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A B S T R A C T   

This paper investigates the fatigue behaviour of pseudo-ductile Quasi-Isotropic (QI) interlayer hybrids with un- 
notched and open-hole configurations. Two different types of QI pseudo-ductile hybrids were evaluated; HighC, 
with carbon to glass thickness ratio of 0.29, that is made of thin-ply M46JB-carbon/epoxy and thin-ply Xstrand- 
glass/epoxy prepregs, and LowC, with carbon to glass thickness ratio of 0.19, that is made of thin-ply T300- 
carbon/epoxy and standard-ply S-glass/epoxy prepregs. The hybrid configurations were loaded at 4 Hz in ten
sion–tension fatigue without any initial damage and at different percentages of the pseudo-yield stress (σpy) at 
which damage initiates. It was observed that there is no stiffness reduction, after 100,000 cycles, for a stress level 
of 80 % and 50 % of the σpy for the un-notched and open-hole laminates, respectively. By increasing the stress 
level to 90 % and 70 % of the σpy for the un-notched and open-hole laminates, respectively, there is a gradual 
stiffness reduction due to the appearance of matrix cracking and delamination in LowC, but no gradual reduction 
and no visible damage were observed for HighC. The final failure is more brittle and happens at a lower number 
of cycles for HighC compared with LowC. Different damage extents were observed for the investigated laminates 
before the final sudden failure due to variables such as the ply thickness, the cyclic energy release rate and the 
interfacial fracture toughness.   

1. Introduction 

Pseudo-ductile hybrid (PDH) composites have recently been intro
duced as a new generation of FRP composites to address the sudden and 
unexpected failure [1–3]. Different techniques and material combina
tions have been used to generate PDH composites. This includes 
hybridising conventional composites such as glass or carbon fibres 
reinforced thermoset/thermoplastics with metal fibres such as steel 
[4,5], or hybridizing thin-ply low-strain FRPs with thin-ply or conven
tional high-strain FRPs [3,6]. The available research on PDH composites 
suggests a relatively safe and gradual metal-like failure [7,8], with a 
visually detectable warning before the final failure [8]. 

PDH composites can outperform conventional carbon or glass fibre 
composites if designed properly [6,9]. Unidirectional (UD) and Quasi 
Isotropic (QI) thin-ply hybrids with different types of low strain and high 

strain fibres were introduced that generated the desired nonlinear 
stress–strain response and pseudo-ductility to avoid catastrophic failure 
[3,10]. Appropriate material properties, and suitable values of relative 
thickness, i.e., the thickness ratio of low strain material to high strain 
material and absolute thickness of low strain material, should be 
selected for an optimal PDH design [6]. A new lay-up concept to address 
the free-edge delamination in multi-directional/QI PDH composites, 
orientation-dispersed lay-up, was introduced in [11,12], where the 
finite element predictions were supported by experimental results, 
proving the reliability of the proposed lay-up arrangement under tension 
in all fibre orientations. This hybridization concept was also useful in 
improving the notch sensitivity, which is another important limiting 
factor in conventional composite laminates [13]. 

In order to study the suitability of PDH composites in real-life ap
plications, these composites were investigated at high strain rates and 
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off-axis loadings. QI and UD PDH composites were seen to have excellent 
pseudo-ductile responses both in quasi-static and high strain rates 
through fragmentation and stable pull-out of the carbon layers [14]. An 
increase in the off-axis angle of the QI laminates did cause small changes 
in the pseudo-ductile strain and maximum stress values, however, the 
laminates still showed a pseudo-ductile response [15]. 

As briefly reviewed above, tensile behaviour of the PDH composites 
has been studied extensively, and a good understanding established; 
however, in order to apply these composites in real-life applications, 
their fatigue behaviour should be understood. The complex fatigue 
failure mechanisms in FRP composites can be attributed to the aniso
tropic and brittle nature as well as the layered structure of these systems 
[16,17]. Reviews of fatigue damage assessment in conventional FRP 
composites can be found in [18,19]. Findings of research on the com
parison of tensile fatigue response in basalt/carbon hybrid composites 
and all basalt fibre composites revealed that the rough surface of the 
basalt fibre [20] may result in mechanical interlocking between these 
two fibre types and delayed delamination propagation, thus expanding 
the fatigue lifetime [21]. The capability of hybridization to cause a 
beneficial effect on the fatigue resistance of composite laminates was 
also confirmed by more recent research, where fatigue life of a flax 
basalt/epoxy hybrid composite was compared to non-hybrid composites 
[22]. Previously fatigue behaviour of a UD PDH composite was inves
tigated [23], and it was concluded that the UD PDH composite has a 
good resistance against cyclic loading even after the appearance of 
damage, and only a gradual increase in damage was observed over 
thousands of cycles. 

