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Favourable pseudo-ductile behaviour under compressive loading with a knee-point was achieved for unidirec-
tional (UD) interlayer hybrids made of thin-ply high modulus carbon/epoxy (CF/EP) layers sandwiched between
standard thickness glass/epoxy (GF/EP). The UD thin-ply hybrids were tested under two loading scenarios: 1.
Direct compressive loading, 2. Four-point bending loading. In both cases, the damage mechanisms responsible
for the pseudo-ductile behaviour are fragmentation of the carbon layer and localised delamination, which later

propagates unstably. The final failure of the UD thin-ply hybrid composites examined in four-point bending
loading occurs at a higher strain than that under direct compressive loading. This is due to the strain gradient in
bending, which results in a lower energy release rate than in direct compression. An increasing carbon layer
thickness reduces the final delamination failure strain of the UD thin-ply hybrid composites in compression, but
the knee-point strain is not affected.

1. Introduction

Composites showing pseudo-ductility under tensile loading have
been successfully developed as a new generation of fibre-reinforced
polymers (FRP) to alleviate the catastrophic failure of carbon fibre
composites [1]. One effective approach is by hybridising fibres with
different stiffness and strain at failure, e.g. [2]. Contrary to conventional
carbon fibre composites that fail in a sudden and brittle manner, these
pseudo-ductile composites are designed to behave more like metals,
with a linear elastic and pseudo-plastic deformation regime. One of the
basic strategies to achieve pseudo-ductility is to incorporate the damage
suppression ability of thin composite layers [3-8] into unidirectional
(UD) composite laminates. The high-stiffness and low-strain thin car-
bon/epoxy (CF/EP) layers sandwiched between high-strain glass/epoxy
(GF/EP) layers display favourable gradual damage by fragmentation,
suppressing unstable delamination after the first fracturing of the low
strain layers due to the low energy released [2,9]. Previous research on
UD thin-ply hybrid composites suggests that the pseudo-ductile
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properties, such as initial modulus, pseudo-yield point, and pseudo-
ductile strain, depend on the material properties and suitable values of
relative thicknesses (i.e., the thickness ratio of the high stiffness and low-
strain material (LSM) and high-strain material (HSM)) and absolute
thicknesses of the high stiffness and low-strain material, as reported in
[10,11].

Previous investigations to achieve pseudo-ductility in UD thin-ply
hybrid composites have primarily focused on tension, but compressive
strength is also critical for composite structures. Failure in compressive
loading is typically by micro-buckling, due to shear instability of the
fibres in the surrounding matrix and is easily affected by defects such as
ply waviness and initial ply or fibre misalignment [12-16]. For unidi-
rectional (UD) standard thickness, carbon composite laminates loaded in
compression, sudden and catastrophic brittle failure usually occurs
[17,18]. The compression strength of composite laminates can be
increased by using thin-ply prepregs, due to a more uniform micro-
structure, better fibre alignment, and smaller resin-rich regions, post-
poning the micro-buckling, as reported in [7,19,20]. Although the
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compression strength of the thin-ply composites increases compared to
the standard-thickness composites, their final failure is still brittle and
catastrophic.

The studies mentioned above were concerned with standard
modulus carbon fibre [20], intermediate modulus carbon fibre [19] and
high modulus carbon fibre [7]. For applications where high structural
stiffness and low density are needed, high modulus carbon fibre com-
posite is an attractive choice. The compression testing of high-modulus
MS55J carbon fibre composite laminates with a thickness of 2.22 mm via
a bending test by Montagnier et al. [21] showed that the compression
failure of the high-modulus carbon fibre composite occurs catastrophi-
cally at —0.311 % strain without any warning.

Progressive fracture of hybrids of UD high-modulus M55J carbon/
epoxy (CF/EP) layer with a nominal thickness of 0.064 mm under
flexural loading with the CF/EP layer located at the compression side
was observed by Czél et al. [22]. The thin high-modulus CF/EP layer was
sandwiched between several high-strain GF/EP plies, thus avoiding
sudden failure due to the load transfer ability between the fractured
carbon and intact glass layers. A noticeable slope change at around
—0.50 % strain was reported due to fragmentation of the high-modulus
CF/EP layer. The fractured CF/EP layer in that work [22] did not show
any sign of micro-buckling because the fibres in the thin CF/EP layer
failed first. Based on the previous work [22], UD thin-ply hybrid com-
posites under compressive loading can potentially show pseudo-
ductility when high-strain glass plies surround the high-modulus thin
carbon plies.

Two methods can be used to assess the compression properties of UD
thin-ply hybrid composites: (1) direct uniaxial compression and (2)
flexural tests (indirect compression). In the first, the load is introduced
directly into the material via shear and end loading using a direct uni-
axial compression method, e.g.[23]. This test method avoids the strain
gradients, which could increase the compressive strain to failure of the
UD thin-ply hybrid composites [24]. The drawback of using a direct
uniaxial compression loading test is premature failure at the grips, and
the end-tabbing and precision machining of the specimen so it has
parallel and straight edges [23]. An advantage of using the flexural test
[22] is the simple test method, and cheap specimen preparation without
end-tabbing and precision machining (e.g., grinding). In this case, the
investigated composite layer is put on the compression side as part of a
thicker UD composite material coupon. Nevertheless, flexure is a com-
plex loading case that involves a strain gradient through the thickness of
the specimen which may raise concerns about the validity of the failure
strain measured.

This is the first paper to explain the detailed failure mechanisms
responsible for the pseudo-ductile behaviour of UD thin-ply hybrid
composites loaded in compression. It also explores the effects of using
different thickness high-modulus CF/EP layers on the compressive fail-
ure behaviour of UD thin-ply hybrid composites. Some initial results
showing the pseudo-ductility of UD thin-ply hybrid composites under
direct uniaxial compressive loading were reported by Suwarta et al. [25]
but the detailed damage mechanisms were not reported. No CF/EP layer
fragmentation was reported in previous work examining the compres-
sive behaviour of carbon fibre-reinforced composites [12-20]. Although
Cz€l et al. [22] observed fragmentation of the M55J CF/EP layer in the
UD thin-ply hybrid composites with two M55J CF/EP plies under flex-
ural loading, the effect of different thicknesses of M55J CF/EP layers
was not investigated.

