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Abstract

Objective of this thesis is to understand the effect of stitch parameters (stitch density, stitch
thread thickness, stitch pattern, stitch orientation) on the in-plane mechanical properties and
damage mechanisms of Vectran-stitched and Kevlar-stitched carbon/epoxy composites under
static and fatigue loads. Experimental test series comprising static tension, static compres-
sion, open hole tension, open hole compression, tension-tension and compression-compression
fatigue tests are performed. Characterization of architectural changes induced by stitching
process, e.g. fiber breakage, fiber waviness, resin-rich region, stitch debonding, and their
correlation with mechanical performance and damage mechanisms is discussed in details.
Two analytical works are also described in this thesis: first, a multi-scale modeling scheme
to predict 3-D thermo-elastic constants of stitched composites by employing asymptotic ex-
pansion homogenization method; second, application of Average Stress Criterion to predict
open hole tension strength of stitched composites. Investigation of Vectran-stitched com-
posites shows that moderately stitched composites (stitched 6x6; moderate stitch density)
under static tension experience a slight strength reduction, while densely stitched composites
(stitched 3x3; high stitch density) exhibit a modest improvement of strength in comparison
with unstitched composites. Stitching with either stitch density is found to promote a vast
number of cracks, but densely stitched composites are sufficiently effective in impeding the
growth of delamination, which translates into higher tensile strength. Accordingly, under fa-
tigue loads, densely stitched composites exhibit better fatigue life due to similar mechanism:
delamination impediment provided by the stitches. Tensile modulus of stitched compos-
ites is slightly reduced mainly due to fiber waviness. Compression tests on Vectran-stitched
composites show that regardless stitch density or thread thickness stitched composites gen-
erally exhibit lower compressive strength than unstitched composites. Stitching induces a
formation of resin-rich region, which triggers early cracking, fiber splitting and fiber kinking
at relatively lower compression load. Analytical work dealing with the predictions of 3-D
thermo-elastic constants of Vectran-stitched composites shows that homogenization results
are in a good agreement with the experiments. Investigation of Kevlar-stitched compos-
ites shows that stitched composites with hole are sensitive to stitch orientation, in which
transverse stitching (perpendicular to loading direction) significantly reduces tensile strength
due to stitch debonding and ensuing interaction amongst debondings. On the other hand,
stitched composites with holes are independent of stitch orientation because the failure is
greatly controlled by the stress concentration at the hole rims that surpasses the criticality of
stitch debonding. Thus, normal stress distribution in Kevlar-stitched composites with holes
can be estimated by Lekhnitskii theory, and open hole tensile strength can be estimated by
Average Stress Criterion. Investigation of Kevlar-stitched composites under fatigue loads re-
veals that stitch pattern of round stitching (stitches encircling the holes) reduces fatigue life
due to damage acceleration around the hole rim, whilst parallel stitching does not pose any
significant effect on fatigue life. Finally, recommendation on how to improve the mechanical
performance of stitched composites is given. This thesis endorses that stitching is an effective
through-thickness reinforcement method for composites in the next generation aircraft.

Keywords: Stitched composites, tension, compression, fatigue, damage, open hole
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Chapter 1

Introduction

1.1 Background

1.1.1 Composites in aircraft and delamination problems

Advanced composite materials have been used in aerospace industry since 1960s. In the
early years, aircraft manufacturers used composites to develop stabilizer, flap and wing skin
for military aircrafts, e.g. F-15 [45]. In 1965, McDonnell Douglas implemented composites
in commercial airplane, e.g. nacelle cowl door of DC-9. The application of composites in
commercial airplanes was then growing in a modest rate [16] (see Fig. 1.1). The reason for
the limited use of composite in commercial airplane is high cost of composite fabrication and
certification for composite components [22]. Amid cost issue, in the second millennium, a
tremendous increase of composite usage in commercial airplane was witnessed when Airbus
380, which comprises up to 22% of composites, made its maiden flight in April 2005. Af-
terwards, the use of composites went beyond 50%, and it was commemorated by the release
of Boeing 787 in 2007. The forthcoming Airbus 350-XWB that is anticipated to be flying
in 2014 would be using 52% of composites [25]. In aerospace industry, composite material
has been a preferred choice over metallic material because of its high strength-to-weight ra-
tio, high stiffness-to-weight ratio, excellent durability and non-corrosive characteristics. For
airliners, these aspects translate into higher payload-range and lower direct operating cost
(fuel, maintenance, etc.).

Albeit their growing use in commercial airplanes, composite materials employed to fabricate
airframes are mainly based on pre-impregnated laminate (pre-preg). Although the quality of
pre-preg is considered excellent, e.g. fiber volume fraction (V}) can be consistently maintained
around 60%, pre-preg is merely two-dimensional (2-D) in nature. In addition to the relatively
high cost of pre-preg production using autoclave, 2-D composites are notoriously weak in
the through-thickness direction [79]. As a result, 2-D composites exhibit poor interlaminar
fracture toughness, and thus, they are very susceptible to delamination, i.e. separation
between plies, especially when impact loading such as bird strike, debris impact or tooling
drop is involved [99]. Delamination is a critical damage because it resides in the interior of
composites, and severely reduces load-bearing capability of composite structures. Therefore,
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Figure 1.1: Weight percentage of composite materials in commercial airplanes [16]

a method to alleviate delamination in composites, or at least to reduce delamination size, is
highly desirable because damage tolerance can be enhanced.

1.1.2 Delamination suppression method: stitching

Methods to suppress delamination in composites are of various types, and they have been
developed throughout the years. The methods include the application of toughened resin [28],
interleaving concepts [32, 62], Z-pinning and stitching [107]. All methods aim at improving
delamination resistance, but each comes with its own shortcomings. Toughened resin, for
instance, is effective in increasing interlaminar fracture toughness, but it is more costly than
ordinary epoxy, which is generally used to produce composites. Interleaving, i.e. laying
films between plies, is also expensive in terms of manufacturing cost because of its slow and
arduous process; its cost is even more expensive than toughened resin. Z-pinning is also
effective in improving delamination resistance, yet it is simple in terms of implementation.
However, Z-pins may induce fiber waviness that significantly reduces compressive strength
[107]. Furthermore, if Z-pins could not be maintained to be vertically straight, through-
thickness (out-of-plane) properties of composites may also be reduced. A method to improve
delamination resistance that receives high interest is stitching. Stitching process is carried out
by simply inserting relatively thin threads into dry fabrics so that the stitch threads become
an integral part of composites. Fig. 1.2a illustrates the stitching process of a stack of fabrics,
and Fig. 1.2b shows the cross-sectional view of stitch composites. In a way, the presence of
stitch thread in composites transforms the originally 2-D composites into three-dimensional
(3-D) composites. Stitching significantly improves out-of-plane properties of composites and,
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importantly, their damage tolerance. Over the other techniques (toughened resin, interleaving
concepts, Z-pinning), stitching could be a preferred method because of following reasons: (i)
insertion of stitch yarns can be done by employing techniques commonly available in textile
industry, (ii) compared to other techniques such as weaving, knitting and braiding, stitching
offers the simplest process [107], (iii) stitching is applicable to reinforce local region, e.g.
circular cut-out, to potentially reduce the delamination growth and to join the components
[19, 50], (iv) stitching can be employed to bind complex reforms.

Wy e I I T e

Carbon/ St e S e
epoxy
Needle P
Stitch
thread T o B TR T L T A
Fabric
layers

NN

(a) (b)

Figure 1.2: (a) Stitching process of fabric layers, (b) cross-section of stitched carbon/epoxy
composites as observed from optical microscope

Early development of stitching technique for advanced composites was due to a joint venture
between NASA and Boeing [13]. NASA Advanced Composites Technology (ACT) program
was set up in 1989, and Advanced Stitching Machine (ASM) was built to produce large com-
posite wing structure by incorporating stitched/RFI (resin film infusion) technique. Since
then, research on the so-called stitched composites was spreading to other regions including
Europe, Australia and Japan. Techniques and materials to produce higher quality stitched
composites are also evolving. Incorporating high-strength threads, such as Kevlar®, car-
bon, Dyneema®, into composite systems is now common. To avoid breaking the fibers in
composites, stitching process is usually carried out on the dry preforms prior to resin infiltra-
tion process. Stitched composite can then be finally fabricated using resin transfer molding
(RTM), vacuum assisted resin transfer molding (VaRTM) or other cost-effective methods.
Despite the encouraging development of stitched composites, however, the application of
stitched composites has been very limited. To the best of author’s knowledge, there may be
two manufactures that have implemented stitched composites in aircraft structures. Airbus
applied stitched composites to fabricate rear-pressure bulkhead of A380 [26], whilst Gulf-
stream Aerospace applied stitched composites for belly fairing of Gulfstream G150 [97]. In
the future, under ACT program, NASA and Boeing are going to implement stitched compos-
ites to build a blended-wing-body vehicle X-48B (see Fig. 1.3a). A concept called PRSEUS or
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Pultruded Rod Stitched Efficient Unitized Structure shown Fig. 1.3b is initiated, and aiming
to build skin-stringer assembly whereby the joining process is carried out by several runs of
stitch threads [66, 113]. However, many aircraft manufacturers today are still reluctant to use
stitched composites. Their reluctance could stem from the fact that stitched composites are
costly. Stitching also creates initial defect so-called stitch debonding when adhesion between
stitch thread and resin is poor. The enhancement of out-of-plane mechanical properties, e.g.
impact performance, is often traded-off with the reduction of in-plane mechanical properties,
e.g. compression strength. Next two sections shall briefly discuss the mechanical performance
of stitched composites under out-of-plane and in-plane loadings.

Frame Stacks

Stitching
S i
Runs - __t:.:fl: : 9
PRSEUS Concept -
Stringer Tear Stra
Slot for Stringer - g -
Pass-thru

Stitching

Runs
Precured
Stringer > : -
Stacks ey i b ) Frame Cap
—_— Skin ICKS - Stacks

Exploded View of Preform Assembly
(b)

Figure 1.3: (a) X-48B blended-wing-body flight demonstrator developed by NASA and Boe-
ing, (b) PRSEUS concept potentially applied for X-48B [113]
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1.2 Review of Stitched Composites under Out-of-Plane
Loading

Under out-of-plane mechanical loading (e.g. mode I, impact loadings), stitched composites
generally perform better than unstitched composites. The reason is that the stitch threads are
able to provide bridging traction that impedes the delamination. Thus, damage tolerance of
composites can be enhanced. This positive aspect paves a way for many researchers to embark
on the investigation of out-of-plane mechanical performance of stitched composites because
the apparent benefit of stitching can be readily demonstrated. Several researchers found that
stitched composites exhibit an improved mode I interlaminar fracture toughness because de-
lamination growth can be inhibited by the through-thickness stitches [38, 65, 104, 107]. In
that regard, stitching is able to provide better delamination resistance by giving closure trac-
tion forces that reduce the tensile strain acting on the delamination tip. Similarly, stitching
is also effective in improving mode II delamination resistance of carbon/epoxy composites
[64]. While unstitched carbon/epoxy exhibits unstable crack growth during end-notch flexure
(ENF) test, carbon/epoxy stitched with Kevlar thread could provide traction forces to stabi-
lize the crack growth that eventually creates an increase of mode II delamination toughness
up to 3.2 times. Advantage of stitching in enhancing delamination resistance of composites
is also apparent when impact loading is involved, e.g. low-velocity and high-velocity impacts
20, 61, 72, 80, 103, 106, 121]. As illustrated in Fig. 1.4a, when a thin composite is subjected
to a drop of metallic ball in low-velocity impact case, delamination appears at the bottom
part of composite. If stitch threads are employed to reinforce the composite, post-impact de-
lamination area could be significantly reduced. Fig. 1.4b illustrates the comparison of C-scan
images between unstitched and stitched composites in which delamination area in stitched
composites is smaller than that in unstitched composites [103]. In high-velocity impact case,
stitched composites experience smaller size of bullet perforation damage as compared to un-
stitched composites. In both cases, because post-impact damage area in stitched composites
is smaller than that in unstitched composites, the residual strength (e.g. compression after
impact strength) can therefore be improved.

Unstitched Stitched
composites composites

| l | Impactor

Delamination E" E 4
<y

»
(@) (b)

Figure 1.4: (a) Thin composite under low-velocity impact, (b) comparison of C-scan images
between unstitched and stitched composites after low-velocity impact [103]

Thin
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1.3 Review of Stitched Composites under In-Plane Load-
ing

Investigation of in-plane mechanical properties of stitched composites has been carried out
by many researchers for more than 20 years. The investigation, regrettably, yields dubious
conclusion of whether stitching reduces, maintains or improves in-plane mechanical perfor-
mance of composites. Reasons for such uncertainty have been correlated with the distortion
experienced by composites during stitching process. For instance, in-plane fibers may be bro-
ken due to puncture of needle and friction of stitch thread during stitch insertion; in-plane
fiber tows may be misaligned from their principal axis; fibers may be compacted during stitch
mnsertion. To give a more thorough review, this part provides research findings of in-plane
mechanical properties of stitched composites pertaining to tensile, compression and fatigue,
as well as their corresponding damage mechanisms. Published reports of stitched composites
containing geometrical changes, i.e. holes, are also reviewed. Published works on the pre-
diction of in-plane mechanical properties for stitched composites are also discussed. In each
section, research gaps are identified.

1.3.1 Tensile characteristics and damage mechanisms

Dickinson found that tensile strength of carbon/epoxy composites is reduced by 19% due to
stitching [35]. Thuis and Bron [106] also revealed that carbon/epoxy suffers 39.7% strength
reduction when the adopted stitch density (SD) is as high as 0.10/mm?. It should be men-
tioned here that SD is defined as a number of stitch per unit area (unit for SD used through-
out this thesis is 1/mm?; more terminologies used in stitched composites shall be given in
Chapter 2). Yoshimura et al. [122] showed that tensile strength of cross-ply carbon/epoxy
laminates is reduced by approximately 16.5% when high stitch density of 0.11/mm? is used.
Kamiya and Chou [67] found that stitching reduces tensile strength and tensile stiffness
of carbon/epoxy by 10.4% and 7.5%, respectively. By incorporating Kevlar stitches into
glass/epoxy, Wu and Wang [117] found that tensile modulus is reduced by 5.4%. Ten-
sile modulus of Kevlar-stitched glass/epoxy is reduced of up to 9.4% in comparison to the
unstitched counterparts [33]. In contrast, only a few researchers have actually reported a
strength improvement of composites due to stitching [21, 85]. Nevertheless, correlation be-
tween stitching and tensile performance is made by Mouritz et al. [82, 83, 84] utilizing
published results of more than a decade. Fig. 1.5 is taken from Ref. [82], and it displays the
relationship between normalized tensile strength and stitch density (or ’z-binder content’ in
the chart) of various composite systems utilizing different kinds of stitch thread thickness and
stitch material. This paper concludes that there is no clear relationship between stitching
and tensile strength. Stitch density could reduce, maintain or improve tensile strength of up
to 20%. In some cases, the strength reduction due to stitching could be more than 30%.

Although effect of stitching on tensile strength is unclear, several mechanisms responsible
for the change of strength were proposed. Those who found that stitching improves tensile
strength propose at least two reasons: (i) stitching effectively suppresses delamination during
tensile loading, (ii) stitching increases local fiber volume through compaction effect. On the
other hand, those who found that stitching reduces tensile strength or stiffness generally
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Figure 1.5: Effect of z-binder content (stitch density) on tensile strength of various composites
(82]

pinpoint fiber waviness, fiber misalignment, breakage of in-plane fiber, resin-rich region or
their complex combination as the plausible cause [107]. Because of these conflicting results,
it is difficult to conclude under which mechanism or stitch parameters (stitch density, stitch
thread thickness, stitch configuration, stitch orientation, etc.) that the tensile properties can
be improved or reduced by stitching.

Nonetheless, above findings suggests that the change of tensile properties due to stitching is
generally related with damage mechanisms and architectural changes in composites induced
by stitching process. In this regard, characterization of both damage and architecture of
stitched composites is of great importance. Characterization of damage in general fashion
has been attempted by several researchers. Edgren et al. [41] investigated the effect of crack
density on the tensile properties of non-crimp fabrics (NCF) stitched with polyester thread.
They found that the effect of damage on longitudinal modulus is small, while Poisson’s ratio
is significantly reduced by the damage developed in stitched NCF. Truong et al. [108] found
that stitching induces a formation of resin-rich region, which is acting as damage initiation
site. Yoshimura et al. [122] reported that stitching does not affect the onset and accumulation
of cracks, and it successfully halts the progress of edge-delamination. Koissin and co-workers
[69] found that stitching induces local increase of fiber volume fraction by 16%, promotes
earlier crack formation in off-axis tows and impedes the delamination growth.

However, beyond the aforementioned findings, several key questions related to the tensile
behavior, damage mechanism and architectural changes of stitched composites have not been
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addressed: (i) what is the effect of stitch density on tensile properties and the corresponding
damage mechanisms?, (ii) what is the qualitative and quantitative description of damage in
stitched composites?, (iii) under which condition that the tensile properties in composites can
be improved or reduced by stitching; (iv) how to possibly improve the tensile performance of
stitched composites?, (v) what is the detailed description of compaction mechanism proposed
by Mouritz and Cox [82], and how it may be responsible for the change of properties or damage
mechanisms?.

1.3.2 Compressive characteristics and damage mechanisms

Failure of composites under compression is often catastrophic, and the corresponding com-
pressive strength is usually lower than the tensile strength. Because of these reasons, compres-
sive properties are frequently used as criteria in aircraft structural design. When stitching
is implemented in composites, understanding of compressive properties as well as damage
mechanisms of stitched composites is certainly essential.

Similar to the tensile case, effect of stitching on compressive properties is uncertain whether
it improves, reduces or maintains the properties. Several researchers found that stitching
does not alter compressive properties of composites. Dow and Smith [37] employed Kevlar
and S-2 glass to reinforce carbon/epoxy composites, and found that the compressive strength
of stitched composites is similar with that of unstitched ones. Du et al. [39], Harris et al.
[52] and Herszberg and Bannister [54] also found that Kevlar does not significantly change
the compressive strength of carbon/epoxy composites. While stitching was reported not to
significantly affect the compressive properties of composites, some other researchers found
that stitching could improve the compressive properties. Stitching could increase compressive
strength of composites when bi-axial stitching is employed [2]. The reason for the compres-
sive strength improvement was not explained in this case. In most cases, however, stitching
reduces compressive strength of composites. Review of compressive behavior of stitched
composites reveals that stitching degrades compressive strength by 15% [82]. Reduction of
compressive strength in stitched NCF is reported by Hesz and Himmel [56]. Reduction of
compressive strength may reach 55% depending on the type of composite system, stitching
parameters and fixtures [84]. In terms of fixture, as reported by Reeder [95], when com-
pression test is carried out by specimens with longer gage length, no appreciable change of
compressive strength is noted. On the other hand, when compression test is carried out by
short-block compression test method, the reduction of strength is apparent. This behavior is
related with the change of failure mode, whereby specimen with longer gage length would fail
in Euler buckling behavior, while the latter would fail by fiber kinking. Reeder postulated
that the failure of stitched composites under compression is greatly determined by fiber wavi-
ness. Fiber waviness and its correlation compressive strength have been widely assessed for
unidirectional or cross-ply composites [1] and 3-D woven composites [76], but not for stitched
composites (especially when stitch density or stitch thread thickness is varied).

Failure mechanisms in stitched composites under compression were investigated by several
researchers [31, 42, 95]. Three failure mechanisms were proposed:

e First mechanism: stitching suppresses the delamination, and causes composites to fail
by a combination of matrix cracking and fiber buckling;
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e Second mechanism: stitched composites failed by diagonal, shear-mode type of fracture,
while unstitched composites failed by delamination;

e Third mechanism: kinking of outer ply fibers is responsible for the strength degradation.
Kinking of outer ply fibers is due to the surface loop yarn as well as the spreading and
breakage of fibers during stitching process. This mechanism indicates that yarn tension

during stitching may cause wavy outer tows, which eventually causes premature failure
by kinking.