However, in practical applications most composite structures require 
multi-directional pseudo-ductile hybrid laminates. Cutouts and holes 
are also necessary for the geometry and assembly of these composite 
sub-components, weakening the laminate [24]. These stress raising ge
ometries have a significant effect on the fatigue life of composites 
[25–29]. It has been established that the ply and laminate thickness, and 
hole diameter make a large difference in fatigue loading both in failure 
stress and damage mechanism [30,31]. Local subcritical damage in 
PDHs, i.e., dispersed delamination and fragmentation, results in notch 
insensitivity in quasi-static tensile loading [13]. These subcritical dam
age mechanisms may act as stress-concentrated areas and weaken the 
composite’s fatigue performance. As a result, there is a need to under
stand the fatigue behaviour of the multi-directional pseudo-ductile hy
brids in both un-notched and notched conditions. Fotouhi et al. [32] 
briefly presented preliminary results of the fatigue behaviour of one 
specific QI PDH composite made of carbon/epoxy and glass/epoxy 
prepregs. 

This study provides a comprehensive investigation on the ten
sion–tension fatigue behaviour of two different multi-directional PDHs 
for both un-notched and open-hole configurations, with varying ply 
thickness and material properties. HighC was a hybrid of a standard 
thickness glass fibre prepreg and a thin-ply high strength carbon pre
preg, with a carbon to glass thickness ratio of 0.29, whereas LowC was a 
hybrid of a thin-ply glass fibre prepreg and a high modulus thin carbon 
fibre prepreg, with a carbon to glass thickness ratio of 0.19. The inves
tigated laminates demonstrated a good fatigue performance with 
gradual damage growth, showing their applicability for industrial ap
plications. However, the fatigue damage evolution and damage extent, i. 
e. delamination and fibre fragmentation, were observed to be dependent 
on the ply thickness, material properties and configurations. 

2. Experimental procedures 

2.1. Materials and design 

Two different types of QI PDHs are investigated using materials from 
different manufacturers. The first (HighC) is made of thin-ply high 
modulus M46JB-carbon/epoxy and thin-ply Xstrand-glass/epoxy pre
pregs, with carbon to glass thickness ratio of 0.29, and the second 

(LowC) is made of thin-ply high strength T300-carbon/epoxy with a 
higher failure strain together with a standard-ply S-glass/epoxy prepregs 
giving a lower ratio of carbon to glass of 0.19. The thin UD Xstrand- 
glass/513 epoxy and M46JB-carbon/120EP-513 epoxy prepregs were 
manufactured by North Thin-ply Technology. The UD S-glass/913 epoxy 
prepreg was supplied by Hexcel. The UD T300/epoxy (SkyFlex 
USN020A) prepreg was from SK Chemicals (South Korea). Table 1 
provides these materials specifications. 

A schematic of the investigated lay-up arrangements is illustrated in 
Fig. 1 and is listed in Table 2, where, in the lay-up column, the first 
numbers show the orientations of the sub-laminates in degrees. 

These lay-up configurations were designed based on damage mode 
maps (Fig. 2) accounting for the carbon fibre plies’ absolute and relative 
thickness values [6]. Using thin carbon fibre plies, it is possible to 
achieve pseudo-ductile behaviour in the hybrid composites [36,37], 
where catastrophic delamination around the first low strain ply failure is 
avoided and therefore multiple failures in the low strain ply may occur, a 
damage phenomenon known as fragmentation [38,39]. Damage mode 
maps are useful and efficient tools showing the effect of different geo
metric parameters for the given material combinations to find the 
configuration resulting in optimum pseudo-ductile damage mecha
nisms, i.e., Fragmentation and Dispersed Delamination (Frag. & Del.). 

Table 1 
Properties of the prepregs used in this study.  

Prepreg type Xstrand-glass/ 
513 epoxy 

M46JB- 
carbon/513 
epoxy [33] 

S-glass/ 
913epoxy  
[6] 

T300/ 
120̊c 
epoxyf 

Fibre modulus 
(GPa) 

96a 436 88 230 g 

Prepreg fibre 
direction 
Modulus, E11 
(GPa) 

45.5b 233 45.7 101.7 

Prepreg 
transverse 
direction 
Modulus, E22 
(GPa) 

15.4 [31] 7e 15.4 [31] 6 h 

Shear Modulus 
G12 (GPa) 

4.34 [31] 4.66e 4.34 [31] 2.4 h 

Poisson’s ratio ν12 0.3 [31] 0.3e 0.3 [31] 0.3 h 

Poisson’s ratio ν21
c 0.102 0.009 0.098 0.021 

Fibre failure 
strain (%) 

2.5b 0.9 5.5 1.5 

Cured nominal 
thickness (mm) 

0.05b 0.029 0.155 0.029 

Fibre mass per 
unit area (g/ 
m2) 

75a 29 190 22 

Fibre volume 
fraction (%) 

42d 53 50 43 

Supplier North Thin- 
ply 
Technology 

North Thin-ply 
Technology 

Hexcel Sky Flex 

Supplier’s provided information. 
Measured on 16-ply UD laminates, specimens failed explosively at the end tabs. 
Poisson’s ratio in the 2–1 plane is calculated by using. 