The present study is a comprehensive and detailed investigation of
combining the benefits of hybrid and thin-ply approaches to produce
pseudo-ductility for UD thin-ply hybrid composites under compressive
loading. It is also unique in comparing behaviour in two different
loading modes: (1) direct uniaxial compression and (2) flexural tests.
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2. Experimental methods
2.1. Materials

Standard thickness S-glass/epoxy and E-glass/epoxy supplied by
Hexcel and thin M55J carbon/epoxy supplied by North Thin-ply Tech-
nology were used in this study. The epoxy resin systems in the prepregs
were the aerospace grade 913 (Hexcel) and ThinPreg 120 EPHTg-402
(North TPT). The carbon fibre was a Torayca M55J, classified as high-
modulus (HM) grade, and produced in 6000 filament tows [26]. Prop-
erties of the applied fibre and prepreg systems can be found in Table 1
and Table 2, respectively. The fibre properties in Table 1 are based on
the manufacturer’s data and were determined from impregnated strands
except for the S-glass, where single-fibre tests were performed.

2.2. Specimen design

2.2.1. Specimen design for direct uniaxial compression testing

Alternating lay-up sequences of standard thickness S-glass/epoxy (S-
GF/EP) and thin M55J carbon/epoxy (CF/EP) as shown in Table 3 were
chosen to examine the direct uniaxial compression response of UD thin-
ply hybrid composites. S-GF/EP layers on either side of the CF/EP layers
provide support. The alternating lay-up sequence also allows shear load
transfer between the CF/EP layers and the GF/EP layers after the frac-
ture of the CF/EP layers. The geometry of the hybrid specimens exam-
ined under uniaxial compressive loading has a nominal width (w) of 10
mm to fit the Imperial College loading rig developed by Héberle et al.
[23], and the schematic of the specimen geometry is shown in Fig. 1. A
chamfer was introduced into the end tabs to introduce less stress con-
centration at the tab-tip region of the specimen and thus prevent pre-
mature failure near the gripping area, as dictated in the study by Xie
et al. [30]. A gauge length of 12 mm was chosen to yield a slenderness
ratio below 20 (12.6, 10.9, 9.6 for [SG1/(M551/SG1)17], [SG1/(M555/
SG1)17], and [SG1/(M553/SG1)17], respectively), which is estimated to
be sufficient to prevent buckling for the hybrid composite laminate [23].

The hybrid specimen configurations, nominal dimensions of the
hybrid specimens and the number of carbon plies for direct uniaxial
compression testing are shown in Table 3.

2.2.2. Specimen design for indirect compression (four-point bending) testing

In addition to the direct compression test results, a four-point
bending (4 PB) setup was chosen to examine if the strain gradient af-
fects the failure mechanisms and strains. The investigated test specimens
were asymmetric, with a single block of carbon plies located above the
neutral axis (N.A.) close to the specimen’s compression side surface, as
shown in Fig. 2.

In this work, the number of investigated carbon plies within the
single CF/EP layer was 1, 2 and 3. High-strain S-glass/epoxy (S-GF/EP)
plies were added on both sides of the CF/EP layer and to the tension side
near the surface where the highest tensile strain is expected. Standard
thickness E-glass/epoxy (E-GF/EP) plies were used elsewhere to reduce
material cost. The higher compressive strain of S-GF/EP compared to the
compressive strain to failure of CF/EP suggests that when the carbon
layer fractures, the GF/EP will still be intact and support the CF/EP
layer.

Three different asymmetric hybrids were examined in four-point
bending loading and are shown in Table 4, along with the lay-up se-
quences, nominal dimensions of the hybrid specimens, and the loading
setup. The notations h, w, and L in Table 4 are the measured total
thickness, width, and total length of the hybrid specimens, respectively.
The specimens were designed to be relatively thick to ensure significant
surface strains on the compression side at relatively small deflections
while minimising the corresponding geometric non-linearity of the
load-deflection response.
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Table 1

Fibre properties of the applied UD prepregs based on the manufacturer’s data [22].
Fibre type Manufacturer Tensile modulus Tensile strain to failure Tensile strength Density CTE o1

[GPa] [%] [GPa] [g/cm?] [1/K]

Torayaca M55J Toray 540 0.8 4.02 1.91 -1.1.10°
FliteStrand SZT S-glass Owens Corning 88 5.5 4.8-5.1 2.45 2:10°
EC9 756 P109 E-glass Owens Corning 72 4.5 3.5 2.56 4.9.10°

o171 = Coefficient of thermal expansion in the axial direction

Table 2

Cured ply properties of the UD prepregs used in this study.
Prepreg Type M55J /epoxy S-glass/epoxy E-glass/epoxy
Fibre mass per unit area [g/m?] 30 190 192
Cured ply thickness [mm] 0.030 0.155 0.140
Fibre volume fraction [%] 52 51 54
Tensile strain to failure [%] 0.60" 3.98 [27], 3.56" 3.07%
Compressive strain to failure [%] —-0.31 [21] —2.33% —
Initial fibre direction elastic modulus, E;;[GPa] 280.0° 45.7 [27] 40.0°
Initial transverse direction elastic modulus, Eo5 [GPa] 6.2 [28] 15.4 [29] 15.4 [29]
Shear modulus, G, [GPa] 5.0 [28] 4.34 [29] 4.34 [29]
Poisson’s ratio vy, 0.25 [28] 0.30 [29] 0.30 [29]
Manufacturer North Thin-ply Technology Hexcel Hexcel

@ Based-on manufacturer’s data for 60% fibre volume fraction.
b Calculated for the given fibre volume fraction.

Table 3

UD hybrid composite specimen types examined under direct uniaxial compression.

Hybrid specimen

No. of carbon plies in one

Nominal single carbon layer

Total no. of carbon

Nominal total carbon layer

Measured total

layer thickness plies thickness thickness
[mm] [mm] [mm]
[SG1/(M551/5G1)17] 1 0.03 17 0.51 3.30
[SG1/(M552/5G1)17] 2 0.06 34 1.02 3.81
[SG1/(M553/SG1)17] 3 0.09 51 1.53 4.32

SG stands for S-Glass/epoxy.
M55 stands for M55J carbon/epoxy.

2.3. Manufacturing method

The investigated UD hybrid laminates for the direct uniaxial
compression testing and four-point bending were constructed from
unidirectional plies in a temperature and humidity-controlled clean
room. The finished laminates were placed inside a vacuum bag and
cured inside an autoclave at the recommended cure temperature and
pressure cycle for Hexcel 913 epoxy resin (60 min at 125 °C, 0.7 MPa).
The resin and cure cycle were compatible with the other prepreg. The
integrity of the hybrid laminates was confirmed during the mechanical
testing. For the UD hybrid specimens examined under direct uniaxial
compression loading, attaching end tabs using an adhesive was neces-
sary to avoid premature failure in the gripping regions. End tabs of 1.6
mm thickness, made of glass/epoxy balanced fabric reinforced plates
supplied by Heathcotes Co. Ltd., were bonded to the hybrid specimens
using an Araldite 2014 type epoxy adhesive supplied by Huntsman and
cured for 60 min at 70 °C inside a fan convection oven. The tabs and ends
of the specimen were then ground flat to ensure good alignment and flat
surfaces. The specimens were then fabricated using a diamond cutting
wheel.

