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ABSTRACT. Advanced polymer matrix composites are gaining the market in
their way due to their exceptional specific stiffness, specific strength, fatigue,
and corrosion resistance in the field of Auto-Tech, Aero-Tech, Biotech, etc.
However, the lack of ductility and catastrophic failure has limited their
application in these areas. Hence there is a need to explore the state of art
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technological developments in designing toughened composites by
minimizing their factor of safety. A new generation of high-performance
composites with pseudo-ductile or ductile behavior is essentially required for
the fiber-reinforced composite structures to mitigate the catastrophic failures.
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Imperial College London working to address this challenge by developing
newer materials. The various fiber architectures made under this project gave
a more gradual failure rather than catastrophic failure with improved
mechanical properties. This review mainly focuses on summarizing the
pseudo ductility evolution in fiber-reinforced composites by eminent
researchers with a possible alternative like fiber positions in matrix materials
for introducing reasonable ductility in composites.
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INTRODUCTION

n the present scenario development of novel materials is more prominent to change the world towards the modern
lane. Advanced composite materials are in excellent development due to their superior properties such as high specific
strength, stiffness, lower density, and lower thermal expansion. But, a major drawback of these composites is the lack
of ductility [1]. These composite materials will exhibit catastrophic failure within the linear elastic response which is shown
in Fig. 1a. This failure begins with delamination or interlaminar failure between the plies in laminates. It may occur due to
the consequence of imperfections in the production process or the effects of external factors during the service life of the
composite laminates, such as the impact of foreign objects, etc. The unfavorable nature of failure in polymer composites is
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to restore with a set of design and manufacturing considerations. Hence, there is a growing interest in the area of pseudo-
ductile concepts. This is driven by reducing the safety factor in the design of composites without affecting the stiffness and
toughness |2]. The ductile failure is most desirable; this can be achieved by introducing various state of art techniques for
pseudo-ductile mechanisms within the reinforcements like fiber hybridization, Fiber position, and Interfacial slip in
discontinuous fiber composites [1]. The key terms of pseudo ductile stress-strain curves are:
a) Pseudo ductile strain(epg): It is the difference between final strain, and elastic strain at the same level of stress based
on the initial modulus which is shown in Fig. 2.
b) Pseudo-yield stress (opy): It is the stress level at which the tensile response has a significant deviation from the initial
linear elastic behavior.
¢) Pseudo-yield strain (epy): It is the strain level at which the tensile response deviates significantly from the initial linear
elastic behavior.
Detailed discussions on pseudo-ductile mechanisms are thoroughly discussed in the following paragraphs.
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Figure 1: Plot showing stress versus strain and Load versus displacement a) Catastrophic Failure of the composite, b) Effect of
Hybridization and, ¢) Sudden Drop in hybrid Composite
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Figure 2: Schematic of a pseudo ductile stress-strain curve.

FIBER HYBRIDIZATION

iber hybridization is a promising strategy in which two or more fiber types are tailored to get optimized properties
in their behavior of composite laminates as shown in Fig. 1b. The two types of fibers are typically referred to as
lower elongation (LE) and higher elongation (HE) fibers. The one which fails first normally is the LE fiber and
secondly the HE fiber. The higher elongation fiber does not necessarily have a larger strain but it is always greater than the
LE fiber [2]. The most commonly used fibers in FRP composites and their strain to failure are displayed in Fig. 3. The fibers
which are having higher modulus have lower strain to failure. For example, it was known that carbon fiber has more brittle
behavior with linear elastic region there after a complete failure has been reported. But in the case of glass fibers, a marginal
yvielding takes place before the complete failure. Fiber Hybridization leads to a change in failure strain and failure mode [2],
and functionally graded hybrid composites made of Glass Carbon fibers showed a gradual failure in their behavior [3]. But
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the hybrid effect is the result of stacking sequence, yarn arrangement, and volume fraction [4-7]. HE and LE fibers can be
combined in different configurations while manufacturing the FRP composites. But the interlayer and intra-yarn
configurations were most commonly used and are shown in Figs. 4a & 4b and their failure strains are shown in Figs. 5a &
5b. When LE and HE fibers are reinforced in a common matrix the strength of LE fibers is enhanced, hence it is termed a
hybrid effect. The load transfer from LE fibers to HE fibers without complete debonding of LE fibers leads to attain
higher strain to failure. But in some cases, if LE fiber fails there is a sudden drop in the stress was noticed, this is due to the
unpredicted breakage of LE fibers with complete debonding occurring at the failure strain and this can be observed in Fig.
1c. This kind of failure can prevent the superior performance of composites. In most of the hybrid composites, the stacking
sequence and the volume fraction of HE fibers showed a positive hybrid effect this can be realized in Fig. 5a.
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Figure 3: Failure of different fibers by maximum strain [19-38].
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Figure 4: Artistic images showing a) Intetlayer or layer-by-layer b) Intralayer or yarn-by-yarn and c) Intrayarn or fibre-by-fiber