ϑ21 = ϑ12 ×
E2

E1 
Estimated based on UD tensile strength from the experimental data measured on 
16 ply UD laminates. 
These values are from the datasheet for M40 Carbon/epoxy prepreg with the 
same resin with relatively similar properties as M46 Carbon/epoxy prepreg. 
These values are experimentally measured from a SkyFlex USN020A prepreg 
with the same matrix and elastic modulus but with a similar type of fibre made 
by a different manufacturer [1]. 
This value is based on T300 Data Sheet [34]. 
The transverse properties were assumed to be equal to the similar USN020A 
prepreg utilised in Ref. [35], as the data was not available.  
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Herein, the “Relative carbon thickness” and “Carbon thickness” refer to 
the thickness of all the carbon layers divided by the total thickness of the 
laminate and the absolute thickness of carbon being sandwiched be
tween the glass layers, respectively. Moreover, different colours 
demonstrate the expected pseudo-ductile strain amounts. The thickness 
and proportion of carbon plies in the HighC and LowC configurations are 
in the Frag. & Del. regions. In this case, the damage mechanisms in the 
laminates are expected to be fragmentation in the low strain material 
followed by dispersed delamination and, subsequently, high strain ma
terial failure. It is worth mentioning that the represented damage mode 

maps are related to the un-notched samples, and the damage mechanism 
in the notched configurations might be different. 

2.2. Specimen manufacturing 

The resin materials used in the prepregs were 120 EP-513 (North 
Thin-ply Technology), K50 (SK chemicals) and 913 (Hexcel), with a 
supplier’s recommended curing temperature of 120 ◦C. End tabs made of 
2 mm thick woven glass/epoxy plates supplied by Heathcotes Co. ltd. 
were bonded to the specimens using a two component Araldite 2000 A/ 
B epoxy adhesive supplied by Huntsman; the components were mixed 
with the volume fraction ratio of 100: 50 for A: B respectively and cured 
for 120 min at 80 ◦C inside a Carbolite oven. A good integrity of the 
hybrid laminates with no phase separation on cross sectional micro
graphs was observed, confirming the chemo-mechanical compatibility 
of the resin systems. 

The composite samples were manufactured using a diamond cutting 
wheel. The open-hole samples were fabricated with a diamond drill on a 
CNC milling machine (Fig. 3). Visual inspection and repeatable tensile 
test data of the samples confirmed that no defects or deficiencies were 
induced by the manufacturing process. 

2.3. Test procedure 

The un-notched and open-hole specimens were subjected to uniaxial 
loading with displacement control using a crosshead speed of 1 mm/min 
for the un-notched laminates and 0.5 mm/min for the open-hole lami
nates, on a computer controlled Instron 8801 type 100 kN rated uni
versal hydraulic test machine with wedge-type hydraulic grips. It should 
be noted that different loading rates were used to obtain similar strain 
rates for the different length specimens, and a shorter length for the 
notched and open-hole samples, compared with the un-notched sam
ples, was chosen to make more samples from the fabricated plates, 
optimally using the raw materials and decreasing the manufacturing 
cost. The length of the specimen away from the notch will not affect the 
behaviour. To achieve a high resolution in the expected load range, a 25 
kN load cell was also utilized. 

Tension-tension fatigue tests were performed using the same Instron 
machine. The pseudo-yield stress (σpy) is defined as the stress level at 
which the pseudo-ductile damage initiates and the tensile response has a 
significant deviation from linear elastic behaviour as schematically 
demonstrated in Fig. 4. Un-notched specimens were fatigued at two 
different stress levels below σpy, 90 % and 80 %, while open-hole 
specimens were fatigued at 70 % and 50 % of σpy. Specimens were 
fatigued until failure or sufficient data acquisition of stiffness reduction 
was acquired. All fatigue tests were performed under load control by 
applying a sinusoidal load about the mean load at a frequency of 4 Hz 
and a stress ratio of 0.1. This is the ratio of the minimum stress (σmin) to 

Fig. 1. Schematic of the investigated lay-ups: The yellow, blue, brown, and 
black colors represent the S-glass, T300-carbon, X-strand-glass, and M46JB- 
carbon plies, respectively. 

Table 2 
Thickness and lay-up arrangement of the specimens.  