2.4. Mechanical test procedure

2.4.1. Direct uniaxial compression test

Uniaxial compression testing of the UD hybrid specimens was con-
ducted under 1 mm/min displacement control on a computer-controlled
Instron 600DX type 600 kN rated universal hydraulic test machine. Load
and strain readings were logged onto a computer. Using the Imperial

College loading rig, the specimens are supported laterally over the
whole length of the tabs. Specimens were clamped lightly in position
and then end-loaded between flat hardened plates. The high-precision
clamping block and plate used in the rig minimise frictional effects

t
S-Glass
<~Ground flat
96 mm 12 mm
Carbon
l— End-tab
Ground flat

Fig. 1. The UD hybrid composite specimen’s schematic shows the alternating
lay-up sequence for uniaxial compression loading, where t is the nominal total
thickness of the specimen.
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S-Glass,;
Compression Carbon,
S-Glass,
Neutral axis
Tension E-Glass, s
S-Glass,

Fig. 2. Cross-sectional schematic of the asymmetric UD hybrid specimen showing the compression and tension region along with the approximate position of the

neutral axis.

Table 4
Asymmetric hybrid specimen types tested under four-point bending.

Design Lay-up sequence Thickness (h) Width (w) Length (L) Support span Inner span Loading nose diameter
[mm] [mm] [mm] [mm] [mm] [mm]
Asym. M55, [SG2/EG13/SG2/M551/5G] 2.63
[SG2/EG13/5G2/M55,/5G1] 2.66 8 80 60 20 10
[SG2/EG13/SG2/M553/SG1] 2.69

SG stands for S-Glass/epoxy.
EG stands for E-Glass/epoxy.
M55 stands for M55J carbon/epoxy.

Bottom of laminate

Strain gauge wire

Top of laminate

Strain gauge wire

Fig. 3. Cut edge view of a direct uniaxial compression test setup with strain gauges attached to the top and bottom faces of the laminate prepared for the specimen.
The speckle pattern on the edge is necessary for displacement tracking by the video gauge system.

and ensure combined axial and shear load introduction from the end and
the sides, respectively.

Strain gauges of type C2A-06-062LW-120 from Micro-Measurements
with the following dimensions: gauge length of 1.52 mm and 4.45 x 2.03
mm overall length and width, respectively, were used to measure the
axial surface strain of the UD hybrid specimens. They were attached to
the top and bottom surfaces of the tested laminate at the centre of the
specimen’s gauge length (see Fig. 3). The strain gauges were also used to
detect any bending before fragmentation. An Imetrum video gauge
system was also used to measure the axial strain of the specimens by
tracking the applied speckle pattern on cut edges of the specimen, as
shown in Fig. 3. Three strain measurements (e1, €2, €3) were made at
different locations across the thickness of the specimens, as shown in
Fig. 3. The approximate distance between each measurement probe is
1.60 mm. Those three measurements were made to ensure that the

average axial compressive strain at the gauge length of the specimens is
recorded. At least six specimens of each type were tested for direct
uniaxial compression.

2.4.2. Four-point bending test

Four-point bending tests of the asymmetric UD hybrid specimens
were carried out using a computer-controlled Instron 8872 type 25 kN
rated universal hydraulic test machine with a 5 kN load cell. The tests
were conducted under displacement control at a 1 mm/min crosshead
speed. The four-point bending test setup is shown in Fig. 4. The support
and inner spans were 60 mm and 20 mm, respectively. Reinforced
rubber pads were placed between the loading noses and specimen
contact surface to reduce the risk of local compressive failure of the
surface glass layer under the inner loading noses.

The surface strains of the asymmetric UD hybrid specimens were
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<= Strain gauge wire

Fig. 4. Four-point bending test setup for an asymmetric UD hybrid composite
specimen, with strain gauges attached to both sides of its surface.

measured using the same type of strain gauges utilized in the direct
uniaxial compression test. White dots were added to the cut edge of the
UD hybrid specimens, as shown in Fig. 4, to aid the video gauge in
tracking the curvature of the specimens. The strain gauges were
attached to the top and bottom faces (under compression and tension
respectively) at the centre of the specimen’s free length. As the strain
gauges measure the surface strain of the S-GF/EP layer on the
compression and tension sides, it was essential to calculate the strain at
the top level of the CF/EP layer on the compression side. This was
determined based on the linear variation of strain through the thickness
by considering the distance from the neutral axis. At least six specimens
of each type were tested under four-point bending.

3. Results and discussion
3.1. Direct uniaxial compression stress—strain response

The stress-strain curves shown in Figs. 5-7 were obtained from strain
gauge recordings from both surfaces and the average of the video gauge
strain readings from one cut edge of each UD hybrid specimen. As shown
in Fig. 5, the strain gauge readings for a typical [SG1/(M551/SG1)17]
specimen initially coincide but later show a slight deviation between the
readings, indicating some bending, probably due to asymmetric damage
development near the gauge. However, similar pseudo-yield-points (gy,
Gpy Visible as knee-points on the diagrams of Fig. 5 and Fig. 6) were
recorded from all strain readings. The strain gauge reading at the top

stress dr 1 00
P [8G/(MS5,/SGy)y)]
""""" NNCe o 800
f 3 L 700
stress drop T | 600
stress drob E
R - 500
! =
"""""""""""""""""""""""""""""""""""""""" Gliy ? 400 §
; L 300 &
= Strain_VG_Average ‘
— Strain_SG_ Bottom - 200
= Strain_SG_ Top Epy 100
— final failure 3
r T T ; T T 0
=25 -2.0 -1.5 -1.0 -0.5 0.0

Strain [%]

Fig. 5. The comparison of stress-strain curves from strain gauge and video
gauge recordings for a typical [SG1/(M551/SG1)17] hybrid laminate suggests
asymmetric damage after the pseudo-yield point.
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Fig. 6. The comparison of stress-strain curves from strain gauge and video
gauge recordings for a typical [SG1/(M552/SG1)17] hybrid laminate suggests
asymmetric damage after —1.0% strain.
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Fig. 7. The comparison of stress-strain curves from strain gauge and video
gauge recordings for a typical [SG1/M553/8G1)17] hybrid laminate suggests no
sign of bending before the final failure.

face of the [SG1/(M551/SG1)17] hybrid laminate shows a stress drop at
about —1.7 % strain, indicating damage (delamination followed by
buckling of the delaminated part) on that side, see Fig. 8. As the strain
gauge was still attached despite the damage on the top face, it continued
to measure the strain together with the strain gauge at the bottom face
until the failure on both sides of the [SG1/(M551/SG1)17] specimen
when the bottom face gauge stopped working. The video gauge strain for
[SG1/(M551/SG1)17] shown in Fig. 5 was still available even after the
damage on the top and bottom faces until the final failure of the hybrid
laminate occurred.