The joint HiPerDuCT program between the University of Bristol and Imperial College, London has been working to address
the most critical limitation of current FRP composites concerning their brittleness by introducing pseudo-ductility. Through
this approach yielding as in the case of metals can be achieved by incorporating fiber hybridization, fiber orientation, and
novel architecture techniques. Under this program composites developed using thin plies along with novel architectures
showed more gradual failure compare to the traditional FRP composites|[15]. Thin Carbon plies composites showed an
improvement in various mechanical properties as compated to laminates developed with standard fiber/plies of relatively
higher thickness than thin fibers. This is due to good fiber packing with uniform dispersion (reduced resin-rich regions),
low void volume fractions, and homogenous microstructures [16]. Gergely Czel. et.al.[17] carried out experimentation to
demonstrate the pseudo-ductility by using the concept of thin-ply hybrid laminates. The hybrid composites were developed
by sandwiching the Carbon plies between the Glass plies. Progressive failure is one of the key factors to overcome
catastrophic failure in FRP composites, to achieve this the strain energy require for stable pull-out of the central layer( LE
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fibers) should be less than the energy required for delamination. A schematic of the stress-strain response of standard-ply
and thin-ply hybrid composite laminates and the typical appearance of the thin-ply hybrid specimens at different damage
phases is shown in Fig. 6. In this work, the lower volume fraction of carbon showed prominent pseudo-ductile nature of
the failure. The lower volume fraction of LE fiber in the combination of high modulus carbon with E glass and Basalt and
high modulus Carbon with standard Carbon fiber results in good pseudo ductile nature of failure [18]. Gergely Czel. et.al.
[19] have designed thin-ply unidirectional (UD) interlayer hybrid composites comprising S-glass with different types of thin
carbon prepregs to explore the characteristics of pseudo-ductility. The stitching of hybrid laminates was followed [17], to
satisfy the constant pseudo-ductility failure for UD glass/ carbon interlayer hybrids. Resulting, the layup sequence of
SG/XN802/SG showed a higher initial modulus with 2.64% of pseudo-ductile strain. Stable pull-out of fiber and multiple
cracks were formed on the central (carbon) prepregs of laminates which leads to overcoming the sudden drop in stress and
exhibits the pseudo-ductile failure which is showed in Fig. 7. The failure mechanisms in thin-ply UD Carbon/Glass hybrid
laminates were investigated by using the acoustic emission (AE) technique [21]. The number of Carbon plies to be used for
stable crack propagation is considered based on Analytical modeling[20]. It was observed that the amount of high AE signal
amplitude during the fragmentation of the carbon layer was shown in Fig. 8 [21]. The pseudo ductile response of all Carbon
/epoxy UD hybrid composites was studied by Gergely Czel. et.al.[22]. The stitching of all Carbon/epoxy hybrid laminates
was followed based on the damage mechanisms [17]. The tensile test response of the M55 configuration provided a high
initial modulus of 160 GPa with a pseudo yield stress of 1400 MPa and 0.83% of pseudo yield strain as shown in Fig. 9a.
Similarly, 50 grams per square meter (GSM) XIN-80 blocked type material showed 245 GPa in initial modulus with a yield
stress of 990 MPa and the highest pseudo strain of 0.94% as compared to all the configurations shown in Fig. 9b. And also,
a similar kind of pseudo ductile failure was observed in IM7(12K unsized intermediate modulus Carbon fiber) /T 700(12K
sized high strength Carbon fiber) /PA-12 intra-tow hybrid composites concerning non-hybrid composites[23]. Gergely Czel.
et.al.[24] showed that proper hybridization can lead to eliminating the stress concentration in tensile and compressive
loadings.
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Figure 5: Influence of Stacking sequence on failure strain: a) Inter ply and b) Intra ply [5,6,8—14]
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Figure 6: A schematic plot showing the stress versus strain response of standard-ply and thin-ply hybrid composite laminates [22]
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Figure 7: Optical microscope image indicating Carbon-ply fragmentation in a “1 ply carbon” hybrid composite [17]
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Figure 8: Stress-strain and AE energy distribution for a typical MR40/S-Glass type specimen [21].
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Figure 9: Plot showing a) Stress versus Strain of M55 configuration and b) Stress versus Strain of T1000/XN-80 configuration[22].