Specimen 
type 

Lay-up arrangement Laminate 
thickness 
[mm] 

Carbon to 
laminate 
thickness ratio 

HighC [(0Xstrand-glass/-60Xstrand-glass/ 
60Xstrand-glass)2/(0 M46JB-carbon/- 
60M46JB-carbon/60M46JB-carbon)]s  

0.78  0.225 

LowC [60S-glass/-60S-glass/0S-glass/ 
0T300-carbon/60 T300-carbon/-60 
T300-carbon]s  

1.10  0.157  

Fig. 2. Distribution of pseudo-ductile strain in the investigated configurations, HighC (right) and LowC (left).  
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the maximum stress (σmax) experienced during cyclic loading. Average 
strains were measured using an Imetrum video gauge system with a 25 
mm lens and a nominal gauge length of 125 mm for un-notched samples 
and 64 mm nominal gauge length for the open-hole samples. Damage 
growth was monitored using a DSLR vision system with a variable lens 
and the damage growth area was evaluated with ImageJ software. 

2.4. Calculation of the energy release rate 

The propensity for delamination growth between the fragmented ply 
and the intact neighbouring plies is usually characterized by the strain 
energy release rate. To examine whether catastrophic delamination will 
occur in the hybrid composite specimens, the strain energy release rate 
(GII) at the expected failure strain of the low strain material is compared 
to the mode II fracture toughness of the interface (GIIc). Equation (1) is 
adopted from the work of Czel et al. [1] to calculate the energy release 
rate in terms of the carbon stress layer (σc): 

G =
σ2

c tc(Eg(ttotal − tc) + Ectc)

4EgEc(ttotal − tc)
(1)  

where E is the Young’s modulus in the 0◦-direction, t is the nominal 
cured layer thickness for each sublaminate while the subscript g and c 
refer to the glass and carbon sublaminate plies, respectively. ttotal is the 
laminate thickness mentioned in Table 2. The stress in the carbon sub
laminate is expressed as σc. HighC and LowC comprise glass and carbon 
plies with a QI sequence with the loading in the 0◦-direction, the stiff
ness in the x-direction (Ex) for the carbon and glass plies is calculated 
from Classical Laminate Plate Theory shown in Equation (2): 

Ex =
1
t
(Axx −

A2
xy

Ayy
) (2)  

where t is the thickness of each glass and carbon sublaminate, Axx, Axy, 
and Ayy are the extensional stiffness or in-plane laminate moduli in the 
xx, xy and yy planes, respectively. The extensional stiffness is calculated 
from the following Equation (3): 

Aij =
∑n

k=1
Qk

ij(tk − tk− 1) (3)  

where Qk
ij is the stiffness matrix, tk and tk-1 is the thickness of the plies at 

k and k-1 layers respectively. The second term on the right-hand side in 
Equation (3) is also known as the nominal cured layer thickness for each 
sublaminate. The subscript ij refers to the xx, xy, and yy directions. The 
stiffness matrix is calculated by assuming plane stress conditions. It is 
possible to expand Equation (3) into Equation (4) as follow: 

Aij=

∑n

k=1

⎡

⎢
⎢
⎢
⎣

Qk
xx Qk

xy 0

Qk
yx Qk

yy 0

0 0 Qk
ss

⎤

⎥
⎥
⎥
⎦

(
tk − tk− 1) (4) 

The stiffness matrix inside the bracket is calculated using Equation 
(5) to Equation (8), taking into account the properties of the cured ply 
composite. 

Qk
xx =

Ek
1

1 − ϑk
12ϑk

21
(5) 

Fig. 3. Schematics of the a) Open-hole, and b) Un-notched specimens.  

Fig. 4. The stress–strain response of a thin-ply hybrid with Pseudo-ductility.  
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Qk
yy =

Ek
2

1 − ϑk
12ϑk

21
(6)  

Qk
xy = Qk

yx =
ϑk

21Ek
1

1 − ϑk
12ϑk

21
=

ϑk
12Ek

2

1 − ϑk
12ϑk

21
(7)  

Qk
ss = G12 (8) 

The properties E1, E2, G12, ν12, ν21 refer to longitudinal Young’s 
Modulus, transverse Young’s Modulus, Major Shear Modulus, Major 
Poisson’s ratios, and Minor Poisson’s ratio as listed in Table 1. 

The stress in the carbon sublaminate (σc) can be expressed in terms of 
the overall applied stress (σ), with the assumption of equal strain 
through the thickness of the laminate [1]. Equation (9) is used to 
calculate the stress in the carbon sublaminate and neglects transverse 
stresses at the lamina level, since the major Poisson’s ratio (ν12) for the 
glass sublaminate and carbon sublaminate are very similar, as shown in 
Table 1. 