The strain gauge recording from both faces and the video gauge
strain measurement of a typical [SG;/(M552/SG1)17] specimen co-
incides, as shown in Fig. 6, implying no sign of bending until well after
the pseudo-yield point. A stress drop is apparent from the strain gauge at
the top face and video gauge measurement after —1.0 % strain due to
asymmetric damage to the [SG1/(M552/SG1)17] specimen. After the
stress drop, the strain gauge at the top face of the [SG;/(M552/5G1)17]
specimen was still attached to the damaged surface, thus able to measure
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Fig. 8. Typical direct uniaxial compressive stress—strain curves for the three UD thin-ply hybrid composites with the damage mode for each hybrid. The notations I,
II, and F refer to the first, second, and final stress drops for each UD thin-ply hybrid configuration.

the strain together with the strain gauge on the bottom face and the
video gauge until the final failure of that hybrid specimen.

In the strain readings of a typical [SG;/(M553/SG1)17] specimen,
there is no sign of deviation between the readings from the strain gauges,
which means no bending before the final stress drop when the strain
gauges and video gauge stopped measuring due to complete failure of
the specimen. The strain measurements from the strain gauges on both
faces shown in Fig. 7 initially gave similar readings to the video gauge
measurements until failure on the bottom and top faces occurred and the
strain gauges stopped measuring. In contrast, the video gauge could
continue the strain measurement until the hybrid specimen ultimately
failed.

Because the video gauge can record the strain until the hybrid
specimen’s final failure, the strain from the video gauge measurement is
reported as the compressive strain in the typical stress-strain curves for
the hybrid composite laminates examined in direct uniaxial compres-
sion, shown in Fig. 8.

The overall compressive stress-strain responses show slight non-
linearity even before the knee-points. The behaviour of the [SG;/
(M551/58G1)17] and [SG1/(M552/SG1)17)] hybrids in Fig. 8 show smooth
transitions between the initial non-linear part, followed by a short,
slightly rising plateau and a final approximately linear increasing part.
Only a slight non-linearity was observed for the [SG;/(M553/SG1)17]
hybrid, followed shortly by final failure. By incorporating more carbon
plies into the hybrid laminates, the initial stiffness increases, as ex-
pected, which can be seen from the different initial slopes (E;) of each
stress—strain curve in Fig. 8, where the [SG1/(M553/SG1)17] hybrid has
the highest initial stiffness. As seen in Fig. 8, the first stress drops for
[SG1/(M551/SG1)17] occur at a higher strain compared to [SGy/(M555/
SG1)17]. The final stress drops for [SG;/(M551/SG1)17] also occur at a
higher strain than the other two hybrid configurations. The lowest final
strain appears for [SG1/(M553/SG1)17] as it has the thickest CF/EP
layer. It is worth mentioning that the second stress drop only occur for
the [SG1/(M551/SG1)17] hybrid noted as II-M55; in Fig. 8. The stress
drops at I and II were due to delamination at carbon-glass layer in-
terfaces, causing detachment of sub-laminates (one CF/EP with the
outermost GF/EP ply) on each side, followed by a compressive failure of
the whole specimen at stage F, as depicted in Fig. 8.

700

-600

500

400

300

Stress [MPa]

-200

100

[SG/(M55,/SGy);] & &

T Y
2.0 1.5 1.0 0.5 0.0
Strain [%]

Fig. 9. The direct uniaxial compressive stress—strain curve displays the basic
mechanical properties of UD thin-ply hybrid composites, where the initial
stiffness (E;) and final tangent stiffness (Ef), pseudo-yield point (e, and o),
fragmentation saturation point (g and o), first stress drop (g; and o7) and final
stress drop points (er and op) are marked. The pseudo-ductile strain (g4) is
defined as the difference between the strain at the first stress drop (g;) and the
strain on the initial modulus line at the stress before the drop (oy).

The origin of the plateau in the compressive stress-strain curve is the
progressive fragmentation and dispersed delamination, similar to the
damage mechanisms in UD thin-ply hybrid composites with single and
double carbon layers under tensile loading [2]. Due to the compressive
loading, the plateau’s slope in the compressive stress—strain curve is
steeper than in the tensile stress—strain curve. The nature of compressive
loading enables load transfer between carbon layer fragments across
fracture surfaces, increasing the stress upon further compressive strain
introduction. The method to determine the basic mechanical properties
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Mechanical properties of hybrid composites under direct compressive loading (numbers in brackets indicate coefficients of variation in [%]). The measured strains are
corrected by adding the compressive thermal residual strain in the carbon layer. The thermal residual strains are —0.022%, —0.014% and —0.011 % for [SG;/(M55;/

SG1)17], [SG1/(M552/SG1)17], and [SG1/(M553/5G1)17] respectively.

Design [SG1/(M551/8G1)17] [SG1/(M555/8G1)17] [SG1/(M553/8G1)17]
Properties Description
E; [GPa] Initial modulus 73.2 (2.9) 95.4 (5.8) 1149 (2.9
epy [%] Pseudo-yield strain —0.52 (3.2) —0.51 (3.8) —
Gpy [MPa] Pseudo-yield stress 344 (3.6) 429 (1.0) —
gs [%] Saturation strain — —0.83 (4.0) —
os [MPa] Saturation stress — 484 (2.0) -
eq [%] Pseudo-ductile strain —-0.71 (13.4) —0.70 (15.6) -
Ef [GPa] Final tangent modulus 33.1 (13.5) 23.2 (8.4) -
g1 [%] First strain drop —1.69 (10.9) —1.21 (8.1) -
o1 [MPa] First stress drop 697 (7.4) 574 (9.2) —
ep [%] Final strain drop —-2.15(8.1) —1.44 (8.7) —0.50 (6.9)
op[MPa] Final stress drop 748 (5.8) 601 (6.9) 452 (8.0)

of the UD thin-ply hybrid composites under direct uniaxial compressive
loading is illustrated in Fig. 9 and summarised in Table 5. The method in
Fig. 9 is shown for the [SG1/(M552/SG1)17] hybrid; it also applies to the
other two hybrids.