Three failure mechanisms above are graphically illustrated by Mouritz and Cox in Fig. 1.6
stating that fiber waviness angle (¢g) is a dominant factor determining the compressive failure
types [82]. Mouritz and Cox proposed that if ¢y is higher than the criterion given in Eq. (1.1)
any stitch densities applied to the composite system would result in fiber kinking mechanism.

_ 12a%7,
= n22E}

bo (1.1)

where a is delamination length, 7, is yield stress under axial shear, ¢ is thickness of laminate,
and E;=E,/(1-v%). However, failure mechanisms and their corresponding approximation
described in Fig. 1.6 are somewhat conservative, and may be valid only for composite with
initial and measurable delamination. Initial delamination, however, may not be detected nor
exist in composites prior to compression testing. Beyond the proposed failure mechanisms
above, to the best of author’s knowledge, no work has been done to describe the actual
sequence of compressive failure in stitched composites. A clear correlation between stitch
density, stitch thread thickness, stitch content or fiber waviness with compressive proper-
ties of stitched composites has not been addressed. Possible improvement of compressive
performance of stitched composites has not been proposed.
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Figure 1.6: A failure map for stitched composites under compression [82]



CHAPTER 1. INTRODUCTION

1.3.3 Fatigue characteristics and damage mechanisms

The behavior whereby composites fail due to repeated or cyclic stresses applied below ultimate
strength is defined as fatigue. Fatigue behavior of composites could be more complex than
static behavior. The complexity may increase with the presence of stitching in the composites.
Published reports on fatigue of stitched composites are fairly limited and diverse to suggest
a general conclusion on the efficacy of stitching in composites. A few exploratory papers
on fatigue properties of stitched composites can be reviewed in Refs. [82, 83, 84, 107]. It
is noted that one of the earliest fatigue investigations was performed by Portanova et al.
[93]. They found that stitching carbon/epoxy composites using Kevlar does not change
the compression-compression fatigue life and failure mode of carbon/epoxy. Stitching only
decelerates the progression of delamination without showing other significant advantage. The
other investigation on fatigue of stitched composites was reported by Vandermey et al. [111].
They found that stitching induces some damage in composites, but at the same time, it
is able to reduce the delamination growth. After those early investigations, a number of
researchers also investigated fatigue performance of stitched composites. Herszberg et al.
[55] revealed that Dyneema-stitched composites have better fatigue resistance than Kevlar-
stitched composites, or the unstitched ones. Experimental study by Shah Khan and Mouritz
[98] suggests that stitching significantly reduces tensile fatigue life of glass-reinforced polymer
laminates when they are subjected to tension-zero load cycle (load ratio R = 0). Aymerich
et al. [21] reported that fatigue life of matrix-dominated laminates of [£30/90]s is improved
by stitching, whilst that of fiber-dominated laminates of [+45/0/90]s is reduced. Aymerich
et al. [19] also found that fatigue life of stitched joints is improved up to five times when
stitch pitch (distance between stitch penetration holes, p) of 2 mm is employed. Mouritz [81]
found that fatigue performance of stitched laminates is reduced by nearly ten times (i.e. one
order) although the stitch content used is only 0.8%. Beier et al. [24] found that stitching
shortens fatigue life of carbon/epoxy laminates at high stresses. Damage caused by stitching
in carbon/epoxy under fatigue loading was investigated by Aono and co-workers [18, 17].
Some recent investigations on fatigue of stitched composites were reported on stitched NCF
3, 29, 110, 109]. Adden et al. [3] focused on the fatigue behavior of NCF made of glass
fibers. Damage development was captured, and stiffness degradation due to fatigue loading in
stitched NCF was numerically modeled. They found that the stiffness degradation and fatigue
crack growth in stitched NCF is dependent on stitching direction. Likewise, Vallons et al.
[109, 110] and Carvelli et al. [29] concluded that fatigue life of stitched NCF made of carbon
fibers is also highly dependent on the direction of stitching. When the direction of stitching is
in-line with the direction of fatigue loading, fatigue life of NCF can be improved, vice versa.
However, literatures of fatigue behavior of stitched composites spanning for more than two
decades indicate that the effect of stitch density on fatigue characteristics of carbon /epoxy
has not been studied, especially when it includes fatigue life, stiffness degradation and fatigue
damage mechanisms.

1.3.4 Stitched composites with holes and damage mechanisms

In aircraft structures, holes are commonly created to reduce structural weight or to facili-
tate joining. However, holes generally induce high stress concentration during loading, and
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consequently, damage is often initiated from the holes. Studies of mechanical properties of
stitched laminates with holes exist although they are very limited in number. Portanova et
al. [93] performed studies on stitched composites containing circular hole. They performed
open hole fatigue on stitched and unstitched carbon/epoxy laminates, and found that during
fatigue tests, stitching does not alter the failure mode. Thuis and Bron [106] studied open
hole strength of Kevlar-stitched carbon/epoxy laminates, and revealed that 6 mm diameter
hole degrades tensile strength by 43% and 54% for laminates with SD of 0.04/mm? and
0.10/mm?, respectively. Herszberg et al. [55] conducted open hole fatigue, and revealed that
Dyneema-stitched composites has better fatigue performance than Kevlar-stitched compos-
ites. Yoshimura [120] analyzed the effect of hole on crack and delamination progression in
stitched laminates under static tension using finite element method, and validated the an-
alytical results with the experiments. His numerical results are in a good agreement with
experiments. Chen et al. [30] found that stitching reduces stress concentration around the
hole in quasi-isotropic T300/QY9512 laminates, and open hole tensile strength remains to be
unaffected with the direction of stitching. Han et al. [50] found that round stitching (stitch
lines around circular hole) increases strain concentration factor.

Investigation of stitched composites with holes generally overlooks one of the important
stitch parameters, namely stitch orientation. Effect of stitch orientation has been commonly
performed for stitched composites without holes instead. For example, Larsson [72] reported
that tensile modulus and tensile strength of stitched carbon/epoxy are insensitive to the
stitch orientation. Experimental studies by Pang et al. [90] suggested that creep resistance
of laminates could be improved if stitching direction is aligned with the loading direction.
Experimental and analytical investigation on Kevlar-stitched T300/QY9512 performed by
Zhang and Wei [123] showed that tensile strength is not affected by stitch orientation for any
stitch densities. Comparing the results of machine-direction and cross-direction static tensile
tests of chain stitched biaxial (£45) carbon/epoxy NCF, Vallons et al. [109] found that effect
of stitch orientation is insignificant in terms of tensile stiffness and strength. It is evident that
the study of mechanical performance and failure mechanism of stitched composites containing
circular hole is still called for. Prediction of open hole tensile (OHT) strength for stitched
composites by utilizing a popular approach in industry, for instance, Average Stress Criterion
(ASC), has not been available. In fact, the prediction of OHT using ASC is useful to validate
the efficacy of that criterion for stitched composites. In addition, effect of stitch pattern on
stitched composites with holes under fatigue has not been investigated. Thus, several key
research questions in this part are summarized as follows: (i) what is the effect of stitch
orientation on tensile properties and damage mechanisms of stitched composites?, (ii) how
to predict open hole tension strength of stitched composites?, (iii) what is the effect of stitch
pattern, for example round stitching and parallel stitching, on the mechanical performance
and damage mechanisms of stitched composites with holes under fatigue?.

1.3.5 Predictions of thermo-elastic constants of stitched compos-
ites
During material selection process, knowledge of basic thermo-elastic constants of composites

is very important. Thermo-elastic constants would often be obtained by extensive experimen-
tal testings. Albeit important, such testings are costly and time consuming. To complement
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the tests, it is useful to use analytical models so that the effect of certain parameter or
constituent on the thermo-elastic constants of composites can be assessed.

Analytical models to fully predict thermo-elastic constants for stitched composites are very
few. Most models deal with mechanical properties. Dickinson et al. [36] proposed a 3-D unit
cell model with star pattern to evaluate the elastic properties of stitched composites. Grassi
et al. [47] proposed two models: the first model was used to evaluate the elastic constants
and local stress distribution, and the second model was used to study the interlaminar shear
stresses. Hesz et al. [57] proposed a unit cell model built in ANSYS to predict elastic
constants of stitched NCF. A unit cell model for predicting 3-D mechanical properties of
laminates containing through-thickness reinforcement is built using voxel mesh approach [49].
A unit cell model for Z-fiber is proposed by Krueger, in which finite element code based on a 2-
D general Cosserat couple stress theory was developed [70]. Finite element code FLASH was
used to predict compressive strength of fiber composites [100]. Prediction of elastic properties
of stitched composites by representative volume element was proposed by Riccio et al. [96].
Fiber tow properties were calculated using micromechanics-based rule of mixture. Three
finite element models were developed for NCF: one lamina model, two cross-ply laminates
model of [0/90]; and [0/90]s. FE commercial code ANSYS was used throughout the modeling
[46]. However, the existing models only produce mechanical properties. Often, the models
are not robust enough in the sense that it is time consuming (for example, voxel mesh [49])
and connectivity between plies may not be compatible in evaluating stress distribution and
interaction of damages between plies. Prediction of thermal expansion coefficients of stitched
composites is often disregarded. Thus, models to fully predict 3-D thermo-elastic constants
of stitched composites are still needed in this respect.

1.4 Problem Statements and Objectives

Apart from the existing propositions to explain the in-plane mechanical behavior of stitched
composites under static and fatigue loads, many aspects in stitched composite are not clearly
understood. This is due to the fact that systematic and detailed studies have not been
carried out, and clear justification has not been made. The need to construct a deeper
understanding of basic in-plane mechanical characteristics of stitched composites is what
motivates this thesis.

This thesis generally aims to understand the effect of stitch parameters on in-plane mechanical
characteristics and damage mechanisms of stitched carbon/epoxy composites under static
and fatigue loads. Effects of various stitch parameters, namely stitch density (moderately
stitched, densely stitched), stitch orientation (longitudinal stitch, transverse stitch), stitch
pattern (round stitch, parallel stitch) on the properties are discussed. Two stitch materials
are studied, namely Kevlar-29 and Vectran® (Kuraray). Vectran is relatively new material,
which is employed to produce airbag landing for NASA’s Mars Pathfinder. The strength of
Vectran is comparable to that of Kevlar, which is a popular choice among through-thickness
reinforcement yarns. Another advantage of Vectran is that it has very low moisture absorption
that is beneficial for composites applied in wet environment. Vectran-stitched composites are
studied because their basic in-plane mechanical characteristics under static and fatigue are
not available in the literature. Complete characterization of Vectran-stitched composites
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subjected to interlaminar tension tests (so-called ITT and DCB tests), low-velocity impact
and compression-after-impact was performed by Tan [102].

In conjunction with the investigation of mechanical properties, damage mechanisms related
to stitch parameters are also elucidated. Practical aspect dealing with holes in stitched com-
posites is described in details. Analytical works in this thesis are (i) to propose robust models
to predict 3-D thermo-elastic constants of stitched composites by employing asymptotic ex-
pansion homogenization method, (ii) to clarify a criterion to predict open hole tension (OHT)
strength of composites, namely Average Stress Criterion (ASC). Experimental and numerical
investigations pertaining to the general objective are listed below:

o Effect of stitch density on the tensile characteristics and damage mechanisms of Vectran-
stitched carbon/epoxy composites

e Analytical models to predict 3-D thermo-elastic constants of stitched composites

e Effect of stitch density and stitch thread thickness on compressive characteristics and
damage mechanisms of Vectran-stitched carbon/epoxy composites

e Effect of stitch density on fatigue life, stiffness reduction and fatigue damage mecha-
nisms of Vectran-stitched carbon/epoxy composites

e Tensile characteristics and damage mechanism of Kevlar-stitched carbon/epoxy com-
posites with and without holes by considering stitch orientation, and applicability of
ASC on stitched composites

e Fatigue characteristics and damage mechanisms of Kevlar-stitched carbon/epoxy com-
posites with holes by considering stitch pattern of round stitch and parallel stitch

1.5 Overview of the Thesis

The thesis is divided into seven chapters as follows.

Chapter 1 discusses the background and objectives of the research. Literature survey of in-
plane mechanical properties of stitched composites, particularly under static tension, static
compression, fatigue, spanning for more than two decades is provided. Studies on stitched
composites with holes are discussed. Existing analytical methods to predict mechanical
properties of stitched composites are also discussed. Objectives and overview of the thesis
are also given.

Chapter 2 discusses Vectran-stitched carbon/epoxy composites under tension. Effect of stitch
density on the in-plane mechanical properties as well as underlying damage mechanisms under
static load is discussed. Two types of stitched composites are assessed: moderately stitched
composites and densely stitched composites. Characterization of architectural changes in-
duced by stitching process, namely fiber waviness and fiber compaction, is given. Models
to predict thermo-elastic constants of stitched composites using homogenization method are
given. Predicted properties of stitched composites obtained by homogenization method are
compared with tensile test result.
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Chapter 3 discusses Vectran-stitched carbon/epoxy composites under compression. Compres-
sive characteristics of moderately and densely stitched composites as well as their damage
mechanisms. In addition, effect of stitch thread thickness on compressive properties is also
discussed. Correlation between measured fiber waviness and compressive properties is estab-
lished. Damage characterization is also performed to study the detailed damage sequence in
stitched composites under compression.

Chapter 4 discusses Vectran-stitched carbon/epoxy composites under fatigue. Effect of stitch
density on the tension-tension (T-T) fatigue characteristics and damage mechanisms is dis-
cussed. In conjunction with Chapter 2, moderately and densely stitched composites are
studied. Effect of stitch density on fatigue life, stiffness degradation and fatigue damage
development is assessed.

Chapter 5 discusses Kevlar-stitched carbon/epoxy composites with and without holes under
tension. Effect of stitch orientation on tensile properties and failure mechanisms is assessed.
Stitch orientations are of longitudinal (parallel to loading direction) and transverse (perpen-
dicular to loading direction) stitching. Effect of stitch debonding on failure characteristics
is discussed. Normal stress distribution at the hole rim of Kevlar-stitched composites with
hole is predicted using Lekhnitskii theory, and experimentally validated. The applicability
of Average Stress Criterion to predict open hole tension strength of stitched composites with
holes is investigated.

Chapter 6 discusses Kevlar-stitched carbon/epoxy composites with holes under fatigue. Three
cases are experimentally studied in this chapter: (i) tension-tension (T-T) fatigue life and
damage mechanism of stitched composites with round stitch (encircling the hole), (ii) T-T fa-
tigue life and damage mechanism of stitched composites with parallel stitch, (iii) C-C fatigue
life and damage mechanism of stitched composites with parallel stitch.

Chapter 7 compiles all concluding remarks from the investigation discussed from Chapter 2
to Chapter 6. Chapter 7 also gives overall conclusions on the viability of stitching as rein-
forcement method, and recommendations to improve the mechanical properties and damage
characteristics of stitched composites.
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Chapter 2

Vectran-stitched carbon/epoxy
composites under tension

2.1 Overview

First part of this chapter discusses the experimental investigation of tensile characteristics and
damage mechanisms of Vectran-stitched carbon/epoxy composites. Effect of stitch density
on the tensile properties (tensile strength, tensile modulus, Poisson’s ratio, failure strain) is
evaluated. Composite specimens are unstitched, moderately stitched and densely stitched
composites. Fiber waviness in composite is measured with the aid of optical microscope, and
the correlation between fiber waviness and tensile properties is established. Measurement
of local fiber volume fraction is performed to investigate the fiber compaction mechanism.
Damage mechanisms in unstitched and stitched composites are described qualitatively and
quantitatively based on acoustic emission test and X-ray radiography results. Effectiveness
of stitching in composites is discussed. Second part deals with analytical models to predict
3-D thermo-elastic constants for Vectran-stitched composites utilizing asymptotic expansion
homogenization method. Tensile modulus and Poisson’s ratio obtained from homogenization
method are compared with experimental results.

2.2 Experimental Detalils

2.2.1 Materials

Composite system used in present investigation is Vectran-stitched carbon/epoxy compos-
ites. Carbon is T800SC-24kf (Toray Industries), while the epoxy is XNR/H6813 Denatite
(Nagase ChemteX). Stitch material used as through-thickness reinforcement is Vectran HT
(Kuraray), which is a thermotropic liquid crystal polymer. A liquid crystal is categorized as
"thermotropic’ if its phase transforms into either isotropic or conventional crystal at a certain
range of temperature [53]. Mechanical and thermal properties of T800SC [7], XNR/H6813
[4] and Vectran [8, 78, 92] are provided in Table 2.1.

15



CHAPTER 2. VECTRAN-STITCHED UNDER TENSION

Table 2.1: Mechanical and thermal properties of carbon fiber, epoxy resin and Vectran stitch

Carbon fiber Epoxy resin  Stitch thread

Properties Unit T800SC-24kf XNR/H6813 Vectran HT

Er GPa 294 8.96 75
Er GPa 6.50 8.96 3.00
Grr GPa 18.20 3.45 5.00
Grr GPa 6.50 3.45 5.00
vrr = 0.32 0.35 0.30
vrr - 0.41 0.35 0.30
Out MPa 5880 50 3200
er % 2.0 5.7 3.8
ds pm 5 - 24

P g/ecm®  1.81 1.23 141
o 10-5/K  -0.56 65 -4.80
ar 10-/K  5.60 65 5.00

Fabrication of composite system is performed by Toyota Engineering Corporation using spe-
cialized method derived from the one in Ref. [119]. The fabrication is carried out by at least
two processes: (i) preparation of carbon preforms (stitched and unstitched preforms), (ii)
curing process. It is important to note that in between the processes measurement of fiber
volume fraction of both preform and cured plate is carried out. In the first fabrication pro-
cess (preparation of preforms), a base-plate with a number of surrounding pins is employed
to arrange twenty layers of dry T800SC fibers. Layer or tow orientation of the preforms
is [+45/90/-45/0,/+45/905/-45/0]s. This tow orientation is not quasi-isotropic because its
in-plane layers do not have the same number of fibers in certain direction. In this case, the
composite system contains 30% of 0°, 30% of 90°, 20% +45° and 20% of —45° tows.

To produce stitched preforms, the distance between two stitch lines (spacing, s) and the
distance between two stitch knots (pitch, p) are prescribed in order to determine the stitch
density (SD). SD denotes a number of stitch per unit area (unit is 1/mm?), and can be
calculated using following expression

1
SXp

SD = (2.1)

After defining the stitch density, stitching process is performed by inserting twisted Vectran
threads into the dry preforms. Linear density (u) of Vectran thread is 200 denier (22.2 tex;
40 filaments per yarn). Vectran is selected due to its high strength and stiffness comparable
to Kevlar-29, yet it has much lower moisture regain as compared to Kevlar. For instance,
at 293 K (20°C) and relative humidity of 90% , moisture regain of Kevlar is 5.4, while that
of Vectran is less than 0.1. Insertion of stitch threads adopts modified-lock stitch type. The
illustration of modified-lock stitch and terminologies used in stitching process can be seen
in Fig. 2.1. In modified-lock stitch type, needle and bobbin threads are parallel with z-axis
and y-axis, respectively. This stitch type provides orthogonal binding to the preforms that
restricts a possible movement in z-, y- or both directions.
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Figure 2.1: Modified-lock stitch pattern and terminologies used in stitching process

To produce unstitched preforms, similar process with the one used to fabricate stitched
preforms is employed, except that some tooling adjustments are made in such a way that
specified areas in the preforms are not penetrated by the stitch needles. The specified area
in this regard is the dimension of unstitched test samples. Thus, the rest of the areas in the
preforms contains several runs of stitch thread forming a frame-like pattern.

In the second process (curing process), epoxy resin (XNR/H6813) is infused into the carbon
preforms by means of Resin Transfer Moulding (RTM) process. Epoxy is cured at 393 K
(120°C) for 2 hr and, subsequently, at 453 K (180°C) for 4 hr. Nominal dimension of
composite plate is 310 mm long and 205 mm wide with the target thickness of 4 mm.