1t’s not possible to conclude that only one parameter i.e thickness of Carbon plies helps to induce the pseudo-ductile nature
of the failure. Because the yield strength, modulus, and interlaminar strength of constituent materials may also influence it.
The analytical model was developed by Meisam Jalalvand et.al. [25] to explain the influence of different parameters on the
gradual failure and pseudo-ductility of thin UD hybrid laminates. Meisam Jalalvand et.al [26] proposed the analytical method
by considering the stress level for each damage mode. The proposed damage model is the compilation of three stages i.e (i)
fragmentation in low-strain material, (i) delamination, and (iii) failure of the high-strain material. The failure of both low
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and high-strain materials can be predicted by comparing the values of stress against the tensile strength of lower and higher
elongation fibers. Each damage mode stress was calculated by referring to the equations which are listed in Tab. 1. Eqn. 1
describes the stress developed during the fragmentation of lower elongation fiber, and Eqn. 2 describes stress developed
during the delamination process using the critical energy release rate. And the final failure stress in the laminate depends on
the failure of higher elongation fiber which was calculated using Eqn. 3. Pseudo-ductile strain and yield stress are considered
as two main parameters representing the performance of the UD hybrid composites. Resulting in an increase of both the
pseudo-ductile strain and the yield stress values by increasing the stiffness and strength of the lower-strain material. The
highest values of pseudo-ductile strain and yield stress are independent of the interface toughness [25]. Damage patterns
indicated that the thickness of carbon plies plays a major role in the introduction of pseudo ductility[20-25]. For the Carbon
S-Glass epoxy hybrid composite, an increase in hybridization effect up to 20 % for 29 um carbon layer thickness, but it was
observed that no significant effect for thicker plies laminates. The positive influence of the hybrid effect depends on the
thickness of carbon plies. This is due to the constraining effect of the critical cluster which leads to the breakage of fiber at
the fiber and ply level [27]. Fragmentation was observed in the woven CFRP layer when the thickness was below 14% in
UD self-reinforced polypropylene (SRPP) hybrids. This yields the gradual failure of composite laminates [28]. In thin
continuous hybrid composites, the pseudo ductile response does not influence by a change in the temperature range -50 °C
to 80 °C as compared with discontinuous thick hybrid composites. The change in the response of discontinuous thick hybrid
composites was also noticed because the temperature has a strong influence on the interlaminar behavior of the hybrid
composites[29].

Damage Modes Equations
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Table 1: Summary of the stress in the laminate for each damage mode[20]

Novel properties in materials should not be limited to one kind of loading that leads to constraints to exposure in the
commercial market. UD and quasi-isotropic (QI) hybrid composite laminates showed to have excellent pseudo-ductility
responses in quasi-static and high strain rates conditions [30] which helps to develop the composite with the reduced factor
of safety under tensile loading. To extend the benefits of the pseudo ductility concept, Putu Suwarta et.al. [31] have carried
out an experiment to demonstrate the effect of pseudo ductility over fatigue loading. Free fragmentation of carbon layers
in heavily loaded hybrid composite leads to a sudden reduction in stiffness as compared to pristine hybrids under fatigue
loading. The shear behavior of the pseudo ductile CFRP laminates was studied by Yu-Chien Ho [32] and the study was
based on the effects of the UD prepreg size on the punch force, punching resistance (Ks), quality, and sheared surfaces of
the through-holes.