The initial stiffness of all hybrid composites was determined by
measuring the slope of each specimen’s response (see Fig. 9). The
stress—strain curves for [SG1/(M551/8G1)17] and [SG1/(M552/8G1)17)]
hybrids exhibit four stages. In the initial loading stage, there is already
non-linear behaviour due to the characteristics of the carbon fibres [31],
causing a modulus reduction in the hybrid composite, deviating grad-
ually from the initial linear red dashed line. Montagnier et al. [21] re-
ported a compressive failure strain of around —0.31 % for the pure M55J
carbon fibre composite with Structil R368-1 matrix, and it is suggested
that the source of non-linearity starting from around —0.31 % up to the
pseudo-yield point for the current hybrid configuration is due to the
combined effect of the fracturing of a few carbon fibres and the intrinsic
non-linearity of the carbon fibres. In the hybrid composites, the frac-
turing of the carbon fibres did not result in sudden failure because of the
support of the adjacent S-GF/EP plies; in contrast, in the pure M55J
carbon fibre composite, according to the authors [21], fibre fractures
lead immediately to complete failure which could be attributed to the
absence of support from the high-strain S-GF/EP layer.

The non-linearity increases with strain until it reaches the pseudo-
yield point, determined from the intersection of the dashed blue and
black lines, respectively (see Fig. 9). From the pseudo-yield point, a
process of multiple carbon layer fragmentation and dispersed delami-
nation occurs, resulting in further stiffness reduction and non-linearity
shown as the change of slope on the [SG;/(M55,/SG1)17] and [SG1/
(M555/SG1)17)] stress—strain curves. A closer examination of the
compressive stress—strain curves in Fig. 8 shows that the change of slope
is more distinctive for the [SG;/(M552/SG1)17)] hybrid compared to the
[SG1/(M551/SG1)17] hybrid due to the higher ratio of fragmenting
carbon plies causing a more significant stiffness loss for the [SG;/(M555/
SG1)17)] hybrid. The progressive fragmentation developed gradually
upon further loading, reaching the saturation point (see Fig. 9.). The
stress-strain curves of the [SG1/(M551/SG1)17)] and [SGi/(M553/
SG1)17)] hybrids in Fig. 8 show that a saturation point is not apparent;
thus, only the saturation point for [SG1/(M552/5G1)17)] is reported in
Table 5. Beyond the fragmentation saturation point, the additional load
is mostly carried by the intact GF/EP layers, and the stress rises further
until it reaches the first stress drop point (gj, o7) (see Fig. 9). The tangent
stiffness of this section is evaluated as E¢. In contrast, the actual stiffness
of the coupons at a given damaged state is best represented by a line
between the origin and the final point of the stress-strain curve (secant
or unloading modulus), as there are intact load-bearing elements (i.e.
the GF/EP layers) in the coupons until the final failure.

For the [SG1/(M553/SG1)17] hybrid, some nonlinearity was observed
before sudden final failure occurred at around —0.50 % strain. We

attribute this effect mainly to the nonlinearity of the carbon fibres. This
lower final failure strain is still significantly higher than the reported
compressive strain at failure of —0.31 % for the same M55J fibres with
Structil R368-1 matrix [21] due to the constraining effect of the adjacent
S-GF/EP plies on the failure of the CF/EP layers.

The measured compressive strains were corrected by adding the
calculated compressive thermal residual elastic strain in the carbon
layer to yield the actual elastic strains, as shown in Table 5. The
compressive thermal residual elastic strain in the carbon layer (¢,) was
determined from the unconstrained thermal strain &gemq as follows:

Eel = Etotal — Ethermal (1)

Ethermal = Onybrid AT (2

The coefficient of thermal expansion (CTE) of the UD hybrid com-
posite (apyrig) is calculated by taking into account the elastic properties
of the CF/EP and GF/EP layers given in Table 1 and Table 2 and their
CTE’s in the axial direction (011) as follows:

EGr/ep

E t
CF/EP CF/EP " (1 _ Leryep 3)

t,
Qnybrid = 'all(CF/EP)'E .
LyDrie

) *Q11(GF/EP) "
thybrid hybrid

Ehybria

Where tcrep, thybria, Q11(cryep)s Ecrjeps Enybrias ®11(Gryep)> Ecrep are the
thickness of M55J carbon/epoxy layer, total thickness of the UD hybrid
layer, CTE of M55J carbon/epoxy layer, initial modulus of M55J car-
bon/epoxy layer, initial modulus of the UD hybrid layer, CTE of S-Glass/
epoxy layer, initial modulus of S-Glass/epoxy layer. The initial modulus
of the UD hybrid layer is calculated by using the equation to calculate
initial equivalent modulus as shown in [9]. For the asymmetric hybrid
specimen, Egp/pp is calculated based on the rule of mixtures, and takes
the relative stiffness and thickness of S-Glass/epoxy and E-Glass/epoxy
layers respectively. The total strain (&) Was measured directly during
the test. The temperature difference (AT) from the cure temperature to
room temperature in Equation (2) is assumed as 100 °C. The fragmen-
tation strain at the pseudo-yield point in this work is similar to the strain
reported by Wu et al. [28] for their [£277/0]; hybrid configuration. It
should be noted that the thermal residual strain is —0.03 % for the angle
ply configuration [28] which is higher than that for the unidirectional
thin-ply hybrid composites examined under direct compression in this
work (i.e. —0.022 %, —0.014 % and —0.011 % for the three different
configurations).

Table 5 shows that with increasing number of carbon plies incor-
porated in the hybrid laminates, the strain at first stress drop (ey) and
final failure strain (ep) decrease. The pseudo-yield strain for [SGi/
(M551/SG1)17] and [SGl/(M552/5G1)17], as seen in Table 5, is similar.
No pseudo-yield strain was observed for the [SG;/(M553/SG1)17] hybrid
because the hybrid laminates suddenly failed at —0.5 % as shown in
Table 5. The graphic illustrating the relation between ¢y, €, and eg with
increasing carbon layer thickness for all three hybrids is given in Fig. 10.
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Fig. 10. The pseudo-yield strain (epy), strain at first stress drop (ep), and final
failure strain (eg) as a function of the carbon layer thickness. With increasing
carbon layer thickness, the strains e; and er are lower, and for ([SG;/(M553/
SG1)17]), there is no ey,

The different values for e; and er shown in Fig. 10 are due to the different
energy release rates for delamination after fracturing of the carbon plies
in each hybrid. As the energy release rates are approximately propor-
tional to the thickness of the carbon layer, delamination occurs at a
lower strain for the hybrid with double carbon plies ([SG1/(M552/
SG1)17]) compared with the single carbon ply case ([SGy/(M551/
SG1)17]). For the hybrid with triple carbon plies ([SG1/(M553/5G1)17]),
there is no pseudo-yield strain (gpy), as shown in Fig. 10, due to imme-
diate delamination after the carbon layer fractures, as it has the highest
energy release rates.