In present experiment, three composite types are prepared based on the prescribed stitch
densities, namely (i) "unstitched’ (s = 0, p = 0, SD = 0.0, volume fraction of stitch yarn V,
= 0.0%), (ii) moderately stitched composite so-called 'stitched 6x6’ (s = 6 mm, p = 6 mm,
SD = 0.028/mm?, V; = 0.088%), (iii) densely stitched composites so-called 'stitched 3x3’ (s
=3mm, p =3 mm, SD = 0.111/mm?, V; = 0.350%). V; can be calculated using following
formula 5
V, = —
SXp

(2.2)

where A, is a cross-sectional area of the stitch thread. A, is determined from the area
measurement of stitch cross-section obtained from optical microscopy. Composite specimens
used in this experiment can be seen in Fig. 2.2, where it displays unstitched, stitched 6x6
and stitched 3x3 specimens. .

2.2.2 Fiber volume fraction measurement

As mentioned in Section 2.2.1, fiber volume fraction was measured for preforms and cured
plates of three specimen types. The measurement was performed by Toyota Engineering
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Unstitched Stitched 6x6 Stitched 3x3

(@)

Figure 2.2: Composite types used in static tension tests: (a) unstitched, (b) stitched 6x6
(moderately stitched composites), (c) stitched 3x3 (densely stitched composites) (dimension
in mm)

Corporation as well. Preform is called 'pre-RTM specimen’, while cured plate is called "post-
RTM specimen’. Fiber volume fraction of pre-RTM specimens (V},) is calculated using
following expression

wP

prlwt

Vip = (2.3)

where w, and py are the measured weight of the preform and the density of fiber, respectively.
w, is given in Table 2.2, while p; is already given Table 2.1. Length (I), width (w) and
thickness (t) were obtained by measuring the dimension of the pre-RTM specimen. Thickness
was measured on nine measurement points described in Fig. 2.3. These points are denoted
as Al, A2, A3, Bl1, B2, B3, C1, C2 and C3. Vj, can then be calculated using Eq. (2.3),
and the result is shown in Table 2.2. Vj, for unstitched, stitched 6x6 and stitched 3x3 is
50.2 + 0.6%, 49.2 £+ 0.4% and 52.2 + 0.3%, respectively.

Measurement of fiber volume fraction for post-RTM specimens (V;) was carried out using
density method. Dimension of composite plate, including length, width and thickness, was
first measured. Thickness of post-RTM specimen was obtained by averaging the thicknesses
measured from the nine points described above. In addition, weight of the specimen in open
air (W,) and under the water (W,,) was measured. V} is calculated using following expression

V — pc_pr
Pf— Pr

(2.4)

where p. and p, are density of composite plate and density of resin, respectively. p, is density
of epoxy, and can be obtained from Table 2.1. p, is estimated by dividing weight of composite
plate in the water (W,,) with its volume, and it is obtained by following equation

Wapu
Pe = m (25)

Vjp for post-RTM specimen can be seen in Table 2.3. Vj, for unstitched, stitched 6x6 and
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stitched 3x3 is 53.3 + 0.3%, 53.8 £+ 0.4% and 54.3 &+ 0.2%, respectively.
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Figure 2.3: Location of thickness measurement points for pre- and post-RTM specimens
(dimension in mm)

Table 2.2: Fiber volume fraction of preforms (pre-RTM specimen)

Type Plate [ w t w, Vi Vi (Avg.)
code (mm) (mm) (mm) (g) (%) (%)
Fi-1 305 210 443 £020 260 50.6
. F1-2 305 210 447 +023 260 50.1
Unstitched g3 305 210 4524023 260 405 02+06
Fl-4 305 210 442+ 019 260 50.7
. Fo-1 321 215 438 £007 271 495
Stitched 6x6 g0 o 390 916 444 +004 272 49 92+ 04
Stitched 33 FFL 020 217 A41BE007 276 624 .. oo

F3-2 320 218 421 £0.04 277 52.0

2.2.3 Tensile test specimens

Test specimens were prepared by cutting post-RTM specimen using water-cooled cutting
machine AC-400CF (Maruto). Cutting direction is in-line with the direction of stitch needle
threads, which is the loading direction as well. Nominal dimension of test specimen is 250 mm
long and 25 mm wide, which adopts the standard test specimen recommended by SACMA
SRM 4R-94 [12] (see Fig. 2.4). After the cutting process, edges of test specimen were polished
three sequential times using rough (grit #500), moderately smooth (grit #1000), and very
smooth (grit #1200) rotating abrasive papers. At least three test specimens were prepared
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Table 2.3: Fiber volume fraction of cured plates (post-RTM specimen)

Plate ! w t W Wy Vi Vi (Avg.)
re  ode (mm) (mm) (mm) (9 () (%) (%)

F1-1 297 208 413 389.06 133.12 53.2

. F1-2 300 208 413 38944 133.01 53.3
Unstitched  p1 3 550 908 413 38817 13318 536 °oo+03

F1-4 300 208 412 388.57 133.16 53.4

) F21 310 208 412 40023 137.70 540
Stitched 6x6 £y o 319 908 414 40175 137.78 535 o0 £ 04

. F31 310 205 416 40295 13880 541
Stitched 3%3 pap 310 208 413 40328 13025 544 0 02

for tensile test. For acoustic emission test, one specimen was prepared, while for damage
characterization, three test specimens were prepared for each specimen type. Table 2.4
shows the detail specification of test specimens including code, dimension, physical property
and quantity of samples for each test. Specimen codes for unstitched, stitched 6x6 200d and
stitched 3x3 200d are TN-x, TS62-x and TS32-x, respectively, whereby x denotes sample
numbering.

250
150
50
N Grippingarea [ """ TTTTT@m 77777 Giippingarea
e )\_ _____ \_\_‘ _____
Stitch thread (needle Strain gage Strain gage
thread) (transverse) (longitudinal)
Back-to-back strain gage Thickness ()
installation SG2 SG1 }
| =
SG4 SG3 t

Figure 2.4: Tensile test specimen (dimension in mm)

2.2.4 Tensile test procedures

Tensile test was carried out using servo-hydraulic machine Instron 8802 that has load cell ca-
pacity of 100 kN (maximum tension). Loading rate applied during tensile test was 1 mm/min.
The test specimens used no tabs during the test. Instead, wedge grips, which are capable
of preventing the specimen slippage during the test, were employed. Environment setting
was set at room temperature of 293 K (20°C). Personal computer containing Wave Logger
software (Keyence) was used to register load and displacement data. Stress is evaluated by
dividing the load with gross area (width x thickness) of the test specimen, while strain is
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Table 2.4: Specification of test specimens for tension test

Parameter Unit Unstitched Stitched 6x6 200d Stitched 3x3 200d
Code - TN-x TS62-x TS32-x
s mm - 6 3
p mm - 6 3
SD 1/mm? - 0.028 0.111
m denier (tex) - 200 (22.2) 200 (22.2)
Vs % - 0.088 0.350
Vs % 53.3 £ 0.3 23.8 £ 04 4.3 £ 0.2
t mm 4.15 + 0.02 4.14 + 0.03 4.17 + 0.03
w mm 25.05 £ 0.15 24.56 + 1.14 24.76 £ 0.17
l mim 249.56 &= 1.51 250.31 £ 0.26 250.0 £ 0.0
%% g 39.16 &+ 0.39 38.33 + 2.16 38.90 £+ 047
5 g /cm® 1.51 + 0.0 1.50 + 0.01 1.51 + 0.01
3 (tensile test) 3 (tensile test) 4 (tensile test)
Quantity  pes 1 (AE test) 1 (AE test) 1 (AE test)
3 (X-ray) 3 (X-ray) 3 (X-ray)

measured using four strain gages (Kyowa) in back-to-back configuration (see Fig. 2.4). Dis-
tance between two strain gages is 50 mm. This distance provides sufficient clearance between
two strain gages, and easy guidance across all samples. Two strain gages (SG1 and SG3)
are used to record longitudinal strains, whilst the others (SG2 and SG4) are used to record
transverse strains. Strain values displayed in the stress-strain curve were the averaged values
of two strain gages.

From the tensile test, stress-strain curves as illustrated in Fig. 2.5a were obtained. Mechanical
properties obtained from stress-strain curves are static tensile strength (o), failure strain
(f), tensile modulus (E,) and Poisson’s ratio (v,,). Data reduction process to evaluate those
properties can be reviewed in Ref. [12]. Maximum point of the stress-strain curve is o, that
is obtained by dividing the maximum load with gross area of specimen. The corresponding
strain with respect to oy, is €. E,, also known as initial modulus, is calculated by following

equation
02—

E,= (2.6)

Er2 —E€r1

where £71 and £, are 0.1% and 0.3%, respectively, while ; and o5 are their corresponding
stresses. £y, is an average value of two longitudinal strain gages attached back-to-back in the
specimen. To obtain Poisson’s Tatio v,,, Fig 2.5b can be referred to, and following equation

can be employed
—&r3 —ET1

Upy = ———————— (2.7)

€2 — €1

where, £1; and £, are 0.1% and 0.3%, respectively. £y and e are the corresponding strains
obtained from transverse strain gages.
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Figure 2.5: Schematic of (a) stress and longitudinal strain, (b) stress and transverse strain

2.2.5 Damage characterization procedures
Acoustic emission test

Damage characterization for unstitched and stitched composites under static tension is firstly
carried out by acoustic emission (AE) test. AE test is performed to specifically monitor the
damage accumulation by capturing transient waves emitted by rapid strain energy release
generated by the development of damage modes in composites, namely delamination, matrix
cracking, fiber breakage, etc. The particular objective in present AE test is to understand
the effect of stitch density on the damage activity within composites. It seeks to answer
the following question: how stitch density may affect the damage stages and accumulation
in composites during static tensile test. AE test is formally proposed by Lomov et al. [75]
to be included in the study of damage initiation and development in textile composites. As
shown in Fig. 2.6, AE test was done by mounting two AE sensors (Channel 1 and Channel 2)
onto the surface of the specimen in a linear configuration. Resonant frequency of the sensor
is 150 kHz (PAC R15I). The distance between two sensors is 80 mm. To improve sound
energy transmission between sensors and the specimen, a couplant material, i.e. vacuum
sealing compound (Shin-Etsu Silicone), is also applied to the interface between sensors and
the specimen [105]. AE hit threshold is 60 dB, a limit where transverse crack or delamination
is commonly detected by AE sensors [99]. The specimen is then tensioned until it fails, while
AE data (AE hit, AE count, AE energy, duration, frequency, amplitude, etc.) recorded
by two AE sensors is registered and processed using Samos AE System (Physical Acoustic
Corp.).
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Figure 2.6: AE test setup: positioning of AE sensors on the specimen

Interrupted test and X-ray radiography

Damage characterization was also performed by conducting interrupted test and X-ray ra-
diography. This damage characterization aims at identifying the damage modes as observed
from X-ray images, and analyzing the growth of damage modes in qualitative and quantita-
tive manners. Interrupted test was carried out by testing the specimen under static tension
with a loading rate of 0.5 mm/min. The test was halted at several strain levels of 0.5%,
0.6%, 0.7%, 0.8%, 1.0% and 1.2%. Test specimen was removed from the testing machine.
Zinc Iodide (Znl) penetrant was then applied to the edges, front and back faces of the spec-
imen in order to enhance the contrast of the damage. To obtain X-ray image, the specimen
was subsequently exposed to the soft X-rays by employing Softex SV-100AW machine. The
setting for X-ray radiography process was 17.5 kVp (maximum voltage applied across an
X-ray tube), 1.5 mA (current-used to generate X-rays) and 8 min (exposure time). The
trace of damages in the specimen was then printed on negative film (Envelopak IX, Fujifilm
Industry). Analog-to-digital image conversion was done by using Epson GT-X970 dual-lens
scanner with a resolution of 2400 dots per inch. After digital image of X-ray had been ob-
tained, qualitative assessment of damage was performed by identifying the damage modes,
categorizing the damage modes, monitoring the growth of each damage mode. Monitoring
the growth of damage stage-by-stage aims at giving general insight on how the damage may
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initiate, how the stitches may affect the damage mechanisms in composites and how the
damage mode may interact one another. Quantitative damage assessment is subsequently
performed by measuring/counting and evaluating the growth rate of each damage mode.

Optical microscopy

Optical microscopy is performed to assist the damage characterization by X-ray radiography.
It aims to provide a magnified view of various damage modes found in composites. The optical
microscopy is carried out using Digital Microscope Keyence VHX-900. After a specimen
had been subjected to tensile loading at certain stress or strain level, and prior to X-ray
radiography, the specimen was put under microscope. Microscopy images of the surfaces
and edges of the specimen were obtained using digital data acquisition system. The type of
damage, for instance transverse crack, and its corresponding growth was noted.

2.2.6 Local fiber volume fraction measurement
Overview of fiber compaction mechanism

One of the drawbacks of stitching process is that the fiber tows of the preforms are locally
compacted. The so-called compaction mechanism due to stitching results in a local increase
of fiber volume fraction. Compaction mechanism and its possible relation with mechanical
properties of stitched composites is first coined by Mouritz and Cox [82]. To give a better
understanding of the compaction mechanism during stitching process Fig.2.7a can be re-
viewed. It illustrates the schematic of (0°/90°/0°) tows before and after stitch insertion.
Before the insertion of stitch thread, fiber tows are assumed straight and possess 'lower V.
After the insertion of stitch thread, the tows are halved, and each one-half move sideways
due to, primarily, tensioning force applied during stitching process. The tow region adjacent
to the stitch thread is the most compacted region, in which the gap among fibers becomes
narrow (higher V}’). Compaction of fibers due to stitching process is further enhanced by
curing process, e.g. RIM. During RTM process, stitched preforms are permeated by resin,
and compressed (pressurized) to ensure proper resin infiltration and dimensional similarity,
i.e. similar thickness, across all batches of stitched composite plates. Thus, the tow region
adjacent to the stitch thread, which is already compacted, is even more compacted after
RTM process. Fig.2.7b shows the cross-sectional view of 0 ° tows in stitched composites after
RTM process. It shows that in the region adjacent to the stitch threads (or between two
stitch lines), fiber compaction is apparent. Within this region, the gap among fibers becomes
extremely narrow. Due to this reason, the fiber volume fraction in this vicinity is locally
increased. Based on this observation, local fiber volume fraction (V},;) of stitched composite
would therefore be slightly higher than that of unstitched composites. In present study, it is
proposed that Vj; between two stitch lines could be used as an indicator for the existence of
fiber compaction mechanism in stitched composites.

When fiber compaction is experienced by off-axis tows, e.g. 90°, early crack initiation may
occur. Thus, in this thesis, it is also proposed that fiber compaction is considered the plau-
sible reason for early initiation and rapid development of cracks in stitched composites. The
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Before stitch insertion After stitch insertion

Most compacted region

Figure 2.7: (a) Schematic of fiber compaction process before and after stitch insertion, (b)
cross-sectional view of compaction between stitch threads

mechanism follows this process: when a fiber tow is compacted, the gap between fibers
within the tow is reduced. As such, stress concentration in the matrix phase among fibers is
high, and fiber/matrix debonding easily occurs. The coalescence of a number of fiber/matrix
debondings may induce interfiber breakage, and causes rapid development of off-axis cracks.
The failure process at fiber/matrix interface has actually been investigated by Hobbiebrunken
et al. [58], and they suggested that the microscopic stresses in fiber/matrix interface are in-
fluenced by the distance between fibers, difference of CTE between fiber and matrix, fiber
diameter, fiber shape, relative.position between fibers and matrix yield stress. In present
case, distance between fibers is a parameter that is greatly influenced by the stitching pro-
cess through compaction mechanism. Nonetheless, report of the quantification of Vj; in
stitched composites is very limited. The earliest Vy; measurement is probably conducted by
Weimer and Mitschang [115]. They measured Vj; around stitch holes, and found that Vj
is relatively low. Their results did not, however, reflect the compaction mechanism due to
following reason: the Vj; measurement was only performed on the samples containing higher
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amount of resin, which are obtained from a region around stitch penetration holes (resin-
rich region). Beyond the measurement done by Weimer and Mitschang, V}; measurement,
especially between two stitch lines, has not been available in literature. Following sections

describe the detail of Vj;; measurement between two stitch lines by two methods: burn-off
test and optical microscopy.

Burn-off test

It is important to note that the measurement of Vj; is different from the measurement of V;
described in Section 2.2.2. V}; in this part is obtained by conducting burn-off test that adopts
JIS Standard K 7079-1991 (Testing Methods for Fibre Content and Void Content of Carbon
Fiber Reinforced Plastics) [9]. The method consists of weight measurement of sample, burn-
off of the sample using fire flame, re-measurement of the remaining sample and calculation of
volume fraction. However, the sample size does not comply with the one specified in Ref. [9].
The sample size, especially for the stitched composites, is customized to facilitate the present
Vi measurement. As shown in Fig. 2.8, sample was cut between two stitch lines, and it
only includes volumetric section where compaction effect would likely to occur. Width of the
sample is smaller than the stitch spacing (s). It should be mentioned here that the sample
does not include needle and bobbin threads. For unstitched and stitched 6x6 specimens,
length of the sample is 10 mm, width is 4.4 mm and thickness is 4 mm. For stitched 3x3,
because the spacing is only 3 mm, width of sample is 2.1 mm.

Width
g Sample
= .
_.g,} : | Width |
S ° : Length
5 N :
\_ ------- -
W — t

Needle | Bobbin
thread thread

spacing

Figure 2.8: Sample for V}; measurement by burn-off test

Three to five small samples were prepared from two batches of each specimen type. The
samples were weighed in open-air condition and under the water using specific gravity mea-
surement kit (Shimadzu SMK-01). The temperature of the water was 297 K (24°C) and
density of water (p,,) was determined from the look-up table (p,, = 0.997296 g/cm?). The
sample was subsequently wrapped using Nickel Chromium (NiCr) wire with melting tem-
perature of 1673 K (1400 °C) to ensure that it was still intact during burning process. The
diameter of NiCr wire is 0.23 mm. The wrapped sample was weighed again in open-air con-
dition. After the weight measurement process, the wrapped sample was tied to an additional
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100 mm-long NiCr string. Metal tweezer was used to hold the NiCr string, and the sample
was then burned using Piezo gas torch lighter (GT Prinee 8000) under fume hood. It is note-
worthy that the fire flame coming out of the gas torch usually consists of two parts: outer
flame and inner flame. The sample is burned by the tip of inner flame. After the burning
process, the remains, which consist of only carbon fibers, were put on the ceramic plate. It is
important to note that carbon fibers were not decomposed during burn-off process because
its decomposition temperature is as high as 3773 K (3500°C). The weight of the remains
including the NiCr wire was measured. After the measurement and burning process, local
volume fraction of fiber (Vy;), resin (V) and void (V,;) were evaluated based on the formula
given in Ref. [9].

Optical microscopy

Second measurement of Vy; is performed with the aid of digital microscope (Nikon Eclipse
MA200). Two samples with dimension of 18 mm long and 18 mm wide are cut from each
specimen type (unstitched, stitched 6x6 and stitched 3x3). The edges of sample are polished
using rotating abrasive papers. The sample edges, specifically in 90 ° tow, are then observed
under optical microscope with the magnification of up to 2000x. Several images of fiber
arrangement in 90° tows are obtained. The measurement of Vy; is done by measuring the
area of the fibers occupying a selected region, and dividing the total fiber area with the area
of the region. The result of V}; measurement obtained by optical microscopy is compared
with that obtained by burn-off test.

2.2.7 Fiber waviness measurement
Description of fiber waviness

Fiber waviness is defined as a local deviation of fibers with respect to their predetermined axis.
Fibers appear wavy, and the waviness is often approximated by sinusoidal function. Fiber
waviness differs from fiber misalignment. In the latter, fibers deviate from proper alignment
of the whole laminates. Fiber waviness is a processing defect that affects the mechanical
performance of composites, especially under compression, and the magnitude of thermal
expansion coefficients. Fiber waviness is mainly caused by dimension of specimen, cooling
rate and tool plate materials during curing process [71]. In present study, wavy fiber tows
are also found in both unstitched and stitched composites. The direction of waviness can be
in-plane and out-of-plane. Photomicrographs of out-of-plane waviness and in-plane waviness
of on-axis fiber tows (0° tows) can be seen in Figs. 2.9a and 2.9b, respectively. Fig. 2.9a is
a cross-sectional view of composite in z — z plane with pre-determined observation length (1)
and thickness (t), while Fig. 2.9b is cross-sectional view of 0° tow of stitched composite in
x — y plane.
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Figure 2.9: (a) Out-of-plane waviness, (b) in-plane waviness

Measurement of out-of-plane and in-plane waviness

In present study, observation of waviness in both directions is carried out using optical
microscope. Based on the optical microscopy images, two parameters are introduced to
represent the waviness, namely waviness amplitude and waviness angle. Four parameters are
measured, namely out-of-plane waviness amplitude (@, ), out-of-plane waviness angle (o),
in-plane waviness amplitude (a;,) and in-plane waviness angle (¢;y).