σc =
σttotalEc

Eg(ttotal − tc) + Ectc
(9) 

The notation σ in Equation (9) is defined as the applied fatigue stress 
level which was 80 % or 90 % of σpy for the un-notched pseudo-ductile 
hybrid composites and 50 % or 70 % of the notched pseudo-ductile 
hybrid composites. The growth of delamination under fatigue loading 
can be described with respect to the cyclic energy release rate (ΔG) [40]: 

ΔG = Gmax − Gmin (10)  

where Gmax and Gmin refer to the strain energy release rate at the 
maximum stress (σmax) and minimum stress (σmin) experienced during 
the cyclic loading. Previous experiments on similar UD hybrid materials 
comprising the same combinations of epoxy matrix systems as those of 
this study [1,10,37], indicated that the Hexcel and Sky Flex prepregs 
have higher mode II toughness (GIIc~1N/mm) than those of the North 
Thin-ply Technology prepregs (GIIc~0.7 N/mm). 

By inserting Equation (3) to Equation (8) into Equation (2), Exx is 
obtained for each glass and carbon sublaminate plies. Then the stress in 
the carbon layer for HighC and LowC is calculated using Equation (9). 
Having fixed the R ratio (σmin

σmax
) as 0.1, the maximum stress and minimum 

stress are calculated by Equation (9). The energy release rate at the 
maximum (Gmax) and minimum stress (Gmin) is then calculated using 
Equation (1). Gmax and Gmin for HighC and LowC are then inserted into 
Equation (10) to yield the cyclic energy release rate (ΔG) for each hybrid 
configuration. The cyclic energy release rate for the un-notched HighC 
loaded at 80 % and 90 % of its respective σpy is 0.4 N/mm and 0.5 N/mm 
respectively. By comparing the cyclic energy release rate of HighC with 
the interfacial fracture toughness of around 0.7 N/mm, it is expected 
that a slow delamination growth would ensue. For the un-notched LowC 
loaded at 80 % and 90 % of its respective σpy, the cyclic energy release 
rate is 0.31 N/mm and 0.39 N/mm respectively which is low compared 
with the interfacial fracture toughness of 1 N/mm. The cyclic energy 
release rate for the notched HighC loaded at 50 % and 70 % of the un- 
notched σpy is 0.2 N/mm and 0.37 N/mm, respectively. For the 

notched LowC loaded at 50 % and 70 % of the un-notched σpy, the cyclic 
energy release rates are 0.15 N/mm and 0.3 N/mm, respectively. The 
cyclic energy release rate calculations for the notched samples are done 
using the net section equivalent stress values of the notched laminates 
considering the un-notched stress values and the experimentally calcu
lated notch intensity factors reported in Table 3. 

3. Results and discussion 

3.1. The static tensile behaviour of un-notched and notched specimens 

The stress–strain results for the investigated un-notched configura
tions show an initial linear response followed by deviation from line
arity, a plateau, a second linear part and load drop (see Figs. 5-6). The 
deviation from linearity is marked by a knee-point stress (σpy) as shown 
in Figs. 5 and 6, where the established fragmentation of the 0◦ carbon 
plies is the reason for the appearance of this knee-point [3,8,23]. 
Dispersed fragmentation and stable pull-out of the fragmented 0◦ carbon 
plies from the surrounding plies contribute to the plateau development 
in both stress–strain curves. When the fragmentation of the carbon plies 
is saturated and they cannot contribute further to the load-carrying 
capacity of the hybrid composites, the increase in load is carried by 
the remaining intact plies causing a rise of stress shown as a second 
linear part in the stress–strain curves. The final stage is shown as a load 
drop which indicates the loss of the hybrid composite’s structural 
integrity. 

Table 3 summarizes some calculated values of the hybrid configu
rations. It should be noted that the reported values are averages of six 
specimen measurements. Due to the higher proportion and stiffness of 
the carbon layers in the HighC laminate, a higher improvement in the 
initial modulus is observable compared to the LowC laminate. Higher 
pseudo-ductile strain and a better load recovery after the plateau were 
obtained for the LowC laminates compared with HighC. This is due to 
the lower relative carbon thickness and the better properties of the S- 
glass layers in the LowC specimens compared with HighC glass layers 
that had a lower strain to failure. 

The stress–strain curves for the open-hole configurations based on 
the gross-section stress display a linear response followed by a load drop 

Table 3 
Summary of the test results for the un-notched hybrid specimens.  