3.2. Four-point bending response

Typical force-strain responses for the three asymmetric hybrid
composites under four-point bending are shown in Fig. 11 and the basic
mechanical properties are shown in Table 6. The thermal residual strain
for the asymmetric hybrids is calculated considering the entire laminate.
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It is worth mentioning that the thermal residual strain for the asym-
metric hybrids designed for the bending tests is higher than in case of the
hybrid composite configurations for direct compression because the
specimens are mainly composed of a thick E-glass/epoxy layer with
higher CTE. As expected, the initial stiffness increases with more carbon
plies in the hybrid laminates. An initial approximately linear elastic
response is shown for all three hybrid composites, followed by a
noticeable change in the slope after the pseudo-yield point (see Fig. 11a)
for the asymmetric M55, and asymmetric M553, respectively. The
pseudo-yield point is determined from the deviation of the green force-
strain curve from the red dashed line, as shown in Fig. 11b for the
asymmetric M55, hybrid force-strain curve. It was more challenging to
assess the change in slope for the asymmetric M55; due to the small
stiffness contribution of the single thin CF/EP ply.

The pseudo-yield point, which marks established fragmentation in
the CF/EP ply, was followed by reduced stiffness and slope change
corresponding to further progressive fragmentation and dispersed
delamination between the CF/EP and S-GF/EP plies. Beyond the pseudo-
yield point, further load is carried by the intact S-GF/EP plies, causing a
continuous increase in load until the final failure due to delamination
between the CF/EP and S-GF/EP layers. After fragmentation at the
pseudo-yield point, the asymmetric hybrid laminate with the single,
double, and triple CF/EP plies did not fail immediately because the load
was transferred from the fractured CF/EP plies to the S-GF/EP plies
which remained intact. The bulk of the asymmetric hybrid specimen is
made of S-GF/EP and E-GF/EP plies, which were able to support the
fractured CF/EP plies and thus delay the final failure until higher strain.

Table 6

Mechanical properties of asymmetric hybrid composites under four-point
bending (numbers in brackets indicate coefficients of variation in [%]). The
measured strains are corrected by adding the compressive thermal residual
strain in the carbon layer. The thermal residual strains are —0.061%, —0.057%.
and —0.053 % for asymmetric M55;, asymmetric M55,, and asymmetric M553
respectively.

Design Asym. M55, Asym. M55, Asym. M553
Properties Description
epy [%] Pseudo-yield strain —0.56 (2.2) —0.53 (6.8) —0.53 (2.6)
Fpy [N] Pseudo-yield force 279 (4.1) 292 (12.0) 364 (3.1)
ep [%] Final failure strain —-2.73 (12.1) —1.97 (9.0) —1.24 (4.3)
Fr [N] Final failure force 1527 (11.6) 1009 (11.3) 700 (6.9)
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Fig. 11. (a) Typical force-strain curves for the three asymmetric hybrid composites, with the strains calculated for the top level of the carbon ply, (b) the method to
determine the pseudo-yield point for the asymmetric M55, and the other two hybrids.
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Fig. 12. The pseudo-yield strain (e,y) and final failure strain (ep) in function of
the carbon layer thickness.

The final failure of the asymmetric hybrid composites occurs at different
compressive strains due to different energy release rates related to the
thickness of CF/EP layer.

The plateaus in the load-strain curves for asymmetric M55, and
asymmetric M553, shown in Fig. 11, are less distinctive than the plateaus
observed under direct compression due to the lower ratio of fragmenting
CF/EP layers and since only the CF/EP layers on the compression side of
the asymmetric hybrids fragmented.

Fig. 12 illustrates the relation between e,y and er with increasing
carbon layer thickness for the asymmetric hybrid composites. It is shown
that with increasing total carbon layer thickness, the final failure strain
(ep) decreases, but the pseudo-yield strains (e,y) are similar.

The different values for e shown in Fig. 12 are due to the different
energy release rates for delamination after the carbon layer in each
hybrid is fractured. As the energy release rates are proportional to the
thickness of the carbon layer [9 2], delamination occurs at a lower strain
for the hybrid with double and triple CF/EP plies compared to the hybrid
with single CF/EP ply.

3.3. Damage and failure mechanisms under direct uniaxial compressive
loading and four-point bending

Visual investigation on the [SG1/(M551/8G1)17] and [SG1/(M552/
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SG1)17] hybrids, which have been loaded until —0.80 %, near the satu-
ration point under direct compression, shows an irregular striped
pattern where light areas are signs of localised delaminations sur-
rounding the carbon layer fractures (see Fig. 13). The damage pattern of
asymmetric hybrid specimen is similar, and is shown in Appendix C. The
irregularity of the striped pattern shown is due to the variability in the
carbon layer thickness, where the thicker parts tend to produce larger
delamination areas. As shown in Fig. 13a, the [SG;/(M551/SG1)17]
hybrid developed a denser striped pattern, which is likely a sign of the
shorter fragment length. The [SG1/(M552/5G1)17] hybrid has a striped
pattern that is more obvious and less dense than that of the [SG;/(M55,/
SG1)17] hybrid because of its longer fragment length. The delamination
pattern in both hybrids was easily observed due to the translucent nature
of the outer S-GF/EP layer. The damage pattern of both hybrids under
compression is similar to the damage pattern of UD thin-ply hybrid
composites with different thickness CF/EP layers under tensile loading
[2,9].

Asseen in Fig. 13a and Fig. 13b, the fragmentation and delamination
area density changes with the thickness of the CF/EP layer. The striped
pattern was not observed on the [SG1/(M553/SG1)17] hybrid, instead an
extensive bright area corresponding to delamination and longitudinal
ply splitting corresponding to final failure around —0.50 % strain was
observed, as shown in Fig. 13c. Due to the higher energy release rate for
the [SG1/(M553/SG1)17] hybrid, immediate delamination occurred
around the initial carbon layer fracture.

The polished edge of the [SG1/(M552/5SG1)17] hybrid shown in
Fig. 14 shows fragmentation of the carbon layer across its thickness. The
damage pattern of [SG1/(M551/5G1)17] is similar, and is shown in
Appendix B. The carbon layers in both cases were broken into pieces
around or shorter than one mm along the specimen’s length under direct
compressive loading once the M55J carbon layers reached their fracture
strain. It is also shown that the fractures in the carbon layers developed
at an angle of approximately 45° (see Fig. 14). For the single and double
carbon ply cases [SG1/(M551/5G1)17] and [SG1/(M55,/5G1)17] hybrids
at —0.80 %, no fully developed delamination was observed because they
have not reached the final failure point yet.