Out-of-plane waviness In-plane waviness

y Reference
X line Resin-

rich
ion

$z  Reference line
Midline of 0° tow

=%

S
@

dout = tan™ (@ourX) | én = tan(aiV/X)
(a) (b)

Figure 2.10: Measurement method for (a) out-of-plane waviness, (b) in-plane waviness

As illustrated in Fig. 2.10a, a,, is measured by discretizing 0° tow image using points made
in the centerline of the tow. It is important to note that the measurement of waviness was
performed on 0° tow only because the mechanical properties of composites under tension
are mainly controlled by the degree of waviness in this on-axis tow. In each specimen there
are six 0° tows (three tows seen on the right edge and three tows seen on the left edge).
Observation length (I) is approximately 10 mm. Each fiber tow is then divided into ten
segments. Thus, there are eleven points in each tow, and the distance between two points is
1 mm. As an illustration, three points are shown in Fig. 2.10a. The first point, indicated as
'1’, is a reference point which defines z = 0 and z = 0. The waviness amplitude in out-of-plane
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direction (@,ut,) is calculated as a vertical distance between point-2 and point-1 (y, - ;). It
should be noted that agy:, is zero. ¢y, is calculated from the tangent of waviness amplitude
with respect to the distance between point-1 and point-2. Formula to calculate ¢, is given
in Fig. 2.10a. For out-of-plane waviness parameters, there are 66 waviness amplitudes and 60
waviness angles obtained from each specimen. Waviness amplitude and angle are measured
in two samples for each specimen types, which means that 252 data are available for the
assessment of out-of-plane waviness for each specimen type.

Nomenclatures for the measurement of in-plane waviness amplitude and angle are shown
in Fig. 2.10b. At least two samples are cross-sectioned in z — y plane, specifically in 0°
tow. In each sample, there are at least six resin-rich regions in stitched 6x6 samples and 15
resin-rich regions in stitched 3x3 samples. This resin-rich region contains two stitch threads.
@, is obtained by measuring the distance between the waviness peak and the reference line.
Correspondingly, ¢;, is defined as a tangent between amplitude and the distance between
projected point and the starting point in reference line. In every resin-rich region, only
maximum values of amplitude and angle waviness are measured. There are approximately 96
data points comprising amplitude and angle that are available for the assessment of in-plane
waviness.

Calculation of combined waviness

As described above, four parameters are obtained from the waviness measurement, namely
Qouts Douts in a0d B;n. In this thesis, two new parameters representing combined effect of
waviness are proposed, namely combined waviness amplitude (a..,) and combined waviness
angle (@eom)- @com 18 obtained by following equation

Acom =/ (Gout)? + (@i )2 (2.8)

®eom is obtained by following equation

Geom = V (Gout)? + (din)? (2.9)

Based on formulae above, correlation between combined waviness and mechanical properties
(tensile modulus in this chapter, and compressive strength in Chapter 3) will be made.

2.3 Experimental Results and Discussion

2.3.1 Stress-strain curves

Stress-strain curves of unstitched, stitched 6x6 and stitched 3x3 carbon/epoxy composites
subjected to static tensile loading are shown in Fig. 2.11. In general, stress-strain curves of
three composites exhibit linearity prior to peak stress, except that at higher strain values,
the curves are slightly inflected due to several reasons: (i) crack growth in off-axis tows,
(i) initiation of delamination at the specimen edges, (iii) detachment of strain gages from
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the specimen. Unstitched specimens (TN-1, TN-2, TN-3) show similar stress-strain curves
despite the fact that, for example, TN-1 and TN-2 exhibit a softening at £ = 1%. Stitched 6x6
and stitched 3x3 specimens exhibit more diverse curves amongst specimens. For example,
TS62-4 curve exhibits higher gradient, i.e. stiffer, than that of TS6-1, TS62-2 or TS62-3. In
stitched 3x3 cases, as the stress reaching maximum level, TS32-3 seems to be softer than
TS32-1 or TS32-3. This behavior is probably influenced by the characteristic location where
the strain gage is attached. Stitched specimens exhibit different surface characteristic. In
stitched specimens, the strain gages are usually attached on thick resin-rich layer or resin-
rich region. These regions are inevitable effect of stitching process. In this region, the strain
values tend to be higher than the ones obtained in unstitched specimens. Furthermore, when
the cracks appear in thick resin layer of stitched specimens, the strain gages happen to be
above the cracks are easily detached, especially at higher stress level. Unstitched specimens,
on the other hand, display no resin-rich region, and thin resin layer. Thus, the strain values
in unstitched specimens are relatively more consistent than the ones obtained in stitched
specimens.

2.3.2 Secant modulus

From the stress-strain curves shown in Fig. 2.11, secant modulus is obtained in order to
show the trend of instantaneous tensile stiffness E; during the test. E; can be calculated by
following equation

_ AG _ (gi+l = 0"')

= ZE B (5i+1 —Ei)

(2.10)

The strain interval of 0.1% is defined between ¢; and £;,;, and the corresponding stresses of
o; and o, are obtained accordingly. F; of all specimens is obtained, and normalized with
average E; of unstitched composites (E,,). Ey, is 52.2 GPa. Normalized secant modulus
E;/E,, is averaged for each specimen type, and the average E;/FE,, of respective material
type can be seen in Fig. 2.12. It is evident that in the beginning the secant modulus of stitched
6x6 and stitched 3x3 is already lower than that of unstitched composites. This indicates that
stitching reduces tensile modulus of composites. The inflection point in normalized secant
modulus is also identified. Inflection point is the onset of stiffness drop, which can be followed
by an abrupt drop as in unstitched and stitched 6x6, or gradual decline as in stitched 3x3.
The stiffness drop may be related with the interaction between saturation of off-axis cracks
and rapid increase of delamination. Onset of stiffness drop for unstitched, stitched 6x6 and
stitched 3x3 is marked with A, B and C, respectively. As shown in Fig. 2.12, the onset of
stiffness drop is identified: point A of unstitched is at ¢ = 585 MPa; point B of stitched
stitched 6x6 point B is at ¢ = 500 MPa; point C of stitched 3x3 is at 0 = 410 MPa.

2.3.3 Failure mode

Failure of carbon/epoxy for both unstitched and stitched composites is signified by an explo-
sive sound due to a complete fracture of on-axis fibers. Fig. 2.13 shows the typical failure of
unstitched, stitched 6 x6 and stitched 3x 3 under static tension. Failure mode of all specimens
is characterized by an extensive amount of delamination, matrix crackings in off-axis tows,
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Figure 2.11: Stress-strain curves of unstitched, stitched 6x6 and stitched 3x3

fiber splitting and fiber fracture in on-axis tows. In stitched 6x6 and stitched 3x3 compos-
ites, particularly, partitioning of fiber bundles and breakage of stitch thread are evident. It
is also noticed that much of the fiber tows in stitched composites, e.g. stitched 3x3, are still
intact due to the binding effect provided by modified-lock stitch. This binding effect creates
local 'brooming’ in stitched composites. In constrast, unstitched composites fractured into
two or three parts after tension.

2.3.4 Tensile properties

Tensile properties of unstitched, stitched 6x6 and stitched 3x3 are given in Table 2.5. Ul-
timate tensile strength o, of unstitched, stitched 6x6 and stitched 3x3 is 654 + 26 MPa,
645 + 19 MPa and 722 4+ 34 MPa, respectively. g, of stitched 6x6 is 1.4% lower than that of
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Figure 2.12: Average secant modulus of unstitched, stitched 6x6 and stitched 3x3 car-
bon/epoxy composites under static tension
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Figure 2.13: Failure of unstitched, stitched 6x6 and stitched 3x3 under static tension

unstitched composites, while stitched 3x3 exhibits 10.4% higher o,; than that of unstitched
composites. Failure strain e; of stitched 6x6 and stitched 3x3 is 1.33% and 1.45%, respec-
tively, and both values are higher than that of unstitched composites (e; = 1.26%). Table 2.5
also shows that initial tensile modulus E, of unstitched composites is 53.1 & 1.9 GPa, while
that of stitched 6x6 and stitched 3x3 is 51.14+3.1 GPa and 51.7 4+ 2.1 GPa, respectively. E,
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of stitched 6x6 and stitched 3x3 is 3.7% and 2.5%, respectively, lower than that of unstitched
composites. The reduction of tensile modulus in stitched composites is common [67, 82, 117].
Modulus reduction is generally related to fiber waviness and change of fiber volume fraction
induced by stitching process. Poisson’s ratio v, is found to be slightly affected by stitching.
The largest reduction of Poisson’s ratio of 5.7% in comparison to unstitched composites is
experienced by stitched 6x6.

Table 2.5: Mechanical properties of unstitched, stitched 6x6 and stitched 3x3

Properties Unit Unstitched Stitched 6x6  Stitched 3x3

P kKN 683 +20 66.8 £+ 2.1 76.6 + 2.2
o mm 4.60 = 0.11 4.90 + 0.66 5.29 + 0.59
Out MPa 654 & 26 645 £+ 19 722 £ 34
oy MPa 654 & 26 651 £+ 19 736 £+ 35
Ef T 1.26 + 0.06 1.33 &+ 0.06 1.45 £ 0.19
E, GPa 53.1+1.9 51.1 £ 3.1 51.7T + 2.1
52 GPa 53.1+1.9 51.6 £ 3.1 52.7+ 2.2

- 0.333 + 0.007 0.314 4+ 0.013 0.324 £ 0.005

Vagy

2.3.5 Effect of stitch density on tensile properties
Tensile strength

Table 2.5 shows that o, of stitched 6x6 is 1.3% lower than that of unstitched, while o,; of
stitched 3x3 is 10.5% higher than that of unstitched. In order to understand the real effect of
stitch density on tensile strength, firstly, effect of fiber volume fraction V; should be removed.
It is because o,; of composites is greatly controlled by the content of fibers, and stitching
indeed causes some variation of V; (see again Table 2.3. Normalizing o,; with V; is therefore
necessary for several reasons: (i) to understand how much V; affects the strength, (ii) to
allow a fair comparison between stitched and unstitched composites due to the variation of
V;. Normalized tensile strength (of},) can be calculated by multiplying o, of respective com-
posite with normalized volume fraction, which is defined as a ratio between V} of respective
composite and V; of unstitched composite (for example, Vi_sitchedsx6/Vf—unstitched). Vi for
each composite can be reviewed in Table 2.3.

Table 2.5 also shows oy, of unstitched, stitched 6x6 and stitched 3x3. o7, of unstitched
composites is 654 MPa, whilst that of stitched 6 x6 and stitched 3x3 is 651 MPa and 736 MPa,
respectively. o7}, of stitched 6x6 becomes 0.5% lower than that of unstitched composites. o7,
of stitched 3x3 is 12.5% higher than that of unstitched composites. This finding suggests
that V; also contributes to the change of tensile strength of stitched composites although the
contribution is considered minor. Other factors may seem to govern the reduction of strength
in stitched 6x6, and increase of strength in stitched 3x3. As later shown, characterization
of damage would reveal the main reason for strength reduction or improvement in stitched

composites.
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Failure strain

Stitched 6x6 and stitched 3x3 exhibit failure strain of 1.33% and 1.45%, respectively, while
the failure strain of unstitched composites is 1.26%. An increase of failure strain in composites
is generally caused by the behavior of the resin. Composite systems that contain higher
amount of resin would naturally absorbs energy in order to deform plastically [23]. The
energy absorption reduces the stress concentration of intact fibers adjacent to the broken
ones, which in turn, lower the possibility of intact fibers to break. As a result, failure strain
can be prolonged. In stitched composites, resin-rich region may assist the increase of energy
absorption during tensile loading that eventually prolong the strain to failure. Thus, failure
strain of both stitched 6x6 and stitched 3x3 is relatively higher than that of unstitched
composites. £

Tensile modulus

Tensile modulus is greatly determined by V; and waviness of on-axis fibers, i.e. 0° tows.
Apparent result of low V; and large waviness in 0° tows would be the reduction of tensile
modulus. Normalization of tensile modulus is therefore necessary for the same reasons with
that for tensile strength. Normalized tensile modulus (E7) for unstitched, stitched 6x6
and stitched 3x3 is shown in Table 2.5. After normalization, tensile modulus of unstitched
composite is 53.1 GPa, while that of stitched 6x6 and stitched 3x3 is 51.6 GPa and 52.7
GPa, respectively. The declining trend of tensile modulus, however, still prevails even after
the effect of fiber volume fraction has been removed. E7 of stitched 6x6 and stitched 3x3is -
2.8% and 0.8%, respectively, lower than that of unstitched composites. The tensile modulus
differences of 2.8% and 0.8% for stitched 6x6 and stitched 3x 3, respectively, are smaller than
the differences of tensile modulus when normalization is not performed (3.8% for stitched 6x6,
2.6% for stitched 3x3). The difference of modulus, before and after normalization, indicates
that reduction of stiffness for both stitched 6x6 and stitched 3x3 is partly influenced by V.
As later shown, fiber waviness has more profound effect on the reduction of tensile modulus
in stitched composites. In addition, it is also observed that the tensile modulus of stitched
6x6 is slightly lower than that of stitched 3x3. The main reason is that the waviness in
stitched 6x6 is larger than that in stitched 3x3. The smaller waviness in stitched 3x3 is
due to the fact that pitch of 3 mm makes the fiber tows in stitched 3x3 relatively straight
in comparison to that in stitched 6x6. Hence, fiber waviness is smaller in stitched 3x3, and
therefore tensile modulus is relatively maintained.

Poisson’s ratio

As already shown in Table 2.5, v,, for unstitched is 0.333, while that of stitched 6x6 and
stitched 3x3 is 0.314 and 0.324, respectively. There is a declining trend of Poisson’s ratio
when stitching is introduced to carbon/epoxy. The reduction may reach 5.7% for stitched
6x6 and 2.7% for stitched 3x3. The reduction of Poisson’s ratio in stitched composites is also
reported by Kamiya and Chou [67]. Reasons for the reduction of Poisson’s ratio is postulated
herein:
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e Stitching and its tensioning force may slightly misalign the orientation of fiber tows
e Stitching may also change the thickness distribution of each fiber tows

e Modified-lock stitch type affects the ratio of deformation between transverse contraction
and longitudinal expansion of stitched composites. The orthogonal binding induced by
needle and bobbin threads in modified-lock stitch pattern (see again Fig. 2.1) may
restrict the movement of in-plane fibers in longitudinal and transverse directions. This
orthogonal binding may reduce the magnitude of deformation, which in turn, change
the ratio between transverse and longitudinal strains used to obtain Poisson’s ratio.

2.3.6 Correlation between fiber waviness and tensile modulus

Table 2.6 shows the result of fiber waviness measurement of 0° unstitched, stitched 6x6 and
stitched 3x3. Four waviness parameters ain, @in, Gout and oy are displayed. In addition,
combined waviness of a.om and ¢.., are also included in Table 2.6. a,,; of out-of-plane
waviness in unstitched, stitched 6x6 and stitched 3x3 is 112 £ 56 um, 134 + 34 pym and
121 £ 51 pm, respectively. ¢,,; of unstitched, stitched 6x6 and stitched 3x3 is 4.21 +1.82°,
5.714+1.14° and 3.77+1.11°, respectively. Slightly higher waviness exhibited by stitched 6x6
and 3x3 indicates that stitching may seem to have minor effect on out-of-plane waviness.
Table 2.6 also shows that a;, and ¢;, of stitched 6x6 are 113+17 um and 4.68+1.85°, which
are slightly higher than those of stitched 3x3 (110 +21 pm, 4.24 +0.76 °). In-plane waviness
is obviously larger than that of unstitched composites (a;, = 19+ 7 pm, ¢;, = 0.11+£0.04°).

Table 2.6: Amplitude and angle of waviness in 0° tows in unstitched, stitched 6x6 200d and
stitched 3x3 200d

Out-of-plane waviness In-plane waviness Combined waviness

SpeCimen Gout (pm) Dout (O) Oin (;‘Jm) Din (a) Qcom (.u'm) Peom (D)

Unstitched 112 =56 421182 197 0.114+0.04 114 +56 4.21 + 1.82
Stitched 6x6 134 +£34 5.71 +£1.14 113+ 17 468 +1.85 175+ 38 7.38 £ 2.17
Stitched 3x3 121 £51 3.77+1.11 110+ 21 424 +0.76 164 +55 5.67 £ 1.35

From the measurement of waviness above, graphs that correlate combined waviness with
tensile modulus are made, and they are depicted in Fig. 2.14. It is evident that both in-plane
and out-of-plane waviness greatly affects the tensile modulus. If the waviness amplitude
and angle are high, the tensile modulus will be relatively low, vice versa. It is concluded
herein that the reduction of tensile modulus experienced by stitched composites is strongly
correlated with waviness of 0° tows in both in-plane and out-of-plane directions.

2.3.7 AE test results

Fig. 2.15 shows cumulative AE hit of three specimens plotted against applied stress. Cumu-
lative AE hit is used to distinguish the damage accumulation process among specimens. The
curves are divided into three stages representing three stress ranges that indicate damage
processes: Stage I (0-400 MPa), Stage II (400-500 MPa) and Stage III (above 500 MPa).
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Figure 2.15: Cumulative AE hit of unstitched and stitched carbon/epoxy composites

Stage 1

Stage I is characterized by damage initiation and gradual damage accumulation. In this
initial stage, damage accumulation rate in unstitched and stitched 6x6 is higher than that
in stitched 3x3. However, AE hit corresponds to stress level below 200 MPa is strongly
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correlated with the cracking in resin layer at the corner of specimen edges (see Fig. 2.16).
This type of damage is triggered by relatively thick resin layer at the upper part of specimen,
and due to initial cracking after cutting process, which may not be perfectly polished. At
approximately 200 MPa, the damage mode appears to be transverse cracks.

Stage 11

In Stage II, stitched 6x6 and stitched 3x3 display rapid increase of AE hit. Stage II is
considered as the onset of rapid damage accumulation for stitched composites. On the other
hand, damage accumulation in unstitched composites seems to be more gradual than that
in stitched composites. Stage II can be considered as a transitional zone of the damage
accumulation process.

Stage 111

In Stage III, unstitched composites exhibits lower AE hit as compared to stitched composites.
Rapid development of damage after 500 MPa is greatly dependent on the density of transverse
cracks, oblique cracks and delamination. AE hit rate in stitched composites is also influenced
by the development of damage around stitches and resin-rich region. In other words, the
overall AE hit registered in stitched composites is not merely the result of mixed activities of
transverse cracks, oblique cracks and delamination, but also defects around the stitches and
resin-rich region.

cracking

Bobbin thread

s

Figure 2.16: Cracking in resin layer at the corner of specimen edges

2.3.8 X-ray radiography results

X-ray radiography images for unstitched, stitched 6 x6 and stitched 3x3 are shown in Fig. 2.17.
X-ray images are obtained from interrupting the tensile test at various strain levels: 0.5%,
0.6%, 0.7%, 0.8%, 1.0% and 1.2%. X-ray images on the left, middle and right columns cor-
respond to unstitched, stitched 6x6 and stitched 3x3, respectively. The associated stress
levels are given below the images. It is shown that at = = 0.5% transverse cracks emanating
from the edges of the specimen are captured. It is noteworthy that the transverse crack
in stitched composites appears before the crack around stitch thread. It indicates that the
bonding between Vectran and surrounding epoxy and fibers is relatively strong. When the
load is gradually increased, the length of transverse cracks is also increased. When some
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of the transverse cracks reach the other edges, oblique cracks oriented in +45°, —45° or
both directions appear. When the transverse cracks begin to saturate, oblique cracks are
markedly growing exponentially. After the oblique cracks initiate, delamination in the inter-
face of 90°/+45° and 90°/—45° appears from the specimen edges. At ¢ = 1.2%, stitched
3x3 experiences smaller delamination area as compared to unstitched and stitched 6x6. It
shows that the delamination seems to be arrested by the stitches. It is also observed that
the delamination develops early in stitched 3x3 and stitched 6x6 specimens as compared to
that in unstitched specimen. However, in stitched 6x6, the stitches are unable to slow down
the growth of delamination, while the transverse and oblique crack densities are higher than
those in unstitched composites. As a result, stitched 6x6 in average failed at around 645
MPa, which is lower than that of unstitched and stitched 3x3.