Specimen 
type 

Pseudo- 
yield strain 
(%) 

Pseudo-yield 
stress (MPa) 

Final 
failure 
strain 
(%) 

Pseudo- 
ductile 
strain (%) 

Final failure 
stress (MPa) 

Initial 
modulus 
(GPa) 

Improvement in modulus 
compared to the pure 
glass (%) 

Notch 
intensity 
factor (NIF)   

Relative carbon to 
laminate thickness 
(%) 

HighC 0.92 ± 0.05 339 ± 2 1.95 ±
0.14 

0.94 ± 0.14 378 ± 18 36.5 ± 0.2 54  0.94  22.5 

LowC 1.80 ± 0.02 379 ± 6 3.5 ±
0.10 

1.30 ± 0.05 504 ± 18 25.1 ± 0.1 6  0.88  15.7  

Fig. 5. Results of the tensile tests for HighC samples.  
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(see Figs. 5 and 6). The Notch Intensity Factor (NIF) value 1̴ in Table 3, 
evaluated as the ratio of the net section strength of the open-hole 
specimen to the un-notched specimen [13], indicates that the net sec
tion strength of the laminate does not change significantly due to the 
existence of the open-hole. The laminates showed reduced notch sensi
tivity by redistributing stress through subcritical damage mechanisms, i. 
e. dispersed delamination and fragmentation around the hole tips, as 
discussed in detail previously [13]. 

3.2. The fatigue response of un-notched PDH composites 

A series of fatigue tests were conducted at two chosen load levels for 
the un-notched configurations: 80 % and 90 % of the un-notched σpy. 
The stiffness reductions (EN/Eo) as a function of number of cycles are 
shown in Figs. 7 and 8, where EN is the laminate stiffness at a certain 
number of cycles and Eo is the initial laminate stiffness at zero cycles. 
The stiffness without the carbon plies was calculated from the rule of 
mixtures assuming that the composites lost the whole contribution from 

the carbon plies. For the HighC fatigued at 80 % of the un-notched σpy, 
no obvious stiffness reduction was observed up to 100,000 cycles which 
indicates the absence of damage initiation and development. This is 
because the applied strain (0.74 %) is well below the static fragmenta
tion strain (0.92 %), and no carbon fibre fragmentation was observed. In 
addition, both glass and carbon fibre composites in the HighC configu
ration are thin-plies that can suppress matrix microcracking [1,41,42] 
thus resulting in negligible stiffness loss. For the LowC, fatigue testing at 
80 % of σpy shows a 5 % reduction of the stiffness in the first 10,000 
cycles and the laminate lost 9 % of its initial stiffness at 90,000 cycles. 
When LowC was further fatigued until 100,000 cycles, there was no 
stiffness reduction and they were still able to sustain the load without 
failure. LowC was fatigued at 1.44 % strain level that was well below the 
fragmentation strain (1.80 %), therefore the stiffness reduction of 9 % at 
100,000 cycles can be attributed to matrix microcracking, evidenced by 
visible oblique strips running at an approximate angle of 60◦ on the 
laminates surface in Fig. 9, originating from the tensile stress in plies off- 
axis to the loading direction [43–45]. 

Fig. 6. Results of the tensile tests for LowC samples.  

Fig. 7. Normalised stiffness versus number of fatigue cycles for the un-notched laminates fatigued at 80% of the σpy.  
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As seen in Fig. 8., for HighC, when fatigued at 90 % of the σpy, the 
strain level is at 0.83 %, a stiffness reduction of 9 % was recorded at 
around 2000 cycles and a sudden failure occurred after that number of 
cycles. Although no visible damage was observed on the specimen 
before the failure, it is expected that the stiffness reduction can be 
attributed to the carbon fibre fragmentation. This is because the strain 
level of 0.83 % is apparently within the statistical range for carbon 
fracture to take place, so most likely HighC had some limited fragmented 
0◦ carbon plies that did not result in delamination. The final stiffness for 
HighC without the carbon contribution is 48 % and the final stiffness 

without the carbon and 60-degree Xstrand-glass plies is 33 %. As shown 
in Fig. 8, the final stiffness of the HighC never reached the reduced 
stiffness without the carbon plies’ contribution. This reflects that the 
carbon plies did not reach fully saturated fragmentation or delamination 
and the fragmented carbon plies could still contribute to the stiffness. 
HighC has a cyclic energy release rate of 0.5 N/mm, compared with the 
interfacial fracture toughness (0.7 N/mm), and no delamination was 
observed during fatigue loading. The thin carbon and thin glass plies can 
suppress matrix microcracking [41,42,46] and keep the stresses 
concentrated around the fractured carbon plies until a catastrophic 

Fig. 8. Normalised stiffness versus number of fatigue cycles for the un-notched laminates fatigued at 90% of the σpy.  