FIBER ORIENTATION

The purpose of maintaining the least orientation is to overcome the sudden drop in stress after the matrix crack.

Introducing this concept yields to induce extra strain before the failure. The theory behind this concept is initial
cracking of the matrix leads to delamination between the layers of laminate refer to Fig. 10. b. Due to this the orientated
fibers rotates towards the loading direction shown in Fig. 10.c. This mechanism may induce an extra amount of strain for
the failure of laminates.

T o introduce pseudo ductility, the orientation of the fiber will be maintained in the direction of the axis of loading.

22



\ V. 8. Uppin et aliz, Frattura ed Integrita Strutturale, 65 (2023) 17-31,; DOI: 10.3221/IGF-ESIS.65.02

a) b) 1T c) T

7/ Loading 7 Matrix Crack

— —

Delamination

/

Fiber Cracks
Figure 10: Images showing (a) Front view and side of fiber orientation, (b) Matrix crack and delamination, and (c) Orientation of fiber
towards loading direction.

Matrix

J.D. Fuller et al.[33] have successfully investigated the effect of fiber orientation in Carbon/epoxy prepregs for inducing
pseudo ductility in polymer composites. Stacking of laminas made in the sequence of [+Qs|, for the different angles like
+150, £200, £250, +£300 £450 to make laminates. It was noticed that the fiber orientation of +450 results in higher non-
linear strain-strain behavior due to yielding under tensile loading as shown in Fig. 11 with reduced stiffness. Out of all
orientations, the balanced property was achieved for an angle +25¢ with maximum stress of 927 MPa and a pseudo ductile
strain of 1.23% which is shown in Fig. 12. The concept of fiber orientation and fragmentation of thin carbon plies was used
in building the [+Qm/Qo]s laminates [34]. Demonstration of pseudo ductility was carried out by analytical modeling and
experimentation was done for the stacking configuration [ £26°n/0]s (where n=4,5) as shown in Figs. 13. a and 13. b. The
layup [ £26"5/04]s shows a prominent pseudo-ductile strain of 2.2% as compared to [ £26%/01] s. The thin angle ply
laminates of [£206s]s, [£275]s exhibit ductile behavior rather than pseudo ductile; this behavior was observed due to the effect
of orientation with [+0s] fibers. Further, it was also found that the material stiffness was increased for repeated cyclic
loadings. But for otientation [£265/0]s author obsetved a reasonable amount of pseudo-ductility with gradual failure of 0°
layers in the stacked plies of laminates [35].

Figure 11: Necking of £45° angle thin carbon/epoxy prepreg laminate [33].
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Figure 12: The pseudo-ductile response of thin ply (+25) catbon/epoxy laminate [33].
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Figure 13: UD CFRP Laminates a) Stacking configuration of [ £26%/04]s b) Stacking configuration of [ £26%/04]s

The analytical method for thin-ply CFRP angle-ply laminates was developed by J.D.Fuller et. al.[36] with an associate of
matrix plasticity and reorientation of fiber towards the loading direction. This method stands good for [0s]s laminates with
an orientation ranging from 15° to 45° For the validation, purpose author correlated the developed model with the
experimental results of J.D. Fuller et. al.[33]. The plie orientations of 259, 26° & 270 show promising results with minimal
deviation as compared to experimental results as shown in Fig. 14. Also, the modeling has allowed direct identification of a
particular fiber angle that exhibits strength of more than 900 MPa, strain to failure is greater than 3.5%, with the pseudo
ductile strain of 1.2%.
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Figure 14: Stress versus Strain response comparison in analytic method(dotted lines) and experimental method (solid Lines) [36].