2.3.9 Qualitative damage assessment

Progress of damage in composites is admittedly complex, but possible mechanisms based on
the X-ray radiographs could be attained. Fig. 2.18 displays the schematics of damage mech-
anisms in unstitched composites (top) and stitched composites (bottom). This qualitative
damage assessment is made herein to facilitate the distinction of damage mechanisms between
unstitched and stitched composites. Stage A to Stage F indicates the damage sequence in
composites. The corresponding strain level is given below the letters. It is important to note
that the same letter in the damage sequence of unstitched and stitched composites may not
referes to the same stress level. Readers may refer to Fig. 2.17 for the respective stress level.
As illustrated in Fig. 2.18, transverse cracks initiates at the edges of specimen (Stage A). In
unstitched composites, they are followed by the multiplication of transverse cracks, whilst in
stitched composites, they are followed by both multiplication and extension of cracks (Stage
B). While the transverse cracks begin to grow in unstitched composites, they already reach
the other edge in stitched composites (Stage C). Stage D shows that oblique cracks begin
to appear at the edges. In Stage D, transverse cracks of unstitched composites reach the
other edge. Stage E of unstitched composites is signified by the initiation of delamination,
and the growth of oblique cracks. Likewise, Stage E of stitched composites is marked by
delamination and growth of oblique cracks. In addition, damages around stitch area in the
form of resin cracking at the specimen surface, specifically near the stitch holes, also appear
in stitched composites (Stages E and F; filled holes). This resin cracking may grow and coa-
lesce with the neighboring cracks. Delamination in both unstitched and stitched composites
is growing, except that in stitched composites, the growth of delamination can be impeded
by the stitches. It is also important to note that stitch damage appear in nearly all of stitch
regions. After Stage F, fiber splitting begins to appear and the failure is characterized by
the breakage of 0° tows.

2.3.10 Quantitative damage assessment
Five damage modes have been identified from X-ray images, namely transverse matrix cracks
(oriented in 90° direction), oblique matrix cracks (oriented in both +45° and —45° direc-

tions), delamination, defects around stitches and fiber splitting. To give a better visualiza-
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Figure 2.17: X-ray radiographs of damage progression in unstitched, stitched 6x6 and

stitched 3x 3 under static tenston

tion of the damage modes, optical microscopy images of those damage modes are provided
in Fig. 2.19. In Fig. 2.19a, transverse crack, oblique crack, delamination, defect around
stitch and fiber splitting are indicated. In Fig. 2.19b, transverse crack, oblique crack and

delamination observed from optical microscope are noted.
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e =0.6% Transverse cracks multiply along specimen edges

£ =0.7% Transverse cracks grow in length
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€ =0.7% Transverse cracks reach the other edges

£ =0.8% More transverse cracks reach the other edges: oblique cracks initiate

£=1.0% Delamination initiates from the edge; oblique cracks multiply and grow; damage
around stitch yarns initiates (i.e. resin cracking, stitch debonding)

€ =1.2% Delamination grows in size but impeded by stitches; transverse cracks saturate;
oblique cracks grow in length; damage around stitch multiplies

Figure 2.18: Damage mechanisms in unstitched and stitched composites

In this section, quantification of the damage modes is given. Due to complexity of damage
modes, only three damage modes are quantified, namely transverse crack, oblique crack
and delamination. Crack density, and hence the crack spacing, is measured and calculated
for transverse and oblique cracks. As for the delamination, projected delamination area
appearing from the specimen edges is measured. In order to count the damage, damage
observation area (gage area, Ay) of X-ray image is firstly determined. Ay is approximately
3750 mm?* (gage length I, = 150 mm, gage width w, = 25 mm). To count the number of
transverse crack, as illustrated in Figs. 2.20 (dimension is not to scale), Ag is subdivided
into five sections (section 1-5). Number of transverse crack in each section (n) is then
counted and divided by the gage length (,). Transverse crack density (CD,) is calculated
as a total number of transverse crack density in each section (ny/l,) divided by 5. The
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Figure 2.19: (a) X-ray image of stitched 6x6 at ¢ = 1.2% showing five damage modes
(transverse crack, oblique crack, delamination, fiber splitting, defect around stitch), (b) cross-
sectional view showing transverse crack, oblique crack and delamination

formula for calculating C'D; can be seen below Fig. 2.20a. Likewise, in order to calculate
oblique crack density (CD,), same counting technique is applied, whereby a total number
of oblique crack density in each section (n,;/l,) is divided by 5. The formula for calculating
CD, is shown below Fig. 2.20b. Quantification of delamination is, on the other hand, rather
straightforward. Using area measurement software, total projected delamination area (A;) in
the X-ray images is measured. As illustrated in Fig. 2.20c, for instance, a specimen exhibits
two edge delamination areas A; and A,. Total area is A;. The normalized delamination area
(A, = A4/ Ap) can then be calculated using formula given below Fig. 2.20c.

Growth of transverse cracks

Transverse crack density plotted against applied stress is given in Fig. 2.21. It is shown
that stitching promotes earlier transverse crack, and subsequently higher crack density in
carbon/epoxy composites. Stitching seems to affect the initial number of crack per unit
length, which subsequently determines its quantity and growth throughout the specimen
at later stages. Transverse cracks in unstitched and stitched composites grow until the
stress reaches around 400 MPa, and beyond this stress level, transverse cracks tend to reach
saturation level. Present results also show that stitches do not alter to the crack multiplication
rate.

Early initiation and rapid growth of transverse cracks in 90° tows of stitched composites is
postulated as a result of fiber.compaction mechanism. Readers may consult Section 2.2.6
for the compaction mechanism. Fig. 2.22 illustrates lower V; that refers to the fiber pack-
ing arrangement in 90° of unstitched composites, while higher V; refers to that of stitched
composites. When fibers almost touch one another (as in the case of higher V;), stress con-
centration between fibers is considerably high, and crack may easily occur. As described by
Chou [32], the stress concentration factor between these fibers may reach the ratio between
fiber stiffness and matrix stiffness. In addition, when fiber compaction occurs, transverse
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Figure 2.20: Methods to calculate (a) transverse crack density (CD;), (b) oblique crack
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Figure 2.21: Transverse crack density plotted against tensile stress

modulus of fiber tow is locally increased. Higher transverse modulus results in earlier stress
recovery between transverse cracks, and thus, it is expected that transverse crack density is
also increased. The mechanism for the early formation of cracking in 90° tow is described
here to accompany Fig. 2.22:
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Fiber tow is compacted = gap between fibers is reduced = stress concentration in the
matriz phase between fibers is high = fiber/matriz debonding occurs = coalescence of
fiber/matriz debonding = early crack initiation
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Figure 2.22: Schematic of fiber packing in off-axis tow: comparison between lower V; (existing
in unstitched composites) and higher V; (existing in stitched composites) in terms of early
crack initiation

To prove the existence of fiber compaction mechanism in stitched composites, local fiber
volume fraction Vy; is measured by two methods already described in Section 2.2.6, namely
burn-off test and optical microscopy. These are considered indirect technique to show the
existence of Vj;. Table 2.7 shows the results of burn-off test and optical microscopy whereby
Vi, Vi and V), for each specimen type are given. Based on burn-off test results, it is shown
that stitched 6x6 and stitched 3x3 exhibit slightly higher local fiber volume fraction as
compared to unstitched composites. Average Vj; of unstitched composites is 53.4%, while
that of stitched 6x6 and stitched 3x3 is 56.2% and 56.9%, respectively. Meanwhile, average
Vj of unstitched composites obtained based on optical microscopy images is 47.7%, while
that of stitched 6x6 and stitched 3x3 is 53.4% and 55.4%, respectively. It is clear that
measurement of local volume fraction of fiber based on two methods shows similar tendency,
and fiber volume fraction between two stitch threads is increased.

Table 2.7: Local volume fraction of carbon/epoxy samples

Method volume 1.t Unstitched Stitched 6%6 Stitched 3%3
fraction
Vi % 534+ 11 562+14 56.9 + 0.6
Burn-off test Vi % 449413 4294+1.0 421 £+ 0.7
Vil % 1.8+ 0.2 09+06 1.0 + 0.6
Vi % 477 +£49 534+ 3.7 954 + 3.2
Optical microscopy V. % 523+ 4.9 46.6 + 3.7 446 + 3 2
Vi, % n/a n/a n/a

To corroborate the measurement results, samples of fiber arrangement in 90 ° tow taken from
optical microscopy are shown in Fig. 2.23. These samples are obtained from area between
two stitch lines. It is shown that the gap among fibers in stitched 6x6 and stitched 3x3 is
relatively smaller than that in unstitched samples. The smaller gap among fibers indicates
that the compaction is apparent. Thus, it can be concluded based on burn-off test and optical
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microscopy observation that stitching induces compaction effect, which increases both local

fiber volume fraction. This factor is he plausible reason for early initiation of transverse crack
in stitched composites.

Unstitched Fiber Stitched 6x6 Stitched 3x3

Resin

*

Figure 2.23: Fiber arrangement in 90 ° tow of unstitched, stitched 6x6 and stitched 3x3

Growth of oblique cracks

Fig. 2.24 shows the growth of oblique crack plotted against applied tensile stress. Oblique
crack begins to appear when transverse crack density reaches approximately 0.3-0.7/mm. The
growth rate of oblique crack in stitched composite is considered higher than that in unstitched
composite, specifically after 500 MPa, when the transverse crack begins to saturate. The
reason behind this behavior is that oblique cracks does not only appear as independent
cracks in 45 or —45° tows, but also appear as contiguous cracks due to their interaction with
transverse cracks in 90 ° tows and delamination.
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Figure 2.24: Oblique crack density plotted against tensile stress
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Growth of delamination

Delamination is found to emanate from the free-edges of specimen; similar behavior with
transverse and oblique cracks. The delamination does not originate from the stitch threads.
Delamination is considered as the primary damage in composites, and in this case, the emi-
nent ability of stitches to impede the delamination emanating from the edges is demonstrated.
In present experiment, delamination is found at the interfaces between between +45° (or
—45°) and 90° tows. Delamination area (A,) is then measured and normalized with the
gage area (Ap). The normalized delamination (A;/Ap) of stitched and unstitched composites
plotted against tensile stress can be seen in Fig. 2.25. Delamination appears in the range
between 330 MPa and 490 MPa, and it is growing rapidly as the applied stress is gradually
increased. It is noted that the delamination in stitched 6x6 developed earlier than that in
unstitched and stitched 3x3. Such behavior is triggered by the interaction between transverse
cracks and oblique cracks. Between 550 and 600 MPa (70%-85% of o), effect of stitching
is somewhat evident. At the same stress level (for example 580 MPa), stitched 3x3 delami-
nated of around 13%, whilst unstitched and stitched 6 x6 composites delaminated of around
15% and 21%, respectively. In this case, the effectiveness of stitch threads in stitched 3x3
composites in impeding delamination translates into modest improvement of tensile strength.
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Figure 2.25: Delamination growth plotted against tensile stress

Onset of damage

Estimated stress levels at the onset of damage modes (transverse crack, oblique crack, de-
lamination) are given herein. The stress levels are estimated from the initiation of damage
modes shown in Figs. 2.21, 2.24 and 2.25. Table 2.8 shows that stitched 3x3 experiences
the earliest transverse cracks, which is at 210 MPa. The transverse cracks are followed by
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oblique cracks that occur at 321 MPa. The earliest onset of delamination is exhibited by
stitched 6x6 that experiences delamination initiation at 361 MPa.

Table 2.8: Estimated stress level at the onset of damage modes

Transverse crack onset Oblique crack onset Delamination onset

fpeciinen ot (MPa) 0oc (MPa) o4 (MPa)
Unstitched 245 368 412
Stitched 6x6 223 317 361
Stitched 3x3 210 321 402

2.3.11 Effectiveness of stitching: some remarks on damage mech-
anisms

Effectiveness of stitching is discussed in the framework of its ability in inhibiting delamination.
Delamination, in this respect, is one of the principal damage modes in composites. Other
principal damage mode inducing final failure is fiber breakage. Initiation of delamination at
the interface between plies is influenced by

e relatively high interlaminar stresses due to a mismatch in thermal expansion coefficient
between plies [94]

e flaws (or void) in the matrix

e property of the matrix

e thickness of matrix between two adjacent plies
e constraints provided by the adjacent plies

e stacking sequence (when the angle difference between two adjacent plies is high, e.g.
between 0° ply and 90° ply, delamination may easily occur)

Delamination commonly initiates at the free-edges of specimen or structures because inter-
laminar normal stress (o) and interlaminar shear stress (7,.) are extremely high in this region
exceeding the threshold of interlaminar strength. Effect of delamination on the characteristics
of composites is noted as follows (i) delamination can promote early failure, (ii) delamina-
tion can prompt other damage modes, (iii) delamination may reduce the local stiffness of a
structure. In other words, delamination deteriorates the overall performance of composites
although it may not be the cause of failure. When stitching is introduced in composites,
specifically when through-thickness reinforcement is performed, the interlaminar stresses be-
tween plies are reduced. Thus, delamination can be delayed. The reduction of interlaminar
stresses is related to the role of stitches in providing closing traction between plies. However,
present investigation shows that stitched 6x6 composites exhibit lower strength in compari-
son to unstitched and stitched 3x3, and this is because of two reasons: (i) stitching induces
early formation of cracks, (ii) stitched 6x6 pattern is considered too sparse to suppress the
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growth of delamination that ensues the crack. As for the latter reason, the distance of 6
mm in stitched 6x6 specimens is insufficient to provide closing traction for the aggressive
growth of edge delamination. Hence, larger delamination area in stitched 6x6 specimens
inevitably occurs, and along with the cracks, they cause some loss of overall integrity of the
laminates. Therefore, stitched 6x6 failed earlier than unstitched and stitched composites.
On the other hand, stitched 3x3 is considered effective in inhibiting the delamination growth
despite the fact that there is a higher crack density in stitched 3x3 as compared to unstitched
and stitched 6x6. Stitching by 3x3 pattern provides better bridging traction between plies
as compared to stitched 6x6. Shear stresses occurred between plies are partly sustained by
3x3 pattern. Because interlaminar stresses between plies in stitched 3x3 composites can
be reduced, the overall integrity of composite can be maintained. Thus, failure in stitched
3x3 composite can be deferred. This translates into a modest increase of tensile strength in
stitched 3% 3 in comparison to unstitched and stitched 6x6.

2.4 Analytical Study

The analytical study deals with the prediction of 3-D thermo-elastic constants for unstitched
and stitched composites. The prediction is carried out using homogenization method em-
ploying asymptotic expansion series. This section is divided into four parts. First part deals
with the review of homogenization method. Second part discusses the development of finite
element (FE) unit cell models (micromechanics models) to represent fiber tow, and thermo-
elastic constants of fiber tow obtained by homogenization method. Third part discusses the
development of FE unit cell models (mesomechanics models) to represent unstitched, stitched
6x6 and stitched 3x3, and thermo-elastic constants of obtained from each model. In the last
part, comparison between predictions and experimental results is made, and recommendation
for future work is outlined.

2.4.1 Homogenization method

Homogenization method is a rigorous analytical method to solve a system composed of a large
amount of heterogeneous and periodic microstructure that can be regarded as macroscopically
homogeneous macrostructure. Despite its mathematical rigor, homogenization method is an
efficient and accurate method, whereby the periodicity of the model is guaranteed. This
method is developed from partial differential equations with varying coefficients [48], and the
underlying theory assumes two conditions:

e the field variables vary on multiple scales due to the existence of microstructure

e the microstructure is spatially periodic

A 3-D elastic body consisting of periodic microstructure is illustrated in Fig. 2.26. The elastic
body denoted as (2 region lies in the macroscopic Cartesian coordinate system (z;-z5-z3). The
body (2 is subjected to body force f, while the boundaries I'; and I'y represent surface traction
and prescribed displacement, respectively. The periodic microstructure, which consists of
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a number of identical unit cells, can be viewed at macroscopic and microscopic levels. To
simplify the description, 2-D coordinate systems in both macroscopic (z;-z3) and microscopic
(y1-y2) levels are now considered. At macroscopic level, a 2-D unit cell shown in Fig. 2.27 with
the dimension of L; X L; resides in z;-z, macroscopic coordinate, and exists among other
cells. At microscopic level, the unit cell with the dimension of /; and /; exists independently
in y;-y, microscopic coordinate. This microscopic domain is called Y-domain, in which ¥ is
a solid part, whilst 6 is a void part. S denotes the surface of void part.

3-D elastic body
Macroscopic

Surface traction Surface traction (t) Microstructure b
bOHI?d(’i’If}’ (ﬂ) o & o 0 0 0 @ '; P . ‘
ee e o0 0 0l -
LI 9 o
e e o0 e ¢ ee Microscopic
e e o o9 o0
X3 . (o ® e e e o o
. “je e e e 0 08 Ta .
X1 Displacement
boundary (') Unit cell
Figure 2.26: Elastic body and periodic microstructure
Macroscopic Microscopic
Y-domain
P w N ¥ fl L/
] Ole -
A & 4
I
X2 L,.’
¥ 1s solid part

X1 6 is void part

S is surface of 6

X1°X2 IS macroscopic coordinate  yi-yz IS microscopic coordinate

Figure 2.27: Unit cell at macroscopic and microscopic levels

A function that represents both macroscopic and microscopic coordinate systems called pe-
riodic vector function g¢(z) is introduced. The reason is because 02¢ would essentially exhibit
a large variation due to the co-existence of microscopic and macroscopic structures. g¢(z)
can be expanded into

9°(z) = g(z,y) = g(x1, T2, 23,91, Y2,¥3) (2.11)

48



CHAPTER 2. VECTRAN-STITCHED UNDER TENSION

where superscript ¢ is a ratio between macroscopic and microscopic, i.e. € = z/y = Li/l; =
Ly/ly = L3/l3. The infinite periodicity is described three-dimensionally by Y-periodicity in
microscopic coordinate, in which Eq. (2.11) becomes

g (z,y) =g9(z,y+Y) = g(z1,22, 23,91 + V1,92 + V2,43 + V3) (2.12)

Differentiation of g°(z) with respect to macroscopic coordinate z yields

o =g [o (v =7)] = 52 + 152 i

Limit of the periodic function ¥(z,y) is defined as follows

lim [ ®(z,y)d2 — |'ilf"] f / B(z,y) dY dQ (2.14)

‘ ne ¥

lim [ @(z,y)d2 - ﬁ/]@(m,y) dSdQ) (2.15)
Se £l S

where |Y| represents volume of the unit cell.

Thermo-elastic problem can generally be solved using the weak form of boundary value
problem so-called the principle of virtual work as follows

f ikl (auk ay AT o -dQ) = /f‘ d9+f“‘ dr+_/.pavl s (2.16)
83:{ 3
QE

B S¢

where uf(z) and v;(x,y) are displacement components (including the microstructure) and
virtual displacement, respectively. Ef;;, and aj; are elastic tensor and coefficient of thermal
expansion, respectively. AT is temperature difference between a reference temperature and
current temperature. The first until third terms in the right-hand-side is body force f,
traction force ¢t and force p on surface S, respectively.

It may be useful to recall that in linear elasticity case stress-strain relationship that includes
thermal effect can be expressed as follows

- e [ 9ug

And, in small deformation theory strain-strain relationship can be expressed as follows

1 (0u o
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Displacement and stress can be approximated by asymptotic expansion series
ui(z) = (z,y) + eui (z,y) + €u(z,y) + (2.19)
oi(z) = 07(z,y) + €0 (z,y) + €07 (z,9) + - (2.20)

By substituting Eq. (2.19) into Eq. (2.16), and arranging the terms with the same power of
€, a governing equation can be obtained

. 10U Ou o)  Oup v 3u2 Av;
/‘Jrr:j"i”‘i{e2 By, By, s € [(6:}:; B Ay +iog AT dy, By; dz;
0=
oug | Oup Qi (Oup 0w} dui] ;
+ [(ax! +gd HAT) ot (3;1:; | +e(...)}dQ

ffefuidﬂ+_/.t1.!3(:5][‘+_/;t)z*ui dS (2.21)
PE

Se

Eq. (2.21) holds if the terms with the same order of ¢ are equal to zero. They are described
order-wise in the following sub-sections.