For the [SG1/(M553/SG1)17] hybrid shown in Fig. 15 fractured car-
bon layers and large scale delaminations are seen at the final failure of
the specimen. Dobb et al. [32] reported failure of single high-modulus
carbon fibres at an angle of approximately 45° due to instability at the
fibre level, which leads to what looks like a shear fracture. It is possible
that a similar mechanism might also be responsible for the shear fracture
appearance of the M55J carbon layer under direct compressive loading,
as shown in Fig. 14.

A previously tested asymmetric M55; hybrid specimen was inserted
into a loading frame resembling the test machine’s four-point bending

10 mm

[SG,/(M55,/SG,),,] at-0.80%

|«
[SG,/(M55,/SG,),;] at-0.80

(@) (b)

% [SG,/(M55,/SG,),,] at failure (-0.50%)

(©

Fig. 13. Damage appearance on the surface of different hybrid laminates under direct uniaxial compression loading, with the arrows showing the 0° fibre direction.

Images on (a) and (b) are taken after interrupted tests and on (c) after failure.
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Fig. 14. Typical damage pattern of [SG;/(M55,/SG1)17] after loading until —0.80% compressive strain, showing fragmentation of the carbon/epoxy layers and the

intact glass/epoxy layers.

Fig. 15. Damage pattern of [SG,/(M553/SG1)17] after failure, showing carbon
layer fractures, delaminations within the carbon layers, delaminations between
glass and carbon layers.

fixture to study the damage interaction between the fragmented carbon
layer and delamination in the hybrid composites under compressive
loading. The device reloaded the specimens and assisted in opening the
cracks under the optical microscope. The damage mechanism observed
from the edge of the asymmetric M55 hybrid is shown in Fig. 16.

Fig. 16a shows that the carbon ply is fragmented at an angle (6) of
approximately 45° to the fibre direction. When loaded to approximately

—1.4 % strain, as shown in Fig. 16b, the fragmented CF/EP ply is dis-
placed in the out-of-plane direction, causing local interfacial damage
(delamination). An examination of the same asymmetric M55, under
scanning electron microscopy (SEM) in Fig. 17 shows a fractured CF/EP
layer and clear local delamination areas between the CF/EP and GF/EP
layers. It should be noted that the same loading frame was used to
examine the asymmetric hybrid specimen under SEM.

The CF/EP layer displacement in the out-of-plane direction is
possible because of the hybrid composites’ low transverse modulus (E33)
and local delamination at the tip of the fractured area between the S-GF/
EP and CF/EP layers. The displacement in the thickness direction
(wedging action) is the reason for local delamination between the layers
at the opening regions. The local delamination appears as the bright
striped pattern shown in Fig. 13a and Fig. 13b. A schematic of the
postulated compressive damage mechanisms in the UD thin-ply hybrid
composites under compression is shown in Fig. 18. A combination of
fragmentation, wedging action and local delamination is responsible for
the stiffness loss and pseudo-ductile strain.

Because the carbon layer fractures into smaller pieces, the distances
between the fractures (i.e., the carbon layer fragment lengths) can be
assessed by measuring the distances between the stripes in the patterns.
The measurement was done at several intervals across the width of the
specimen since the stripes are not entirely straight and are irregularly
spaced, as shown in Fig. 19 for the [SG1/(M552/SG1)17] case. The dis-
tance between the bright stripes, seen from the surface, was measured
because the stripes indicate the fracture lines in the CF/EP layer. The
same method was used to measure the fragment lengths for [SG1/
(M551/5G1)17] tested under direct compression and the asymmetric

(b)

Fig. 16. Damage mechanisms of asymmetric M55, hybrid: (a) unloaded state: fragmented carbon layer and ~ 45° fragmentation angle (0), unloaded (b) at —1.4%

strain: fragmentation and wedging action.

10
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Fig. 17. Scanning electron microscopy examination of the interaction between
CF/EP layer fragmentation and delamination for the asymmetric M55, hybrid
composite under approximately —1.2% strain. The red ovals highlight local
delaminations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Specimen’s top surface
Glass/epoxy
‘Z
I
F Carbon/epoxy

Local F
delamination

v
Sliding\\

Glass/epoxy

Fig. 18. Schematic of the postulated damage mechanisms in UD thin-ply
hybrid composites under compression through direct compression and
bending. A combination of fragmentation and wedging action is shown.

™ "
[SG,/(M55,/SG,),;] at-0.80%

Fig. 19. An example of visual damage observation showing an irregular striped
pattern at —0.80% strain and the method to measure the distance between
carbon layer fractures in [SG1/(M555/SG1)17] hybrid. The notation L stands for
the line number at each measurement.

hybrid composites tested under bending. In the case of the asym. M55,
specimen type, fractures of the CF/EP layer were detected from the
polished view of the specimen edges.
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Fig. 20. Distribution of the fragment lengths after applying —0.80 % strain to
the asymmetric hybrid composites in 4-point bending. Overlapping histograms
are described by the notation Asym. M55,, + Asym. M55, 1, where n is the
number of CF/EP plies in one layer.

Table 7
Average fragment length and the estimated critical fragment length of UD hybrid
composites under direct compression and bending testing.

The number of  Nominal Average fragment length Estimated critical
CF/EP plies in thickness of [mm] fragment length
one layer CF/EP layer in tension
[mm] [mm]

Direct Bending

compression
1 0.03 0.31 0.35 0.50
2 0.06 0.48 0.68 1.05
3 0.09 - 1.01 1.60

The fragment length measurements from the asymmetric hybrid
specimens are shown in Fig. 20, and similar results from direct
compression are given in Appendix B. Fig. 20 shows that the average
fragment length increases with thicker CF/EP layers in the laminates.
After reaching the compressive failure strain, the CF/EP layer fractures
into fragments but still sustains some load. As the thickness of the CF/EP
layer increases, a longer shear stress transfer zone length is formed
increasing the resulting average fragment length.

The average fragment lengths of the UD hybrid composites from both
direct compression and bending testing and the estimated critical frag-
ment length is shown in Table 7.

For tensile loading, a critical ply length, Lc, can be defined as the
minimum length required to achieve full reintroduction of load by shear
in a fractured ply. A similar approach was applied here to understand the
load transfer mechanism and to examine if any critical ply length exists
in the present hybrid composites under direct compression and four-
point bending. The critical fragment length was determined using the
Kelly-Tyson type equation, L, = E‘T:—;f‘ in [27,33] where Ec, ¢, t. are
Young’s modulus of the CF/EP ply, compressive failure strain of the CF/
EP ply at the pseudo-yield point taken as 0.50 %, and thickness of the
CF/EP ply respectively. Assuming linear elastic-perfectly plastic
response in the matrix with constant shear stress and Ty of 77.6 MPa
[34] as the interfacial shear stress at the S-GF/EP and CF/EP composite
interfaces, the obtained estimated critical fragment lengths are shown in
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Table 7.

