from
the central carbon fiber regions, as shown by the cross-
sectional optical micrographs in Figure 11. Upon carbon
failure, the applied load was carried by the high strain glass
fibers, introducing pseudo strain and showing a ductile
failure of the glass fibers upon complete fracture of the

hybrid specimens. Therefore, the abrupt failure of carbon
fibers was successfully prevented by hybridization with the
glass fibers. A further fractographic analysis was conducted
through SEM analysis to understand the failure modes at a
microscopic level, as discussed in detail in the following
section. The highest value of average tensile strain was
recorded for GFRPC specimens as 2.43, more than double
of the tensile strain exhibited by CFRPC specimens.
Similar tensile strength values and tensile strain
trends have also been reported in the literature for car-
bon/glass hybrid epoxy composite specimens. For exam-
ple, Naresh et al.l®*! reported a tensile strain of 1.09 for
CFRPC specimens which was increased to 1.30 for hybrid
specimens and the highest value was recorded for
GFRPC specimens as 1.82 at a strain rate of 542.4 s~'. As
the strain-rate was reduced in the study, the tensile strain
of the specimens dramatically increased. In another
study, Yu et al.®* manufactured different hybrid com-
posite configurations based on high strength carbon
fibers, high modulus carbon fibers and high strain glass
fibers with similar stacking sequences as adopted in this
study and investigated the effect hybridization on pseudo
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FIGURE 11
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FIGURE 12

strain in each configuration. The hybrid composite speci-
mens based on high strength carbon and glass fibers
showed similar straight stress-strain curves as shown in
Figure 10, as no substantial carbon fiber fragmentation
was observed before the complete failure of the hybrid
laminates. Another reason for the low pseudo gain was
the marginal difference between the failure strains of car-
bon (1.47%) and glass fibers (1.94%). One the other hand,
the hybrid specimens based on high modulus carbon
fibers and glass fibers exhibited a remarkable pseudo duc-
tile behavior. In this study, the premature failure of
Elium resin was observed to be one of the limiting factors
to achieve high pseudo gains in the hybrid specimens.

Optical micrographs of the fractured specimens after tensile tests

Scanning electron microscopy images after tensile tests for carbon fiber reinforced polymer composite specimens

3.6 | Scanning electron microscopy

The failure of the composite specimens subjected to
mechanical testing was investigated in detail at a micro-
scopic level using the SEM technique. The SEM images
of the fractured CFRPC Elium® composites are shown in
Figure 12. As evident from the XCT analysis and the
mechanical performance, the CFRPC specimens exhib-
ited a very strong CF-Elium® interface. As a result of this
strong interface, the CFRPC specimens subjected to flex-
ural and tensile tests exhibited a dominant brittle failure
mode. Failure in all the CFRPC specimens comprised of
fiber fracture, resin damage and cracks, delamination
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FIGURE 13 Scanning electron microscopy images after tensile tests for glass fiber reinforced polymer composite specimens

and fiber cracking. A number of studies have also
reported similar failure modes in traditional CFRPC com-
posites.'”%3! Apart from the above-mentioned failure
modes, the SEM images also revealed resin damage in
terms of the river line patterns. As reported previously,
one of the main reason for superior bonding between
CFs and the matrix is the higher roughness of the carbon
fibers and their smaller diameter compared to the
GFs.l'”! A strong bond is developed due to mechanical
interlocking as the surface roughness raises the surface
area/unit volume of the fibers. The SEM images in
Figure 12 show that the CFs remained intact with
Elium® resin even after complete fracture and the speci-
mens exhibited a combined brittle failure mode for CFs
and the matrix.

As observed in previous sections, GFRPC specimens
exhibited low mechanical properties compared to the
CFRPC composites. The XCT analysis also showed that
as the number of glass fiber layers was increased, the void
content significantly increased. Furthermore, it has been
reported in our previous study that the glass fabrics have
higher weave/tow density compared to carbon fibers.1”!
This high weave density can reduce the permeability of
the preform and lead to poor interfacial bonding, having
a negative influence on the mechanical performance of
GFRPC composites. This weak fiber — matrix interface
was also observed through SEM micrographs of fractured
GFRPC composites (Figure 13). Upon complete fracture,
individual glass fibers showed a complete ductile failure
unlike brittle failure observed for carbon fibers in CFRPC

specimens (Figure 13F). A number of articles in the liter-
ature have described similar failure modes in GFRPC
composites.[>%62)