Order of ¢2
- € 8 €
E]i%‘i ‘.I.Jki a 8yj = // t_?ki B a deQ = O (222)
Q ¥

By choosing virtual displacement v = v(y) and applying integration by parts, Eq. (2.22) can
then be expressed as follows

i1 [ 15 () v [ {3 () o avms

(2.23)
Application of Gauss’ divergence theorem to Eq. (2.23) yields

V] f { / [ 5 ( ngu’“) m(y)] dY + / Ukizuonjvi(y)dlg} Q=0  (224)

For any arbitrary value of v;, displacement u° can be expressed as
u® = 4%() (2.25)

where u° is macroscopic displacement. In this regard, the first term in Eq. (2.24) is only
dependent on macroscopic coordinate .
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Order of €7}
‘ ouy | Oup v, Ou) A,
€ VAN ) PR b itk )
el—lg!fﬂ ikl [(axg o0 Ay — ) 0y, + Ay ij] el

dQ

_ 1 . [Ouy  Ouy . v,
= [ |1 ] #n (35‘61 +a_l‘“’°‘“) oy
! ¥ J
ZITI’T / f pivi dSdQ (2.26)
s

By applying virtual displacement v = v(z) into Eq. (2.26), following equilibrium equation

can be obtained 0 Bl 3
Uy U i v
Eo| == O & dY = 2
/ ikl (827{ o ay}: akIAT) ay 0 (2 27)
¥

J

Order of £°

; Buk ﬁuk 31}, Oup  Oul\ Ov
el—lfé}r i [( iAT) Oz (3x; + 0y, ) 0y, e
oul 8uk sz Ouy,  Oui Ov;
f s [(3-’*! N HAT) Oz (3931 ¥ 3_%) 3%] “

Q
—Q/(IY]‘/f;u‘dY) dQ+/tv1dr (2.28)

T

By substituting virtual displacement of v = v;(z) into Eq. (2.28), an equilibrium equation
can be obtained as follows

/ {IY/ ik (aaZf +6uk aieAT) dﬂw a;f a0
-/ (Yl/ftdy) wDay + [tn@a @)
Q2

Ie

If the virtual displacement v; is defined as v;(y), following expression can be obtained

ouy,  Oui 8’0, f
gl —+ — dY Ui >
/E”“ (axg T 9y; fly)d 2:80)
¥

51



CHAPTER 2. VECTRAN-STITCHED UNDER TENSION

Displacement field shown in Eq. (2.19) can be defined as

ui(z) = ui(z,y) + eu;(z,y) (2.31)
where u}(z,y) is assumed as
oud(z
w(2,) = x0) 22— y(z) 2:32)
Tq

where xP? are characteristic displacement vector relevant to the deformation mode 'kl’ of the
unit cell. Hence, following equation can be obtained

) o XHY) | ouily) “
/(Eijkl E%Jpq qu ayj dY =0 (2'33)
¥

Vi / Ldy =0 (2.34)

From the thermal deformation, characteristic displacement vector of ¥; is also obtained from
the following

g S‘I!k L"Z?'Uz Sv,
¥ J 3
if\p-dy—o (2.36)
i) '
¥
Eq. (2.20) can also be expressed as follows
o5;(z) = 03;(z,y) (2.37)
where o7;(,y) can be obtained by following expression
. : X (z,y) \ 0ul(z)
J?j(xﬁ y) = (Eijkl (:I', y) E‘&qu( ) payq akﬁ.fg
. OV (z,y
sju(ﬁ?ay)# — Ejjo AT (2.38)

where in 3-D formulation, six sets of relevant problem to x* (k,! = 1,2,3) must be solved by
considering its symmetry.
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Macroscopic equilibrium equation can be expressed as follows:

ol Av(z) dvi(z)
0 k i i ]
[ Bt Sk an = f / o) G a0

1]
i / bil)unle) 4 f t(z)vs(z) dT (2.39)

Q Le

Macroscopic homogenized elastic constants E? i;k1 can be obtained as follows:

5 oxk
EE;H |Yl./ ijkl — :qu 8 p dY (240)

And, the terms used to express microscopic thermal effects and thermal strains can be ob-
tained from following equations

0
’I‘sj 1' [Yl/ ka lI}k (241)
oli(z) = ¥ f < QAT dY (2.42)
¥

Points identified in microscopic coordinate system shown Fig. 2.28 helps to define the periodic
boundary condition in homogenization method. Periodic boundary conditions are

v1 € 10,47],92 € [0,93), 93 € (0,93 (2.44)
And, x* should satisfy
X;fe(oaymya) = Xlt(yl?yiayEa) (2.45)
X5 (1,0,93) = X5 (v1, 3, vs) (2.46)
* X4 (v, 92, 0) = X5 (1, v2, 49)  (247)

which means that two opposite faces of the unit cell should deform in an identical manner.

By incorporating finite element procedures, homogenization method described above is im-
plemented in Fortran 90. Output of the program is homogenized thermo-elastic constants of
the finite element model prescribed in pre-processing steps. Pre-processing steps include unit
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Figure 2.28: Microscopic model defining periodic boundary condition

cell geometrical modeling of fiber tow or stitched composite, defining element types, defining
material properties, meshing, merging all nodes and renumbering.

2.4.2 Prediction of thermo-elastic constants of fiber tow

A finite element model is developed using M SC. Patran 2008, and used to obtained thermo-
elastic constants of fiber tow. The process to build the model is illustrated in Fig. 2.29.
It is shown that the cross-sectional shape of fiber tow is usually almost elliptical. Within
this tow, arrangement of the fiber is naturally random. The arrangement of fiber can be
idealized as hexagonal packing. A unit cell of hexagonal packing is identified, and the 3-
D unit cell is geometrically built using MSC.Patran, whereby elements type is also defined.
Element type used in this so-called micromechanics model is hexahedron 20 nodes. As shown,
micromechanics model contains 1792 elements and 8689 nodes. Three micromechanics models
with fiber volume fraction of 45%, 47% and 49% are built. Different V} is assigned for each
specimen type because stitch density affects the local fiber fraction in fiber tows. Higher
stitch density would result in higher fiber volume fraction of tow. Results of the models
are used in mesomechanics models, whereby V; = 45% for unstitched model, V; = 47% for
stitched 6x6 model and V; = 49% for stitched 3x3 model. Fiber is T800SC-24kf, and the
thermo-mechanical properties are E; = 294 GPa, Er = 6.50 GPa, Gr = 18.20 GPa, Gpr
= 6.50 GPa, vy = 0.32, vpp = 041, a = -0.56x107%/K, ar = 8.10x107%/K. Resin is
XNR/H6813, and it is assumed isotropic. The thermo-mechanical properties of XNR/H6813
are as follow E = 8.96 GPa, G = 3.45 GPa, v = 0.35, a = 65x107°/K. The thermo-elastic
properties of T800SC and XNR /H6813 can also be reviewed in Table 2.1. Thermo-mechanical
properties of fiber tow obtained by homogenization method can be seen in Table 2.9. These
thermo-mechanical properties are used in FE models of stitched composites described in
Section 2.4.3.
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Cross-section of composite

Fiber tow

Random fiber
arrangement
in fiber tow

FE model to

Idealized fiber arrangement in fiber tow // Hexagonal represent fiber tow

Hexagonal packing

. arrangement e

A
& Fiber
1l

it \
Matrix 1N
"~ T800 fiber diameter = 5 micron

No. of element = 1792
No. of node = 8689

Figure 2.29: Development of micromechanics model to evaluate thermo-elastic constants of
fiber tow

2.4.3 Prediction of thermo-elastic constants of composites

Mesomechanics models used to obtained thermo-elastic constants of unstitched, stitched 6x6
and stitched 3x3 are developed using MSC.Patran 2008. The models are developed based
on several assumptions pertaining to geometrical characteristic of unstitched, stitched 6x6
and stitched 3x3 composites. Several assumptions are made:

e To reduce the complexity of the modeling of present composite system, which is [+45/90//-
45/0,/+45/90,/-45/0]s, only four tows are modeled with following composition: 0°
tows (30%), 90° tows (30%), +45° tows (20%) and —45° tows (20%)

e For all models, cross-section of fiber tow is assumed rectangular (see Fig. 2.30a)

-

e To simplify the modeling of stitched composites, resin-rich region is assumed resin
channel (see Fig. 2.30b)

e In stitched composite models, cross-section of stitch thread is assumed octagonal (see
Fig. 2.30c), and the width is 0.25 mm.
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Table 2.9: Thermo-elastic constants of fiber tow obtained from micromechanics models

Properties Unit Unstitched Stitched 6x6 Stitched 3x3

Vi % 45 47 49

E, GPa 1339 140.1 146.2
E, GPa  8.389 8.356 8.322
E, GPa 8431 8.298 8.165
Gy GPa  9.879 9.935 9.991
Grs GPa  9.902 9.995 10.09
Gy: GPa  4.790 4.852 4.913
Vay - 0.347 0.348 0.348
Vg - 0.329 0.338 0.348
Vyz - 0.472 0.464 0.455
o 1075/K 1.219 1.377 1.535
ay, 1075/K 31.53 41.78 52.03
. 10-5/K 31.73 42.00 52.27

Cross-section of composite

Cross-section of fiber tow

Idealized cross-section
of fiber tow

(a)
Resin-rich region - resin channel Cross-section of stitch thread

Octagon

0.25 mm

(b) (c)

Figure 2.30: Assumptions for building mesomechanics models (a) idealized fiber tow, (b)
resin-rich region, (c) cross-section of stitch thread

Geometry of mesomechanics model for unstitched composites can be seen in Fig. 2.31, while
the idealization process in the modeling of stitched 6x6 and stitched 3x3 can be seen in
Figs. 2.32 and 2.33, respectively. Element type used in the models is hexahedron 20-
node. Number of element and nodes are as follows: unstitched (4608 elements, 21425 nodes),
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Figure 2.31: Mesomechanics model for unstitched composite
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Figure 2.32: Mesomechanics model for stitched 6x6
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Stitched 3x3 model
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Figure 2.33: Mesomechanics model for stitched 3x3

stitched 6x6 (6208 elements, 28425 nodes), stitched 3x3 (6208 elements, 28425 nodes). Infor-
mation of number of element and number of node is given in the respective figure. Mechanical
and thermal properties of fiber tow used for unstitched, stitched 6x6 and stitched 3x3 mod-
els are obtained from Table 2.9. Resin-rich region uses thermo-mechanical properties of
XNR/H6813 given in Table 2.1. Properties of Vectran stitch thread can also be reviewed in
Table 2.1.

Table 2.10 shows the mechanical properties and coefficient of thermal expansion of unstitched,
stitched 6x6 and stitched 3% 3 evaluated by using homogenization method. In terms of E,,
unstitched composites clearly exhibit larger value than stitched 6x6 and stitched 3x3. E,
of unstitched composites is 59.29 GPa, while that of stitched 6x6 and stitched 3x3 are
53.46 GPa and 55.34 GPa, respectively. Similar tendency is also observed for E,, in which
unstitched composites show larger value. In this case, the lower values of E, and E, in
stitched composites is due to resin-rich region in the form of resin channel. On the other
hand, as observed in Table 2.10, E, of stitched 6x6 and stitched 3x3 is 74% and 67%,
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respectively, higher than that of unstitched composites. This indicates that stitch thread,
that is oriented in z-direction, is effective in improving the through-thickness modulus of
composites. This implies that further improvement of through-thickness modulus may be
achieved by utilizing thicker and stiffer stitch thread. However, thicker stitch thread may
further reduce in-plane properties of composites. In terms of shear moduli of G.,, G..
and G, no significant difference is observed when comparison is made among unstitched,
stitched 6 x6 and stitched 3x3. This is originated from the fact that the shear moduli of fiber
tow, resin and stitch thread are similar. Poisson’s ratio of stitched 6x6 and stitched 3x3
is slightly smaller than that of unstitched composites indicating that lateral deformation in
stitched composites may be restrained by the stitching.

Table 2.10: Thermo-elastic constants of unstitched, stitched 6 x6 and stitched 3x3 obtained
from mesomechanics models

Properties Unit Unstitched Stitched 6x6 Stitched 3x3

E, GPa  59.29 53.46 55.34
E, GPa  59.28 53.46 55.11
E, GPa  10.35 18.01 17.25
6 GPa  19.70 14.52 16.23
Cis GPa  6.46 6.94 6.99
Gy GPa  6.46 6.94 7.04
Vi - 0.204 0.151 0.182
Ve - 0.387 0.205 0.202
Vys . 0.387 0.205 0.201
a:, 1075/K 14.73 17.82 24.97
a, 10~6/K 14.72 17.82 24.64
a, 10~6/K  39.20 21.12 30.03

2.4.4 Comparison between prediction and experiment

Results of homogenization method, specifically tensile modulus F, and Poisson’s ratio v,
are compared with tensile test results. As shown in Fig. 2.34, E, of unstitched composites
obtained by homogenization method is 59.29 GPa, while that obtained by experiment is
53.1 GPa. Difference of 11.7% is found between homogenization method and experiment.
For stitched composites, a better agreement is found between homogenization results and
experiments. F, of stitched 6x6 obtained from homogenization method is 53.46 GPa, while
that obtained from experiment is 51.1 GPa. This results in a difference of 4.6%. When E,
obtained by homogenization and experiment for stitched 3x3 is compared, the difference is
7%. The reason for the lower value of E, in the experiment is probably due to two reasons:
lower actual fiber volume fraction in fiber tows, and the fiber waviness that may exist in
the actual specimens. Nevertheless, homogenization method in general could capture the
tendency of tensile modulus reduction due to the presence of stitch thread.

Vgy Of unstitched, stitched 6x6 and stitched 3x3 obtained by experiments is 38.7%, 51.4%
and 43.8%, respectively, higher than that obtained by homogenization method (see Fig. 2.35).
The large difference of Poisson’s ratio between experiment and homogenization method could
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be attributed to different method in acquiring the strain values used to evaluate Poisson’s
ratio. In experiments, strain values are obtained from the strain gages that are attached on
the surface of the specimens. The surface of specimen is often resin-rich region that would
exhibit larger deformation during loading. On the other hand, the strains used to evaluate
Poisson’s ratio in homogenization method is obtained from all elements in mesomechanics
model, not only from the surface of the models, including elements of fiber tows, resin-
rich region and stitch thread (in stitched composites cases). Another reason is that present
mesomechanics models have some limitations that the waviness is not modeled, resin-rich
region may be of eyelet shape and the composition of tows may have some variations.
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In summary, despite some idealization and assumptions made in the modeling of fiber tow
and composites, it is generally found that homogenization method can predict the tendency of
adding stitches into carbon/epoxy that translates into some reduction of tensile modulus and
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Poisson’s ratio. Homogenization method will be able to predict thermo-elastic constants with
better accuracy if the followings are carried out in the modeling processes: (i) adjustment of
fiber tow volume fraction to better represents the actual tow; (ii) fiber waviness in in-plane
and out-of-plane directions is modeled; (iii) full thickness of the composites is explicitly
modeled.

2.5 Concluding Remarks

Tensile test and damage characterization of carbon/epoxy composites stitched with Vectran
thread have been performed. Several findings are summarized herein:

e Densely stitched composites (SD = 0.111/mm?) exhibits higher tensile strength in
comparison to moderately stitched composites and unstitched due to an effective im-
pediment of edge delamination. The improvement is around 10%.

e Stitching reduces tensile modulus of carbon/epoxy by approximately 4% due to both
in-plane and out-of-plane waviness of 0° tows.

e Failure strain in stitched composites is higher than that of unstitched composites due
to the presence of resin-rich region whose plastic deformation helps to reduce stress
concentration in intact fibers so as to extend the strain-to-failure.

e Poisson’s ratio in carbon/epoxy composites is reduced by around 6% with stitching,
and this tendency could be caused by the misalignment of fiber tows due to tautness
of stitching, change of tow thickness due to stitching, and modified-lock stitch pattern
that restricts the deformation of composite in lateral directions.

e Damage characterization reveals that stitching induces higher density of transverse
and oblique cracks. The reason for this behavior is mainly due to the fiber compaction
mechanism that reduces the spacing between fibers in off-axis plies, and eventually
triggers early fiber/matrix debonding.

e Compaction effect between two stitch lines is quantitatively confirmed by burn-off test
and optical microscopy on volumetric section of stitched composites, specifically be-
tween two stitch lines. It is revealed that the fiber compaction indeed occurs as indi-
cated by an increase of local fiber volume fraction. Optical microscopy also confirms
that stitching reduces the gap between fibers, and thus, increases the fiber volume
fraction.

e Homogenization method.s found to be accurate in predicting thermo-mechanical prop-
erties of unstitched and stitched composites. Despite some simplifications, tensile mod-
ulus obtained by homogenization method is in a good agreement with experiments.
However, comparison of Poisson’s ratio between homogenization and experiments yields
a difference of above 30%. This is due to the fact that during experiment the strain
values (longitudinal and transverse strains) used to calculate Poisson’s ratio are actu-
ally the values of specimen surface, which is resin-rich region. Other reasons include

61



CHAPTER 2. VECTRAN-STITCHED UNDER TENSION

the limitation of mesomechanics models that did not include waviness, adjustment of
fiber volume fraction, and incorporation of finite thickness effect.

e As a general conclusion of this part, it is proposed that in order to improve the ten-
sile properties of carbon/epoxy composites, following methods can be pursued: (i) to
employ stitched 3x3 configuration so as to impede the delamination growth, (ii) to
minimize in-plane and out-of-plane waviness in carbon/epoxy so as to maintain ten-
sile modulus, (iii) to reduce the thickness of off-axis tows (90°, +45°, —45°) so as to
increase the stress level for crack initiation (crack onset)
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Chapter 3

Vectran-stitched carbon/epoxy
composites under compression

3.1 Overview

This chapter discusses experimental investigation of compressive characteristics and dam-
age mechanisms of Vectran-stitched carbon/epoxy composites. Composite specimens under
investigation are the same as in Chapter 2, which are unstitched, stitched 6x6 200d and
stitched 3x3 200d. Additionally, two more specimens having thicker stitch thread are pre-
pared, namely stitched 6x6 400d and stitched 3x3 400d. In this chapter, effect of stitch
density and stitch thread thickness on compressive properties of carbon/epoxy composites is
assessed. Correlation between compressive properties and fiber waviness is also established.
Damage mechanisms in unstitched and stitched composites under compression are discussed
in details.

3.2 Experimental Details

3.2.1 Materials

Material system used in compression test is Vectran-stitched carbon/epoxy composites. Car-
bon fiber is T800SC-24kf, while the epoxy is XNR /H6813 Denatite. Stitch material is Vectran
with linear density of 200 denier (200d) and 400 denier (400d). Thermo-mechanical proper-
ties of T800SC, XNR/H6813 and Vectran can be reviewed in Table 2.1. Tow orientation is
[+45/90/-45/05/+45/90,/-45/0]s. Stitch pattern is modified-lock stitch (see again Fig. 2.1).
Five composite specimens are prepared:

e unstitched (SD = 0.0, V; = 0.0%)
e stitched 6x6 200d (SD = 0.028/mm?, V, = 0.088%)
e stitched 6x6 400d (SD = 0.028/mm?, V, = 0.175%)
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e stitched 3x3 200d (SD = 0.111/mm?, V; = 0.350%)

o stitched 3x3 400d (SD = 0.111/mm?, V, = 0.700%)

Specimen codes for unstitched, stitched 6x6 200d, stitched 6x6 400d, stitched 3x3 200d and
stitched 3x3 400d are CN-x, CS62-x, CS64-x, CS32-x and CS34-x, respectively. x denotes
specimen numbering. Specification of compression specimens including stitch parameters, V;
of specimens, dimension, sample quantity, is given in Table 3.1.