The mean fragment lengths of the hybrid composites observed under
direct compression and four-point bending are shorter than the esti-
mated critical fragment length based on the formula developed for
tension loading. This is expected, as the load transfer mechanisms in
tension and compression are different. The contact between the frag-
ments under compressive loading allows load to be transferred between
the fragments in the CF/EP layer after fragmentation (unlike under
tensile load), reducing the required shear load transfer length and
allowing shorter mean lengths of the fragments.

3.4. Comparison between uniaxial direct compression and four-point
bending test results

The comparison between characteristic strains obtained from direct
compression and bending tests is shown in Table 8. It is worth
mentioning that determining the pseudo-yield point is much harder in
four-point bending compared to direct compression, especially for the
single ply case, which means that caution is needed when reading the
strains from the bending test. The strains were corrected by adding the
calculated compressive thermal residual strain in the carbon layer to
yield the actual elastic strains.

It has previously been shown that compressive strains at shear
instability failure are higher in carbon layers loaded in bending due to
the strain gradient through the thickness as shown by Wisnom et al.
[24]. The epy of hybrid specimens obtained from compression and four-
point bending tests are similar, as expected since fragmentation is
associated with fibre failure, not instability at the composite level. The
similar strains for different carbon to glass volume ratios show that the
varying degrees of support from the glass layers does not significantly
affect the carbon failure strain, as expected for fibre fracture dominated
failure. Four-point bending tests on a thin monolithic M55J carbon/
cyanate ester beam laminates with different thicknesses also showed no
kink-bands after the specimen failed [35], consistent with the present
results.

The final failure (ep) strains in Table 8 obtained from bending tests
are higher than those from direct compression testing. This is believed to
be due to the higher energy release rate for the hybrid composites under
axial compressive loading than in bending. Analytical work by Pet-
rossian et al. [36] has shown that the energy release rate for delami-
nation from cut unidirectional plies in axial loading is higher than in
bending due to the strain gradient in bending. This also explains how a
knee-point could be obtained for the three-carbon ply case in bending,
whereas in direct compression the specimens failed around that point.

4. Conclusions

This paper has presented the mechanical properties and damage
mechanisms of unidirectional hybrid composites of thin M55J high
modulus carbon and standard thickness S-glass layers subjected to
compressive and four-point bending loading. The effect of the different
numbers of carbon plies in the carbon layers and different ratios be-
tween the total thickness of the carbon and glass layers was examined.
The following conclusions were drawn:

e Pseudo-ductile response in uniaxial direct compression has been
demonstrated. Gradual failure with a significant decrease in stiffness
at around —0.50 % strain and final failure at —2.15 % and —1.44 %
strain have been obtained for the [SG;/(M551,5G1)17] and [SGy/
(M555/SG1)17] hybrid configurations, respectively.

For the [SG;1/(M553/SG1)17] hybrid, sudden failure occurred at
around —0.50 % strain in direct compression. This lower strain is still
significantly higher than the compressive strain at failure of —0.31 %
for the same M55J fibres but different/ Structil R368-1 matrix, as
reported by Montagnier et al. [21].
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Table 8

Pseudo-yield and final failure strain comparison between uniaxial direct
compression and four-point bending testing (numbers in brackets indicate the
coefficient of variation [relative %]). The measured strains are corrected by the
compressive thermal residual strain in the carbon layer.

The Nominal Pseudo-yield strain (gpy) Final failure strain (eg)
number of  thicknessof  [%] [%]
F/EP F/EP
¢ ./ . CE/ Direct Bending  Direct Bending
plies in layer . 3
compression compression
one layer [mm]
1 0.03 —0.52 —0.56 -2.15 -2.73
(3.2) (2.2) (8.1) (12.1)
2 0.06 —0.51 —-0.53 —1.44 -1.97
(3.8) (6.8) 8.7) (9.0)
3 0.09 - —0.53 —0.50 -1.24
(2.6) (6.9) (4.3)

e The behaviour of UD thin-ply hybrid composites under direct
compression and 4 point bending can be described by the following
damage mechanism sequence: 1. Quasi-elastic phase: early non-
linearity due to the combined effect of intrinsic carbon fibre behav-
iour and a few carbon fibre fractures, 2. Fragmentation phase:
fragmentation of the carbon layer with stable localised de-
laminations between the carbon and glass layers at carbon layer
fractures, and 3. Final failure due to large-scale delamination of the
carbon layers.
The load transfer mechanism within the damaged carbon layers in
compression is not the same as in the tension case, as shown by the
shorter carbon layer fragment length compared to the calculated
critical length in the tension case. In compression, contact between
the fragments is maintained, enabling continued load carrying and
further fracture into smaller lengths upon further deformation.
e When the hybrids are loaded in four-point bending, the final failure
strain due to delamination is higher compared to the final delami-
nation strain in direct compression due to the lower energy release
rate in bending.
The similarity of the pseudo-yield point strain obtained from direct
compression and bending tests indicates that fragmentation at that
point is due to carbon fibre failure, not instability at the composite
layer level. The pseudo-yield strain is also not affected by the volume
ratio of carbon to glass plies provided that premature delamination
does not occur.

e The factor that governs the final failure of the UD thin-ply hybrid
composites under compression is the thickness of the high-modulus
carbon layers. This controls the final failure strain due to delami-
nation, which decreases with an increasing carbon layer thickness.
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Appendix A. The method to determine the pseudo-yield point for the asymmetric hybrid composites
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Fig. Al. Typical load-strain curve for an asymmetric M55; hybrid composite showing the pseudo-yield point determined from deviation of red dashed line from

black force-strain curve.

Appendix B. Damage pattern of the unidirectional thin-ply hybrid composites under uniaxial compression loading

Fig. B1. Damage pattern of [SG1/(M551/5G1)17] at —0.80 % showing fragmentation of the carbon plies and the intact glass layers.
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Fig. B2. Distribution of the fragment lengths after applying —0.80 % strain for [SG1/(M551/5G1)17] and [SG1/(M555/SG1)17] hybrids. Overlapping columns are
described by the notation [SG1/(M551/5G1)17] + [SG1/(M552/5G1)17].

Appendix C. Damage pattern of the asymmetric thin-ply hybrid composites under four-point bending
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Fig. C1. Damage appearance on the surface and edge of different asymmetric hybrid laminates after four-point bending until —0.80 % strain, with the black arrows
showing the 0° fibre direction and white arrows showing fractures in the CF/EP layer under optical microscope.
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