Fig. 9. Typical damage mechanisms for the un-notched HighC and LowC composites.  
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failure occurs after about 2000 cycles. 
When LowC was fatigued at 90 % of the un-notched σpy, a significant 

stiffness reduction of 47 % was recorded at 10,000 cycles just before the 
final failure. The stiffness without the carbon contribution is 77 % and 
the final stiffness without the carbon and 60-degree S-glass plies 
contribution is 52 %. The final stiffness of LowC went below the stiffness 
without the carbon plies contribution which means that the laminates 
have lost the stiffness contribution from the carbon plies and the glass 
plies off-axis to the loading direction due to matrix microcracking. This 
is in agreement with the literature review [43–45], where transverse 
matrix cracking was attributed to the stiffness loss in conventional QI 
laminates. It is evident that at 90 % of the un-notched σpy, the applied 
strain level of 1.63 % is within the statistical range for carbon fracture to 
take place, resulting in fragmentation of the 0◦ carbon plies during fa
tigue loading, followed by delamination between the 0◦ carbon plies and 
the remaining intact plies. A similar behavior was observed by Suwarta, 
et. al. [23] for the stiffness loss of UD thin-ply hybrid composites made of 
thin-ply TC35 carbon/epoxy composites sandwiched between standard 

thickness S-Glass/913 epoxy composite. Based on their experimental 
work, it was observed that when UD hybrid specimens are fatigued at 90 
% of σpy, TC35 fragmentations and growth of delamination from the 
fragmentations caused stiffness reduction as the number of cycles in
creases. As shown in Fig. 9, the delaminated areas observed during fa
tigue loading grew gradually with an increasing number of fatigue 
cycles and eventually joined the neighbouring delaminated areas. 
Delamination is visible as the lighter areas due to the translucent nature 
of the glass/epoxy outer layers of the hybrid composites and the well 
bonded areas appear black. Due to a large difference between the cyclic 
energy release rate (0.39 N/mm) compared with the interfacial fracture 
toughness (1 N/mm) in the LowC, the delamination grew very slowly 
with advancing number of cycles. This growing delaminated area shown 
as the lighter areas is also running at an approximate angle of 60◦ which 
correlates with the angle of the S-Glass outer layer. The probable 
explanation for the angle of the delaminated area is delamination 
originating from the off-axis glass plies, beside the delamination be
tween the 0◦ T300 carbon layer and 0◦ S-Glass/913 layer originating 

Fig. 10. Relation between stiffness loss and increasing number of fatigue cycles for open-hole LowC and HighC fatigued at 50% and 70% of the un-notched σpy.  

M. Fotouhi et al.                                                                                                                                                                                                                                



Composites Part A 163 (2022) 107206

9

from the fragmented 0◦ carbon plies. The matrix microcracking occurs 
because of the high tensile stresses in plies off-axis to the loading di
rection [47–49]. LowC specimens experience higher strain levels 
compared with HighC samples at the given stress levels, almost 80 % and 
90 % of the respective Pseudo-yield strains (%) listed in Table 3. As a 
result, for a given stress level, the matrix cracking and delamination 
damage initiation and propagation in HighC is restricted, whereas LowC 
samples experience earlier matrix cracking and delamination. Please 
note that there are two white dots on the bottom left of Fig. 9 which are 
created by a white marker for strain measurements. 

3.3. The fatigue response of the open-hole PDH composites 

Fig. 10 shows the results for the open-hole laminates that were 
fatigued at 50 % and 70 % of the un-notched σpy. The damage mecha
nisms observed at different numbers of cycles for the open-hole lami
nates fatigued at 50 % and 70 % of the un-notched σpy are illustrated in 
Fig. 11. 

For the open-hole HighC at 50 % σpy of the un-notched σpy, there was 
negligible stiffness reduction up until 100,000 cycles. From Fig. 11, 
there is no obvious damage or delamination seen on the surface of this 
hybrid specimen which is consistent with the negligible stiffness 
reduction up until 100,000 cycles. Previous work [13]on the tensile tests 
of the open-hole samples showed that the stress concentration around 
the hole, σnom/σmax = 3.13 calculated from the theoretical stress con
centration factor, results in some invisible damage around the hole of 
the HighC and LowC samples at a strain level of around 70 %. However, 
the damage events occur only locally at the hole vicinity and do not 
change the overall stiffness. For the HighC open-hole laminates fatigued 
at 70 % of the un-notched σpy, a 5 % reduction of normalised stiffness 
was recorded at 3000 cycles after which sudden failure occurred as 
shown in Fig. 10. For this hybrid configuration, the stiffness before the 
final failure never reached the estimated stiffness with no carbon ply 
contribution. Although the strain level at 70 % of σpy is below the sta
tistical range for carbon fracture to take place without a notch, the 3.13 
stress concentration around the hole would facilitate damage initiation 
and growth [47]. In HighC delamination damage propagates from the 
fractured carbon plies due to the difference between the cyclic energy 

release rate at 70 % of the un-notched σpy (0.31 N/mm) compared with 
the interfacial fracture toughness (0.7 N/mm). The delamination prop
agates across the width, reducing the effective cross section, and the 
laminate can no longer tolerate the damage resulting in a sudden brittle 
fibre failure. The final failure of the open-hole HighC fatigued at 70 % 
σpy is a typical brittle failure. This brittle failure type for the thin-ply 
composites was also reported by other researchers [41,42,46]. The 
delamination size can be seen as the lighter area, this small delamination 
size is attributed to the ability of both Xstrand-glass and M46JB thin- 
plies to suppress matrix microcracking and delamination initiated by 
the local fibre failure near the hole [1,41,42]. The open-hole HighC 
fatigued at 50 % σpy did not fail after 100,000 cycles. 