3.2.2 Compression test specimens

Dimension of compression test specimen is 80 mm long and 15 mm wide. Schematic of
the test specimen can be seen in Fig. 3.1. This dimension conforms with compression test
fixture used in present experiment, namely NAL-II. NAL-II is a metallic fixture for non-
hole compressive (NHC) test proposed by Japan Aerospace Exploration Agency [88]. Test
specimen is prepared by cutting the cured plate using water-cooled cutting machine AC-
400CF. After cutting process, edges of the specimen are polished using abrasive rotating
sandpapers with following roughness levels: rough (grit #500), moderately smooth (grit
#1000) and very smooth (grit #1200). Gage area in compression test specimen is 10 mm
long and 15 mm wide. Longitudinal and transverse strain gages (Kyowa) denoted as SG1
and SG2 are attached on front and back faces of specimen, respectively.

10 Strain gage
Front face - - ’{Iongitudinal)
______ s
| _SG1_/
= Gripping area I Gripping area
_—
Stitch thread Strain gage
Back face (needle thread) / (transverse)
T |
5G2
4
2 Gripping area | !J | Gripping area
oo
|
]
Stitch thread
(bobbin thread)
Strain gage .
Side view sG1— (longitudinal) Thicliness

I | | ]
SG2~—— strain gage
(transverse)

Figure 3.1: Compression test specimen of NAL-II (dimension in mm)
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3.2.3 Compression test fixture

As mentioned, NAL-II fixture is used in compression test. It is selected because, as already
demonstrated by Ogasawara and Ishikawa [87], experimental results obtained utilizing NAL-
II are reliable, repeatable and similar to those obtained by well-known standards of SRM-1
(SACMA) and ASTM D6641 (CLC). The specimen size compatible with NAL-II is also rel-
atively small that it reflects its efficiency. Another advantage is that the specimen does not
require end-tabs since NAL-II fixture provides two metal supports that give sufficient clamp-
ing effect. Fig. 3.2a shows NAL-II fixture. The fixture consists of two main parts, namely
the supports and alignment collar. The supports consisting of two components (Support-1,
Support-2) are used to clamp the specimen at both ends, to provide base support, and to
prevent brooming of specimen ends. In each support, four screws are used to clamp the
specimen, specifically in gripping areas. After the specimen has been clamped, the alignment
between Support-1 and Support-2 is checked. This alignment process is done by pre-test
alignment apparatus shown in Fig. 3.2b. Before the pre-test alignment process the screws
are not heavily tightened to allow a smooth entrance into the alignment apparatus. When
both supports have been aligned, screws are tightened within the alignment apparatus. Af-
terwards, specimen and the supports are taken out from pre-test alignment apparatus, and
inserted into the alignment collar. The collar contains two windows with rounded corners.
These windows provide access for strain gage cables and for visual observation of specimen
during compression test.

3.2.4 Compression test procedures

Compression test is carried out using Instron 4505 and its renewed system of 5500 with
maximum load cell capacity of 100 kN. Test setup utilizing NAL-II fixture on Instron 4505 is
shown Fig. 3.2c. Loading rate applied during compression test is 1 mm/min. Environment
setting is set at room temperature of 293 K (20 °C). Computer terminal with Bluehill software
is used to register load and displacement data. Stress is obtained by dividing the load
with gross area of specimen (w X t). Strains are obtained from SG1 and SG2 strain gages
positioned in the configuration shown in Fig. 3.1. For each specimen type, three to five test
samples are tested to obtain compressive properties. Compressive properties obtained during
the tests are compression strength (o,.), failure strain (£;), compression modulus (E,) and
Poisson’s ratio (vgy).

3.2.5 Damage characterization procedures

Damage characterization is carried out by conducting interrupted test and optical microscopy
on specially-designed test specimens. The objectives are to capture the damage process, and
to have comparative damage mechanisms between unstitched and stitched composites under
compression. Based on the observations reported by other researchers [40, 101, 114], one of
the damage mechanisms in composites under compression is fiber kinking, which generally
occurs in 0° fibers. Fiber kinking is generally triggered by initial fiber waviness and shear
yield stress of matrix [27, 43, 82]. In order to capture the development of fiber kinking
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Figure 3.2: (a) NAL-II compression test fixture, (b) pre-test alignment apparatus, (¢) com-
pression test setup

and subsequent damage modes, a test specimen that clearly exhibits internal part of 0°
tow is intentionally made to aid damage observation. This test specimen is called damage
observation specimen, and the process to produce such specimen is shown in Fig. 3.3a. To
produce damage observation specimen the upper part of original compression test specimen
is firstly trimmed in in-plane direction (z-y plane) up to a level whereby upper 0° tow is
approximately cut into half. The trimming process is carried out using water-jet cutting
machine (Maruto). After trimming process, two edges and front face of gage region are
polished three times using abrasive rotating sandpapers starting from rough (grit #500),
moderately smooth (grit #1000), and finally, very smooth (grit #1200). After polishing
process, thickness of specimen that is originally around 4.15 mm becomes thinner. Thickness
among damage observation specimens varies depending on the position of 0° tow relative to
the back face of specimen, that is between 3.1 to 3.4 mm. Fig. 3.3b shows an example of front
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face of stitched specimen after trimming process that exhibits 0°, stitch threads and resin-rich
region. Using such specimen, any damages appearing in 0° tows, resin-rich region and stitch
thread upon compression loading can be observed using microscope. However, it should be
mentioned that by reducing the thickness of the specimen the maximum compressive load will
be reduced. Thus, the maximum compressive load of damage observation specimen would be
lower than that of compression test specimen. It is also noteworthy that damage observation
specimen is non-symmetrical, which means that failure may initially occur in the front face of
0° tow. Five samples are prepared for damage observation specimens representing unstitched,
stitched 6x6 200d, stitched 6x6 400d, stitched 3x3 200d and stitched 3x3 400d. Damage
observation specimen is then inserted into the NAL-II fixture. Interrupted test is carried
out with loading rate of 0.5 mm/min. The test is periodically stopped at several load levels
before final failure occurs. In each level, the specimen is taken out from the machine, and
optical microscopy is performed on the specimen. Any defects appearing in the front face
and edges of the damage observation specimen are captured and noted.

Trimmed surface

z Compression test specimen

—_— 0" tow
b = = L 0° tow
N = | 0°fow
Side view 80 2
l Trimmed surface
z Damage observation specimen H3|tf of 0°
ow
© —— ————1 —0°tow
m _— ,——"Oetow
X
Loading direction
(a) (b)

Figure 3.3: (a) Process to produce damage observation specimen, (b) trimmed surface of
gage area in damage observation specimen

3.3 Experimental Results and Discussion

3.3.1 Load-displacement and stress-strain curves

Fig. 3.4 shows load-displacement and stress-strain curves for unstitched composites, stitched
6x6 200d, stitched 6x6 400d, stitched 3x3 200d and stitched 3x3 400d. The load, dis-
placement, stress and strain actually lie on the negative axis, but for convenience, they are
displayed in positive axis. In general, all load-displacement curves exhibit linearity before
maximum load is reached regardless stitch density and stitch thread thickness. After maxi-
mum load is reached, almost all curves experience abrupt drop to a level whereby specimen
could not sustain additional loads. This abrupt drop indicates that the compressive failure is
a sudden event. The linearity suggests that there is a minimum amount of damage processes
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that can be inferred from load-displacement curves. This is different from general tension case
whereby damage initiation can be identified from a knee-point in load-displacement curves.
In compression case, a knee-point is not apparent in load-displacement curves. However,
there are cases whereby maximum load is not followed by an abrupt drop, and this is shown
by CN-1 and CN-3 specimens (Unstitched) and CS62-2 specimen (Stitched 6x6 200d). In
specimen CN-1, for instance, after maximum load is reached at 30.55 kN with corresponding
displacement of 1.56 mm, the jagged curve ensues until the displacement is reaching 2.69
mm. Specimens CN-3 and CS62-2 also display similar jagged curves although the drops are
not as many as in CN-1 case. The jagged curve is caused by fiber kinking occurred outside
the gage length.

Stress-strain curves of all specimen types are given in Fig. 3.5. Maximum stress obtained
from each curve is used to calculate compressive strength ... For the specimens exhibiting
jagged curves (CN-1, CN-3, CS62-2), g, is obtained by dividing the maximum load prior
to the first drop prior to jagged pattern. Failure strain ¢; is obtained from the longitudinal
strain data corresponded to the maximum load. Compressive modulus F, is calculated based
on the strains obtained from SG1 (longitudinal) and their corresponding stresses. Two stress
values at 0 = 0.1% and 0.3% are used to calculate compressive modulus. Poisson’s ratio
Vg are calculated based on longitudinal and transverse strain values. Procedure to calculate

compressive strength, failure strain, compressive modulus and Poisson’s ratio can be reviewed
in Ref. [10].

3.3.2 Failure mode

Post-mortem observation utilizing optical microscope is performed on each specimen to ob-
serve the failure mode of composites under compression. The failure under compression is
usually catastrophic regardless stitched or unstitched. Fig. 3.6 shows an example of edge
condition in stitched specimens before and after compression loading. Two vertical lines in-
dicate the limit of 10 mm gage length. Before the test, two locations of maximum waviness
amplitude in 0° tows are indicated in Fig. 3.6a. After the test (see Fig. 3.6b), it is observed
that 0° tows are fractured at several locations where the maximum waviness is residing. The
fracture location in 0° tows is usually preceded by fiber kinking. Other failure modes also
exist: delamination at the interfaces of (0°/—45°) and (—45°/0°); delamination adjacent to
the fractured 0° tows at specimen edge; matrix crackings in 90°, +45°, —45° tows.

Fiber kinking initiates at a location whereby maximum fiber waviness exists. Mechanism
of fiber kinking in 3-D composite system has been described by Tong et al. [107]. Upon
compressive loading, kinking will start to appear when the matrix around misaligned fibers
is undergoing plastic yielding. .This matrix yielding allows a portion of fibers within 0° tow
to rotate in parallel, which eventually causes fiber fracture over two planes. Characteristics
of fiber kinking found in present experiment is shown in Fig. 3.7a, whereby a band of 0°
fibers is broken. Schematic of fiber kinking drawn based on Fig. 3.7a is shown in Fig. 3.7b.
Parameters in fiber kinking are identified as kink band width and kink angle. In Fig. 3.7b,
kink band width is approximately 40 pum, whilst kink angle is 25. The magnitude of kink
band width may vary depending upon the thickness of fiber tow and the degree of waviness.
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Figure 3.4: Load-displacement curves of unstitched composites, stitched 6x6 200d, stitched
6x6 400d, stitched 3x3 200d and stitched 3x3 400d

3.3.3 Compressive properties

Compressive properties, namely compressive strength, compressive modulus, Poisson’s ratio
and failure strain, for all specimen types are given in Table 3.2. Normalized compressive
strength and normalized compressive modulus are also given Table 3.2 as well. Method to
obtain normalized properties can be reviewed in Section 2.3.5.
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Figure 3.5: Stress-strain curves of unstitched composites, stitched 6x6 200d, stitched 6x6

400d, stitched 3x3 200d and stitched 3x3 400d

Compressive strength

Fig. 3.8 shows the comparison of compressive strength amongst specimens. Coefficient of
variation (C.0.V.) across specimen types ranges between 4.0% and 10.8%, which indicates
good dispersion amongst samples. Average compressive strength of unstitched composite
is 453 MPa, while that of stitched 6x6 200d and stitched 3x3 200d is 390 MPa and 416
MPa, respectively. In comparison to unstitched composites, compressive strength of stitched
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Figure 3.7: Fiber kinking in 0° tow of carbon/epoxy composites under compression (a)
photomicrograph, (b) schematic

6x6 and stitched 3x3 is lower with difference of 13.9% and 8.2%, respectively. Compressive
strength of stitched 6x6 400d and stitched 3x3 400d is 395 MPa and 408 MPa, respectively.
The compressive strength of stitched 6x6 400d and stitched 3x3 400d is 12.8% and 9.9%,
respectively, lower than that of unstitched composites. This indicates that stitched compos-
ites with 400 denier thread, similar to those having 200 denier thread, also experience lower
compressive strength in comparison to unstitched composites. In other words, regardless
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stitch density or stitch thread thickness, compressive strength of stitched composites is lower
than that of unstitched composites. Even when the compression strength is normalized with
fiber volume fraction, the compressive strength of stitched composites is still below that of
unstitched one. This suggests that fiber volume fraction plays minimum effect, and that other
factors may seem to govern the reduction of compression strength in stitched composites.

600

500 453

416 408
400 | { 390 {395 —I— -
300 + A

200 +

100

Compressive strength (MPa)

G 1 1 1 1
Unstitched 6x6 (200d) 6x6(400d) 3x3(200d) 3x3 (400d)

Figure 3.8: Compressive strength

Compressive modulus

Fig. 3.9 shows the comparison of compressive modulus (E,) amongst specimens. In general,
E, of stitched composites is similar with that of unstitched composites regardless stitch
density or thread thickness. Nonetheless, slight increase of E, is also observed. Average E,
of unstitched is 49.2 GPa, while that of stitched 6x6 200d and stitched 3x3 200d is 49.6
GPa and 52.2 GPa, respectively. Stitched 6x6 200d and stitched 3x3 200d exhibit 0.89%
and 6.10% higher modulus as compared to unstitched composites. With thicker thread,
it is found that compressive modulus of stitched composites is also slightly higher. E, of
stitched 6x6 400d is 52.8 GPa, while that of stitched 3x3 400d is 49.3 GPa. Compressive
modulus of stitched 6x6 400d and stitched 3x3 400d is 7.2% and 0.4%, respectively, higher
than that of unstitched composites. After normalization with respect to V;, normalized
compressive strength of stitched 6x6 200d and stitched 3x3 400d is comparable with that of
unstitched composites, which means that the modulus increase is partly related to the higher
V. However, compressive strength of stitched 6x6 200d and stitched 3x3 200d is still higher
than that of unstitched, although normalization has been performed. This slight increase
seems to be related with the geometry, and in this case, it is the gage length. Longer gage
length seems to produce slightly higher compressive modulus.

Failure strain

Failure strain (cy) of stitched 6x6 200d and stitched 3x3 200d under compression is lower
than that of unstitched composites. £ of stitched 6x6 200d and stitched 3x3 200d is 1.57%
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Figure 3.9: Compressive modulus

and 1.59%, respectively, while that of unstitched composites is 2.01%. On the other hand,
ey of both stitched 6x6 400d and stitched 3x3 400d is 1.59%. In comparison to unstitched
composites, ¢ of both stitched specimens having 400d thread thickness is 20.9% lower. The
lower failure strain stitched composites may seem to follow the trend of compressive strength,
in which the relatively lower strength exhibited by stitched composites is accompanied by
lower failure strain. Hence, the reason causing the lower failure strain is also similar with
that causing the lower compressive strength, i.e. fiber waviness.

Poisson’s ratio

Table 3.2 shows that Poisson’s ratio (v,,) of unstitched is 0.346, which is 7.7% and 2.0%
higher than that of stitched 6x6 200d (0.319) and stitched 3x3 200d (0.339), respectively.
Vay of stitched 6x6 400d is 0.332, whilst that of stitched 3x3 400d is 0.308. vy, of stitched
6x6 400d is lower that that of unstitched composites, which is 0.346. Reasons for the change
of Poisson’s ratio are fiber waviness due to stitching, and the change of thickness distribution
of fiber tows.

3.3.4 Effect of stitch parameters on compressive properties

It is already shown that, in general, stitching degrades compressive strength of carbon/epoxy
composites. However, it is not yet clear which stitch parameter that significantly affects
the strength reduction. A correlation between compressive strength and stitch parameters
is therefore made for all specimen types (unstitched, stitched 6x6 200d, stitched 6x6 400d,
stitched 3x3 200d and stitched 3x3 400d). The stitch parameters are stitch density (SD),
stitch content (V) and stitch thread thickness.

Fig. 3.10a shows the relationship between compressive strength and stitch density. SD = 0.0
for unstitched composites; SD = 0.028/mm? for stitched 6x6; SD = 0.111/mm? for stitched
3x3. It is shown that the correlation between compressive strength and stitch density is not
clear. It indicates that higher stitch density does not always result in lower compressive
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strength. When compressive strength is plotted against stitch content (see Fig. 3.10b), no
clear correlation is found between them. Similar to stitch density. stitch content does not seem
to control the compressive strength of carbon/epoxy. However, when the correlation is made
between compressive strength with stitch thread thickness (see Fig. 3.10c) it is evident that
stitched composites having larger thread diameter, i.e. 400d, would exhibit lower compressive
strength in comparison to unstitched and stitched composites with 200d thread. The reason
is that larger stitch thread would induce larger waviness of 0° tows, which are the principal
tows that control the failure mode (fiber kinking). Next section deals with the correlation
between compressive strength and fiber waviness.
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Figure 3.10: (a) Compressive strength vs. stitch density, (b) compressive strength vs. stitch
content, (c) compressive strength vs. thread thickness

3.3.5 Effect of fiber waviness on compressive properties

Fiber waviness in all specimen types

Measurement of fiber waviness (out-of-plane and in-plane) is performed for 0° fiber tows of all
specimen types under compression. Technique to measure waviness has been shown in Section
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2.2.7, and same data is shared for tension and compression tests. Nevertheless, to provide a
better visualization on how to extract the out-of-plane waviness, for instance, Fig. 3.11 can
be observed. The measurement of out-of-plane waviness is done on the right and left edges of
the gage length. In Fig. 3.11a, it is displayed that three misaligned 0° tows (upper, middle,
lower) are apparent in right and left edges. For this particular set of data, the specimen code
is CN-3, which is an unstitched composite. Results of the waviness measurement for totally
six 0° tows can be seen in Fig. 3.11b. Horizontal axis denotes normalized z-coordinate or
the relative position of measurement point in z-coordinate with respect to the gage length
(ly). Vertical axis is normalized z-coordinate obtained by dividing the relative position of
centerline of 0° tow with the thickness of specimen (¢). The normalization aims to provide a
percentage of waviness. It is found that six 0° fiber tows in CN-3 specimen exhibit waviness
of less than 10%.
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Figure 3.11: (a) Out-of-plane waviness of 0 ° tows on right and left edges (sample code: CN-3)
(b) measurement result of out-of-plane waviness amplitude

Maximum amplitude of waviness (a,,) is then identified for six tows. Six values are then
obtained and averaged. The average value is used as a representative a,,; of each specimen.
For example, 0° tows of the right edge of CN-3 specimen have maximum amplitudes of 308
pm (upper tow), 247 pm (middle tow) and 103 um (lower tow). 0° tows of the left edge have
maximum amplitudes of 166 ym (upper tow), 104 ym (middle tow) and 104 pm (lower tow).
The average value of those amplitudes is 172 pum with standard deviation of 88 pm. In this
case, the value of 172488 um is used to represent a,, of CN-3. Same procedure is carried
out to obtained ¢,,; of each specimen tested under compression.

As for the in-plane waviness amplitude (a;,) and in-plane waviness angle (¢;,,), the values
used in this chapter are the same with those used in Chapter 2. Method to calculate a;,
and ¢;, can also be reviewed in Section 2.2.7. In addition, combined waviness of amplitude
(acom) and angle (¢eom) are also calculated for compression test specimens. A complete set
of in-plane, out-of-plane and combined waviness of unstitched, stitched 6x6 200d, stitched
6x6 400d, stitched 3x3 200d and stitched 3x3 400d is given in Table 3.3
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Table 3.3: Amplitude and angle of waviness in 0° tows for five specimen types

Out-of-plane waviness In-plane waviness Combined waviness
Qout (:u'm) ¢rmt (O) Qin, (,U'm) ¢£n (o) Qeomn (,U.II’I) QI)mm (o)
Unstitched 112 £56 421 +182 1947 0.11 £0.04 114 £55 4.21 + 1.82
Stitched 134 £34 571+1.14 117+6 137+003 179+26 5.87+1.10
6x6 200d

Stitched 1564 £49 6.39 £ 1.09 199 43 141 £0.06 254+ 31 6.55 =+ 1.06
6x6 400d

Stitched 121 £51 3.77+1.11 80+24 5.57+045 147 +43 6.78 + 0.61
3x%3 200d

Stitched 127 £ 25 480+051 83+35 738+142 152+20 8.81+0.29
3x3 400d )

Specimen

Relationship between in-plane waviness and out-of-plane waviness

Based on the data shown in Table 3.3, relationship between a;, and a., is made. Fig. 3.12a
describes the relationship between a;, and @, which concludes that (i) stitching increases
both a;, and @y, (ii) the increase of a;, is strongly proportional to the increase of a,,;. This
indicates that both a;, and a,,; are interdependent. A graph is also plotted between ¢;, and
®out, and it is shown in Fig. 3.12b. In contrast, no clear correlation between ¢;, and ¢, can
be made.