Two different types of hybridization were considered [T1000/XN80/T1000] and [MR-60/XN80/MRG0] to know the
tensile response for notched and un-notched Carbon/epoxy hybrid laminates. Each UD sub-laminates were stitched by
comprising the lower strain and higher strain fibers; the further building of blocks forms a quasi-isotropic composite as
shown in Fig. 15. The non-linear, pseudo ductile stress-strain response was observed for both grades of quasi-isotropic
unnotched (QI-UN) laminates. Reducing notch sensitivity can be achieved by increasing the ratio of pseudo-ductile strain
to yield strain[37]. The tensile test was conducted on standard modulus- standard modulus (SM-SM) [+265/0]s and
intermediate modulus- high modulus (IM-HM) [£252/0]S laminates [38] under unnotched and open hole conditions. The
author concluded that both grade laminates are notch insensitive; due to the redistribution of stress around the notch in
laminated composites|37-38]. Bearing failure of pseudo-ductile composites was examined by double shear—lap bolted joint
in tensile mode[39]. Progressive failure was obsetved for both SM-SM [£26°/0] s4 and IM-HM [£25°/0] s> laminates. SM-
SM [£26°/0] s4 laminate grade showed higher ultimate failure stress as compared to IM-HM [+259/0] s, regarding Figs. 16.
a & 16. b. The pseudo ductile behaviour of [£277/0]s fiber otientation composites after the pre-indentation and pre-impact
studied by Alessia Prato et.al.[40]. Pre-indention samples showed nonlinear stress-strain behavior with the pseudo ductile
strain of 2.95% and 0.7% for indented fully damaged (Ind_FD), Indented interrupted (Ind_Int), respectively. Finally, it was
observed that pre-damaged samples also exhibit pseudo ductility behavior. The concept of orientation dispersion [41-42] in
quasi-isotropic laminates were used to overcome the free edge delamination and to reduce the notch sensitivity. The stitching
of quasi-isotropic hybrid laminates as per the new layup concept is shown in Fig. 17. This idea is showing a non-linear
response of the tensile test for [45G/90G/-45G/0G/0C/45C/90C/-45C]s and [60G/-60G/0G/0C/60C/-60C]s was
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observed with 1% of pseudo—ductile strain before the final failure and also laminates were almost free from free edge
delamination as obsetved from Fig. 18 [41].
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Figure 15: Schematic of hybridization of laminates [37]
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Figure 16: a) Bearing stress-displacement curves of the SM-SM b) Bearing stress-displacement curves of the IM-HM [39]
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Figure 17: The dispersed orientation stacking method[41]
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Figure 18: Free edge delamination in the configuration of [45G/90G/-45G/0G/0C/45C/90C/-45C]s [41]

The details of fiber orientation and fragmentation effect on yield stress and pseudo ductile strain are displayed in Fig. 19.
The +20° fiber position showed a higher stress value but a less pseudo ductile response and the reverse case was noticed
for +45° orientation. Balanced properties were noticed for [£277/0]s due to the stable fragmentation of 0° plie and
complete reorientation towards the loading direction.
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Figure 19: Orientation influence on yield stress and Pseudo ductile strain (Figure is plotted without considering LE fiber volume fraction)
[33,34,37,38,40,42]

INTERFACIAL SLIP IN DISCONTINUOUS FIBER COMPOSITES

composites. In this technique, hybrid laminates were developed based on the concept of damage mechanisms for

example fragmentation of the lower strain materials, stable delamination in between interlayers, and failure of higher
strain materials[17] the schematic of this technique is shown in Fig. 20. The behavior of pseudo ductility was successtully
demonstrated for newer grade hybrid composites, in which partial and petiodic discontinuous platelets of Carbon/epoxy
prepregs were embedded between UD Glass/epoxy prepregs. Configuration of [1SG/1HS40/1SG]-12mm showed 60%
higher modulus as compared to the pure Glass/epoxy laminates with plateau stress of 860 MPa and 2% pseudo-ductile
strain [43]. The pseudo ductile strain of 0.25% was observed in samples developed using UD discontinuous aerospace-grade

I nterfacial slip in discontinuous fiber composites is another mechanism to induce pseudo ductility in polymer
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IM7/8552 Carbon fiber/epoxy prepregs with ply block thickness of 0.25mm and ovetlap length of 8mm[44]. In introducing
the pseudo ductility in interfacial slip laminated composites[43-44], platelet length and its thickness play a key role.
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Figure 20: The schematic of the intetlayer discontinuous composite [43].