The SEM micrographs revealed a dominant fiber pull-
out failure mode throughout multiple regions of the frac-
tured GFRPC samples. This is primarily associated with
the weaker fiber — matrix interface. Due to weaker interfa-
cial bonding, the glass fibers were easily detached from
the thermoplastic matrix at a microscopic level
(Figure 13B). Multiple bare fibers were also observed
throughout the fractured specimens due to poor bonding
between the glass fibers and Elium® resin (Figure 13A,D).
As reported previously, weak bonding between the GFs
and the matrix resulted in fiber pullout failure mode in
GFRPC Elium® composites. Fiber pullout was further pro-
nounced upon loading in tensile tests and different regions
of the fractured specimens showed complete fiber pullout
(Figure 13E). Along with this, increased void content also
plays an important role in fracture of the specimens. Voids
can act as crack initiation sites in the matrix. A small force
can result in propagation of these cracks throughout the
composite laminate, resulting in delamination and frac-
ture. Therefore, high void content and weak interfacial
bonding are two critical parameters that can decrease the
overall mechanical performance in terms of tensile
strength, flexural strength and modulus. A decrease in the
overall void content and stronger fiber - matrix bonding
can ensure superior mechanical properties. Along with
this, fiber orientation in the composite specimens can also
be tailored to get the desired properties.
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N

FIGURE 14 Scanning electron microscopy images after tensile tests for (A-C) H1 specimens and (D-F) H2 specimens

Both types of hybrid specimen exhibited mixed failure
modes observed for pure CFRPC and GFRPC composites.
The micrographs for the fractured H1 specimens sub-
jected to tensile tests are shown in Figure 14A-C,
whereas those for the H2 specimens are shown in
Figure 14D-F. The carbon fibers and the glass fibers were
easily identified in both types of hybrid specimen based
on the difference in the fiber diameter, surface roughness
and failure modes. The CFs showed strong fiber-matrix
interface in the hybrid specimens (Figure 13A,D) and
exhibited a brittle failure. A severe resin damage was also
observed in the region having carbon fibers. In contrast,
the GFs exhibited a prominent fiber pullout failure mode
along with debonding and delamination (Figure 14B,E).
Just like GFRPC specimens, bare GFs, weak fiber -
matrix interface and interface failure were observed in
multiple regions of the hybrid specimens containing glass
fibers (Figure 14C,F). Along with this, delamination
between two types of fabrics was also observed in both
types of hybrid specimens. A number of studies in the lit-
erature have reported similar failure modes for carbon/
glass hybrid composite laminates.['”->%!

It is important to note that the CFs in the hybrid sam-
ples contributed to a better interfacial bonding and the
hybrid specimens exhibited a significantly stronger
microstructural stability than the GFRPC specimens.
Whereas the introduction of more ductile GFs in the
hybrid samples eliminated the catastrophic brittle frac-
ture affiliated with pure CFRPC composite. It has been
well-established in the literature that the brittle fracture

observed in CFRPC composites can be effectively avoided
by hybridization with high strain GFs, without a major
compromise on strength.!®*

4 | CONCLUSIONS

In this research, the effect of hybridization on the micro-
structure and mechanical performance of carbon/glass
hybrid Elium® composites was investigated. Two types of
hybrid composite specimens were manufactured along
with CFRPC and GFRPC to introduce pseudo-ductility
and avoid the catastrophic CFRPC failure. A detailed
XCT study was conducted to visualize the microstructure
and to study the effect of hybridization on the evolution
of fiber volume fraction and defects such as voids and
porosity. The thermal stability of specimens was investi-
gated by the TGA analysis and the thermomechanical
properties were studied by conducting the DMA tests.
The mechanical performance was investigated in detail
through flexural and tensile tests, and the fractographic
study comprised of optical microscopy and SEM.

The XCT investigation revealed that the void content
substantially increased as the number of glass fabric
layers were increased, due to high weave density of the
glass fabrics and weaker glass fiber-matrix interface. The
highest void content was recorded as 1.24% in GFRPC
specimens whereas the CFRPC specimens exhibited a
microporosity content of only 0.28%. As the glass fiber
content was increased in the hybrid specimens, the void
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percentage was substantially increased and this had a
negative influence their mechanical performance. The
highest storage modulus, flexural and tensile strengths
were recorded for the CFRPC specimens. The average
flexural strength for one of the hybrid configurations was
observed to increase by 254% compared to pure GFRPC
specimens. Similarly, the tensile strength and Young's
modulus of the hybrid specimens showed 155% and 380%
increase, respectively, compared to the GFRPC speci-
mens. At the same time, The tensile strain of one of the
hybrid configurations was improved by 37%, completely
eliminating the catastrophic CFRPC failure. However,
further pseudo gain in tensile strain was constrained due
to the premature failure of Elium® resin and poor glass
fiber-matrix interface. The SEM images showed fiber
fracture and brittle failure modes in CFRPC specimens in
contrast to fiber pullout, interfacial failure, poor fiber -
matrix bonding and ductile failure modes in GFRPC
specimens. The results of the study revealed that hybridi-
zation in the infusible thermoplastic composites can be
successfully used to avoid the catastrophic failure in
CFRPC specimens as well as to enhance the mechanical
properties of the GFRPC specimens. However, the bond-
ing between the GFs and the infusible thermoplastic
resin can be improved for further enhancements in the
mechanical properties of the hybrid specimens.
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