When the open-hole LowC was fatigued at 50 % of the un-notched 
σpy, it was observed that the stiffness of this laminate gradually de
creases up to around 10 % of the initial stiffness at 90,000 cycles. From 
Fig. 11, there are some visible oblique stripes that are associated with 
matrix microcracking originating from the tensile stress in plies off-axis 
to the loading direction [44–46], causing the stiffness reduction for the 
open-hole LowC. For the un-notched LowC, the laminate lost 9 % from 
its initial stiffness at 90,000 cycles which is similar to the stiffness 
reduction of the notched LowC fatigued at 50 % of the un-notched σpy. 
Whereas for LowC fatigued at 70 %, a gradual stiffness reduction was 
observed up until 30,000 cycles when a reduction of 41 % was recorded, 
as shown in Fig. 10. Similar to the un-notched sample, the normalised 
stiffness of the open-hole LowC went below the estimated stiffness with 
no carbon plies contribution. This is because as well as the damage 
mechanisms of fragmentation of the T300 carbon layer, and delamina
tion between the 0◦ T300 carbon layer and 0◦ S-Glass/913 layer, there 
was matrix microcracking and associated delamination in the glass plies 
off-axis to the loading direction. The open-hole LowC did experience 
final fibre failure as well, however, there is a significant area of 
delamination and matrix cracking before the final fibre failure as shown 
in Fig. 11. There is a large difference between the cyclic energy release 
rate (0.3 N/mm) compared with the interfacial fracture toughness (1 N/ 
mm), in the LowC fatigued at 70 %, helping to avoid sudden failure and 
to release the high stress concentration around the hole by fragmenta
tion and dispersed delamination of the carbon plies, which prolongs the 
fatigue life of the open-hole LowC. 

Fig. 11. (a) Typical damage mechanisms for the open-hole laminates fatigued at 50% of σpy and 70% of σpy.  
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4. Conclusions 

This paper provides a comprehensive investigation of the static 
tension and tension–tension fatigue behaviour of two different quasi- 
isotropic pseudo-ductile thin-ply carbon/glass epoxy hybrid compos
ites. An understanding of the fatigue performance is accomplished, 
highlighting the key parameters affecting the fatigue behaviour. The 
important key parameters are the ply thickness, the cyclic energy release 
rate and the interfacial fracture toughness. Un-notched and open-hole 
configurations with different ply thicknesses and material properties 
are examined and the following is concluded:  

• A successful pseudo-ductile un-notched behaviour which also 
showed notch-insensitivity was achieved through subcritical pseudo- 
ductile damage mechanisms, i.e. fragmentation and dispersed 
delamination. 

• The investigated laminates demonstrated a good fatigue perfor
mance with no sudden failure up to 100,000 cycles when fatigued 
well below the carbon layer fracture strain, i.e. at 80 % of σpy for the 
un-notched configuration and 50 % of σpy for the open-hole 
configuration.  

• The un-notched LowC fatigued at 80 % of the σpy experienced some 
matrix cracking and stiffness reduction, whereas the HighC did not 
experience any visible damage and stiffness reduction.  

• By increasing the stress level to 90 % of the σpy, there is a gradual 
stiffness reduction due to the appearance of matrix cracking, frag
mentation and dispersed delamination in the un-notched LowC. 
Whereas there is no visible damage such as matrix cracking for 
HighC, however, there is some stiffness reduction due to fragmen
tation of the carbon fibre, and the final failure is more brittle and 
happens at a lower number of cycles compared with LowC. 

• For the open-hole laminates (fatigued at 70 % of the σpy), fragmen
tation and delamination release the stress concentration and the 
delamination then spreads gradually across the width of the spec
imen. A larger number of cycles and a higher damage area were 
observed before the final failure for LowC in comparison with HighC.  

• Different fatigue behaviours in HighC and LowC are attributed to the 
lower amount of carbon and a larger difference between the GIIc 
value and the cyclic energy release rate in LowC, making the lami
nate more damage tolerant and redistributing the stress/damage 
over a larger area resulting in a gradual failure. 

• Due to the translucent nature of the glass layers, the damage evo
lution during the fatigue test of the investigated hybrids was 
observable with a naked eye, allowing in-situ inspection of the 
damage and correlating it with the stiffness reduction of the 
laminates. 
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