The pseudo ductile failure was successfully demonstrated using intermingled and hierarchical hybrid composites [45-46].
The maximum pseudo ductile strain of 1.1% with a tensile modulus of 110 MPa was observed in high modulus Carbon/E-
glass intermingled hybrid composite [45]. The pseudo ductile response of hierarchical hybrid composites is depending on
the stress-strain response of intermingled hybrid composite and the volume fraction of LE fiber [46]. Improved specific
strength and stiffness were noticed in micro and nano-cellulose-filled polymer composites [47]. The pseudo ductile strain
of 0.04% was noticed in Glass Cellulose epoxy composite for a surface coating density of 319.08 g/m2 [48]. The uniform
surface coating of micro-sized Cellulose fibers on Glass UD plies leads to gradual failure. High Performance-Discontinuous
Fiber (HiPerDiF) method is a new high-speed process to produce discontinuous fiber architectures with high volume
fraction. It allows the manufacture of tow or tape-type prepregs with highly aligned reinforcements directly from short
fibers rather than from pre-existing tows. [45,46,49-50] The HiPerDiF method provides 67% of fibers were aligned with a
deviation of +30 and performed better in terms of mechanical properties concerning continuous fiber composites [49]. The
volume fraction of the recycled carbon fiber (+CF) in intermingled rCF/vCF composites and in interlaminated (sandwiching
the intermingled tCF/vCF composite in between UD Glass fiber layers) hybtid composites play a major role in inducing
the pseudo ductility [50]. The hybrid Carbon fiber/Self-Reinforcement Polypropylene composite has a gradual failure in
tension mode and it depends on cut length, cut friction, and step length of Carbon prepreg [51]. Gradual failure associated
with the pseudo ductile strain of greater than 10% was claimed in hybrid composites of Aligned Discontinuous Carbon
Fiber (ADCF) and SRPP|52]. Brittle to ductile phase transition was observed for the range of 6.9% to 8.6% of total volume
fraction (Vf) in randomly orientated discontinuous Catbon fibet/self-reinforced Polypropylene composites. But pseudo
ductility associated with a failure strain of 10 % was achieved for the Vf of Carbon fiber lower than 7%][53]. The concept
of interleaving helps to delay the catastrophic failure in UD composites as compared to intetlayer composites [54].

CONCLUSIONS

e The favorable pseudo ductile stress-strain response has been successfully demonstrated with different mechanisms
by various research investigators. But, the scaling effect on pseudo ductile response is yet to explore. Hence, in the
present study, a gradual failure similar to that of metals was achieved by developing hybrid laminates using thin
plies.

e The reorientation of fibers towards the loading direction and fiber fragmentation was successfully demonstrated by
existing analytical and experimentation methods. Dispersion of orientation showed that the developed composites
were free from edge delamination. But, a Bidirectional stress-strain response is yet to explore.

e The HiPerDiF method helps to develop laminates by aligning the short fibers in a specific direction with a higher
fiber volume fraction.

e The HiPerDuCT program also showed newer techniques to develop high-performance composite laminates to
overcome catastrophic failures.
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NOMENCLATURE

LE- Lower Elongation Fiber
HE- Higher Elongation Fiber

ef -

Final failure strain of the high material

of- Final failure stress of the high strain material

o- Young’s modulus ratio of the low to high strain material
B- Thickness ratio of the low to high strain material

o@rr- Laminate stress at low strain material failure

o@nr- Laminate stress at high strain material failure

o@dcl- Stress in the laminate at which delamination propagates
m -Weibull modulus of high strain material strength distribution
UD-Uni directional

QI- Quasi Isotropic

SH-Strength of the high strain material

SL-Strength of the low strain material

SI-Strength distribution average of the low strain material
EH -Modulus of the high strain material

tu-Half thickness of the high strain material

V-Volume of the specimen

Giic -Mode 11 critical strain energy release rate

Kt - Stress concentration factor
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