200 7
.
6 =
. (=]
150 - i
ST 5 A
™ e —_ 4P
£ - e 47 A
= 100 y
""': o 3 4
m% © Unstitched = © Unstitched
| O Stitched 6x6 (200d) 2 4 O Stitched 6x6 (200d)
50 B Stitched 6x6 (400d) ® Stitched 6x6 (400d)
A Stitched 3x3 (200d) 1 4 Stitched 3x3 (200d)
A Stitched 3x3 (400d) A Stitched 3x3 (400d)
0 T T T T 0 T T T
0 50 100 150 200 250 0 2 4 6 8
ain (}.ll'l'l) /Bfn (n)
(a) (b)

Figure 3.12: Relationship between in-plane and out-of-plane waviness (a) waviness amplitude,
(b) waviness angle

Correlation between compressive strength and fiber waviness

Correlation between compressive strength and combined waviness is made for unstitched,
stitched 6x6 200d, stitched 6x6 400d, stitched 3x3 200d and stitched 3x3 400d. Combined
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waviness amplitude and angle are shown in Fig. 3.13a and Fig. 3.13b, respectively. Good
correlation is found between compressive strength and both combined waviness amplitude
and angle. This clearly shows that the reduction of compressive strength is strongly correlated
with the increase of waviness in both in-plane and out-of-plane directions. Compressive failure
is strongly determined by waviness of 0° tows, in which waviness triggers the formation of
fiber splitting, which induces fiber kinking. Fiber splitting, which is essentially a matrix
crack parallel to the 0° tows, is originated from the voids between fibers [43]. Therefore,
minimizing both in-plane and out-of-plane waviness amplitudes in composites is beneficial in
avoiding premature failure due to fiber splitting and fiber kinking.

700 700
© Unstitched © Unstitched
= o Stitched 6x6 (200d) = o Stitched 6x6 (200d)
% 600 - = Stitched 6x6 (400d) % 600 = Stitched 6x6 (400d)
= a Stitched 3x3 (200d) = 4 Stitched 3x3 (200d)
B 4 Stitched 3x3 (400d) B 4 Stitched 3x3 (400d)
S 500 1 o E 500 - o
# < A 7] e a
g e—— Boee & g ---------------- A A
2 400 a P w @ 400 - o il
£ £
o 300 - _ o 300 -
o y =-0.2921x + 461.51 (&} y =-7.3015x + 459,84
R2=0.3074 R2=0.1613
200 T T r 200 T T T T -
0 100 200 300 400 0 2 4 6 8 10 12
acom (um) Pcom (degree)

(@) (b)

Figure 3.13: (a) Compressive strength vs. combined waviness amplitude, (b) compressive
strength vs. combined waviness angle

3.3.6 Damage mechanisms in unstitched composites

Damage progression in unstitched composites, as observed from the edge and front face of
the specimen, is described in this section. Unstitched specimen used for damage observation
has a thickness of 3.303 mm and width of 14.85 mm. Before the test is started, images of
specimen edges and front face are taken using optical microscope. The test is then carried
out, and stopped at several load levels: 12.12 kN (249 MPa), 15.05 kN (309 MPa), 17.64 kN
(363 MPa), 17.86 kN (367 MPa), 18.90 kN (388 MPa) and 17.90 kN (368 MPa, final failure).
At each load level, images of edges and front face are again taken.

Fig. 3.14 shows the sequence of digital images of damage progression in unstitched composites,
specifically in the front face, starting from 309 MPa up to 368 MPa (final failure). Fig. 3.14a
shows that at 309 MPa, no damage is observed at the front face. When the load is increased
to 363 MPa (Fig. 3.14b), several fiber splittings started to appear in 0° tow. No fiber
kinking is visibly observed in the specimen at this stress level, implying that fiber splitting
is the damage mode preceding fiber kinking. When the load is slightly increased to 367
MPa (Fig. 3.14c), the length of fiber splitting immediately increased reaching the boundary
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Figure 3.14: Damage progression at front face of unstitched composite under compression
load: (a) 309 MPa, (b) 363 MPa, (c) 367 MPa, (d) 388 MPa, (e) 368 MPa (at failure)

of clamping region (indicated by horizontal white marker in Fig. 3.14c). At the same time,
fiber kinking rapidly developed across the width of specimen. Fig. 3.14d shows that at 388
MPa the fiber splittings became more apparent, and kink band width is increased. The final
failure is shown in Fig. 3.14e, and it occurred at 368 MPa. From the top surface, the final
failure is characterized by extensive fiber splitting and delamination.

Fig. 3.15 shows the damage progression at the edge of unstitched composites. The images
are of the same event with those shown in Fig. 3.14. Figs. 3.15a and 3.15b show that no
damage is observed at the edge of specimen at 309 MPa and 363 MPa, respectively. When
the load is increased to 367 MPa, fiber kinking occurred at upper 0° tow (Fig. 3.15¢), and
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the kinking immediately induced the initiation of delamination at the interfaces of 0°/+45°
and +45°/90°. At 388 MPa, fiber kinking became more apparent, and delamination between
+45° and 90° visibly grew towards the middle part of the specimen (Fig. 3.15d). At 368
MPa, final failure occurred and it is characterized by fracture of all 0° tows and delamination
(Fig. 3.15¢e). Shear fracture is also evident that it connected two fiber ruptures.

No observable No observable
damage | : b damage

- 90 . ; - - 90
Delamination Delamination

! Fiber Kifiking
\

Fiber fracture

(e)

Figure 3.15: Damage progression at the edge of unstitched composite under compression
load: (a) 309 MPa, (b) 363 MPa, (c) 367 MPa, (d) 388 MPa, (e) 368 MPa (at failure)

3.3.7 Damage mechanisms in stitched composites

Fig. 3.16 shows the sequence of damage in stitched composites under compression.-It is note-
worthy that the specimen used in this observation is stitched 3x3, which failed at maximum
load of 15.08 kN (323 MPa). Thickness of specimen is 3.22 mm and width is 14.50 mm. For
this specimen, the test is stopped six times at load level of 10.15 kN, 12.14 kN, 13.38 kN,
13.96 kN, 15.13 kN and 15.08 kN (final failure). The stresses equivalent to those load levels
are 218 MPa, 260 MPa, 287 MPa, 299 MPa, 324 MPa and 323 MPa (final failure).

Fig. 3.16a shows the front face of pristine specimen (0 MPa) where no damage is observed.
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(a) B (b) T .

Figure 3.16: Damage progression in the front face of stitched composite under compression
load: (a) pristine specimen (0 MPa), (b) 260 MPa, (c) 287 MPa, (d) 299 MPa, (e) 324 MPa,
(f) 323 MPa (at failure)

When the stress level is increased to 218 MPa, damage is still not observed. Thus, the
condition of test specimen is not shown here. When the stress is increased to 260 MPa,
damage starts to appear in the form of resin cracking in the resin-rich regions (Fig. 3.16b).
This resin cracking could be initiated by the voids in the resin-rich region. At 287 MPa,
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in addition to the resin crackings, fiber splitting started to appear in 0° tow (Fig. 3.16c).
Fiber splitting, as mentioned, may also be initiated by voids and waviness. When the stress
reaches 299 MPa, fiber splittings multiply, but they do not seem to aggressively propagate in
line with loading direction (Fig. 3.16d). When the stress is reaching 324 MPa, resin cracking
residing in the resin-rich region induces a formation of fiber splitting at the edges of 0° tows
(Fig. 3.16e). Resin cracking and fiber splitting would interact with fiber kinking that spans
across the width of 0° tows. At 323 MPa, specimen fails, and final failure is characterized by
debonding of stitch threads from the surrounding matrix (Fig. 3.16f). Fracture of 0° tows
also becomes very apparent, and collapse of overall specimen is inevitable.

Accordingly, damage progression as observed from the edge of specimen is given in Fig. 3.17a
shows the edge condition of stitched composites at 299 MPa, where there is no damage
observed at this level. As the stress level is increased to 321 MPa, fiber kinking previously
shown in Fig. 3.16d is clearly observed from the specimen edge (Fig. 3.17b). Similar to
unstitched specimen, fiber kinking also induced the delamination at the interfaces of 0°/+45°
and +45°/90°. Fig. 3.17c shows the final failure that is characterized by fracture of all 0°
tows, extensive delamination, fiber splitting and shear fracture.

No observable damage

Figure 3.17: Damage progression at the edge of stitched composite under compression load:
(a) 299 MPa, (b) 324 MPa, (c) 323 MPa (at failure)

3.3.8 Development of fiber kinking

Characteristic of fiber kinking is of interest because this failure mode, combined with fiber
splitting and delamination, often determines the final failure of composites under compres-
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sion. Fig. 3.18 shows the development of fiber kinking in 0° tow as observed from the edge
and top surface of stitched composites. Figs. 3.18a and 3.18b are obtained when the speci-
men is not yet loaded (pristine specimen) and 249 MPa, respectively. Fig. 3.18¢c corresponds
to the stress level of 278 MPa. At this stage, kink band is clearly observed. Location of fiber
kinking is close to the resin-rich region, whereby fiber splitting is also found. Delamination
is also observed between 0° and +45° tows. Increasing the stress to 299 MPa results in
more apparent fiber kinking (see Fig. 3.18d). When the compression stress level is further
increased, the specimen fully collapses at 289 MPa, which is slightly lower than the previ-
ous stress level. The final failure in stitched composites shown in Fig. 3.18e, and it is also
characterized by fiber fracture, stitch debonding, fiber splitting and extensive delamination.

Top surface

Resin-rich region No damage Fiber kinking Fiber kinking Final failure

1mm
L

Stitch thread Fiber splitting Fiber splitting

Edge Fiber kinking Fiber kinking Final failure

No damage

Delamination

(d)

i
Delamination

Figure 3.18: Initiation and development of fiber kinking in stitched composites: (a) Pristine
specimen (no damage), (b) 249 MPa, (c) 278 MPa, (d) 299 MPa, (e) 289 MPa (at failure)
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3.4 Concluding Remarks

Experimental investigation is performed to study the effect of stitch density and stitch thread
thickness on compressive properties of carbon/epoxy composites. Several conclusions can be
made as follows:

e Stitching generally reduces compressive strength of carbon/epoxy regardless the stitch
density or stitch thread thickness. The reduction of compressive strength could reach
approximately 14%, with the largest reduction is exhibited by stitched 6 x6 200 denier.
Reduction of compressive strength is strongly correlated with combined waviness of 0°
tows, and early failure triggered by the cracking in resin-rich region.

e Compression modulus is modestly improved with stitching. The increase of compres-
sive modulus could reach 16.5% by stitched 3x3 200 denier. The reason for modulus
increment is influenced by fiber volume fraction and longer specimens used.

e Poisson’s ratio of stitched composites is reduced up to around 11% in comparison with
unstitched ones. In this case, it is experienced by stitched 3x3 400d. Stitching may
restrain the lateral deformation of composites during compression, which eventually
reduces the Poisson'’s ratio.

e Failure strain in stitched composites under compression is reduced by 22% indicating
that the strain to failure is strongly dependent on the trend of compressive strength.

e Based on post-mortem analysis of failed specimens, failure of carbon/epoxy under com-
pression is characterized by fracture of all tows, fiber kinking, delamination and matrix
crackings.

e Investigation of damage mechanisms reveals the difference of damage sequence in un-
stitched and stitched composites:

Unstitched composites: fiber splitting = delamination = fiber kinking = final
failure (rupture of all fibers, fiber kinking, extensive delamination, shear fracture)

Stitched composites: cracking in resin-rich region near stitch thread = fiber
splitting = delamination = fiber kinking = final failure (rupture of all fibers, fiber
kinking, extensive delamination, shear fracture, stitch debonding)

e Because compressive strength of stitched composites is lower than unstitched compos-
ites, regardless stitch density or thread thickness, stitching should not be employed in
composite structures loaded under compression

e In order to improve compressive properties of stitched composites, several techniques
are proposed here: (i) use of toughened resin to fabricate stitched composites; (ii) ap-
plication of thin yet strong stitch thread to minimize resin-rich regions; (iii) minimizing
fiber waviness by optimizing stitching forces applied to the fabrics.
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Chapter 4

Vectran-stitched carbon/epoxy
composites under fatigue

4.1 Overview

This chapter discusses experimental investigation of fatigue characteristics and damage mech-
anisms of Vectran-stitched carbon/epoxy composites. Effect of stitch density on three fatigue
characteristics, namely fatigue life (S-N curve), stiffness degradation and fatigue damage
growth, is discussed. Composite specimens are unstitched, stitched 6x6 200d and stitched
3x3 200d. Specification of cyclic loading applied during fatigue test is constant amplitude
and tension-tension (T-T, R = 0.1) with sinusoidal waveform and frequency of 5 Hz. Max-
imum stress levels applied during fatigue test are defined between 50% and 80% relative to
the static tensile strength of respective composite type. Fatigue damage growth is studied by
conducting interrupted test at different cycles coupled with X-ray radiography. Quantifica-
tion of damage is performed by measuring delamination growth, crack density of transverse
and oblique cracks at various cycles and stress levels. Correlation between stiffness degra-
dation and fatigue damage growth is described, and relationship between static and fatigue
behavior is assessed.

4.2 Experimental Details

4.2.1 Materials

Material system used in fatigue test is the same as in Chapter 2, viz. Vectran-stitched
carbon/epoxy composites. Carbon is T800SC-24kf, epoxy is XNR/H6813 Denatite, and the
stitch material is Vectran 200 denier. Thermo-mechanical properties of T800SC, XNR/H6813
and Vectran can be reviewed in Table 2.1. Tow orientation is [+45/90/-45/05/+45/90,/-
45/0]s. Stitch pattern is modified-lock stitch (see again Fig. 2.1). Three composite specimens
prepared for fatigue test are (i) unstitched, (ii) stitched 6x6 200d, (iii) stitched 3x3 200d.
Table 4.1 provides the specification of specimens used in fatigue test.
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Table 4.1: Specification of test specimens for fatigue test

Parameter Unit Unstitched  Stitched 6x6 200d Stitched 3x3 200d
Code - FN-x FS62-x FS32-x

s min - 6 3

P mm - 6 3

SD 1/mm? - 0.028 0.111

I denier (tex) - 200 (22.2) 200 (22.2)

Ve % - 0.088 0.350

Vs % 53.3 + 0.3 53.8 £ 04 54.3 + 0.2

t mim 418 £0.02 4.17 + 0.02 4.18 + 0.04
w mm 25.93 + 0.10 24.95 + 0.05 25.01 £ 0.04
l Imimn 250.50 £ 0.0 250.20 4+ 0.27 251.10 + 0.65
W g 39.33 £ 0.21 39.28 + 0.13 39.46 £+ 0.15
P g/cm? 1.51 £ 0.0 1.51 + 0.01 1.50 4+ 0.01
Quantity  pcs. 4 5 5

4.2.2 Fatigue test specimens

Dimension of test specimen used in fatigue test is the same as in static case (Section 2.2.3):
length is 250 mm and width is 25 mm. Schematic of test specimen used in fatigue test can
be seen in Fig. 2.4. During fatigue test, the specimen is also untabbed in order to avoid
premature failure around the tabs. Test specimens are obtained by cutting the mother plate
using water-cooled cutting machine. After cutting process, edges of specimen are polished
three times using abrasive rotating sandpaper (rough, grit #500; moderately smooth, grit
#1000; very smooth, grit #1200). Polishing the edges of specimen is very important since any
flaws remaining after cutting process are stress concentrators, which may cause premature
failure. Specimen codes for unstitched, stitched 6x6 200d and stitched 3x3 200d are FN-x,
FS62-x and FS32-x, respectively. x denotes sample numbering,.

4.2.3 Fatigue test procedures

Fatigue test is carried out with constant-amplitude loading. Specimens are cyclically loaded
between 0., and o, until failure occurs, or pre-determined limit (for instance, 10% cycles)
is achieved. Fig. 4.1 shows the nomenclatures used in constant-amplitude fatigue test. Note
that the sinusoidal curve oscillates in the positive side of y-axis (¢+), which means "tension-
tension’. 0 mq, and o, represent the peak and the valley, respectively, in a full-sine wave (i.e.
1% cycle). When both 04, and o,y lie in o+, the loading cycle is tension-tension (T-T).
The ratio between 0,4, and oy is called load ratio (R = 0pmin/Omaez). R < 0 corresponds
to tension-compression (T-C), 0 < R < 1 corresponds to tension-tension (T-T), and R > 1
corresponds to compression-compression (C-C). In present case, as mentioned, R = 0.1 is
used, i.e. tension-tension.

Prior to conducting fatigue test, several parameters are defined in the testing machine, namely
type of waveform, frequency (number of cycle per second), mean stress (0mean) and amplitude
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A
o(+) = R = Omin/ Omax
- ——— Omax

— Omean

Time

1% cycle 2" cycle

Figure 4.1: Nomenclatures used in fatigue testing

stress (Oump). In present case, waveform type is sinusoidal and frequency is 5 Hz. 0,,e0n and
Tamp can be calculated using following formulae

‘maz + 1
Omean = Ei_%{ (41J

Tmaz — Omin
Gamy = T2~ i (42)

where 0,4, and o, are determined based on the static tensile strength of composites.

Table 4.2 shows fatigue test setting used in present experiment. The test setting consists of
applied maximum Stress 0,4z, Omin, Camp and number of specimen. For each maximum stress
level, at least one specimen is tested. Fatigue test is conducted under load control manner.
Omaz 18 defined between 50% and 80% of o,; of respective material types. o, in Table 4.2
is an average value of ultimate tensile strength (o) of respective specimen obtained from
static test (see Table 2.5). Similar with static test, fatigue test is also carried out using
servo-hydraulic Instron 8802. The temperature setting is maintained at 293 K (20°C) .

4.2.4 Damage characterization procedures

Damage characterization is carried out by stopping the test at various cycles (N): 100, 200,
500, 1000, 1500, 2 x 103, 5 x 103, 10* and 10° cycles. Similar to damage characterization in
Sub-Section 2.2.5, damage modes investigated in fatigue tests are transverse crack, oblique
crack and delamination. Growth of each damage mode in a specimen is periodically monitored
by performing X-ray radiography. Soft X-ray is also used to produce X-ray images of the
specimen. To enhance the damage visualization during X-ray radiography, zinc-Iodide (Znl)
is applied onto the specimen. Upon proper drying process, the specimen is then exposed
to soft X-ray. After converting the images to the digital ones, damage type that may exist
in the specimen can be clearly observed. It should be mentioned that when a specimen is
subjected to high 0,,.,, €.g. around 80% of ., the specimen could fail as early as 11,000
cycles. For such specimen, obviously, damage could only be assessed up to 11,000 cycles.
In the case whereby a specimen can sustain fatigue loads exceeding 10° cycles, the test is
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Table 4.2: Fatigue test setting

Static Fatigue
Specimen Out O Toive O Toneui Sample
(MPa)  (MPa) (MPa) (MPa) (MPa) °me=/Tut coqe
340 34 187 153 52% FN-1
. 408 41 225 184  62% FN-2
Uistisched s 469 47 258 211 T2% FN-3
542 54 208 244  83% FN-4
323 32 178 145 50% FS62-1
. 389 39 214 175 60% FS62-2
drtched Oxbl 49 45 247 202 7T0%  FS62-3
511 51 214 230 79% FS62-4
511 51 214 230  79% FS62-5
367 37 202 165 51% FS32-1
. 48 45 247 202 62% FS32-2
BB IS, i 50 52 286 234 72% FS32-3
58¢ 58 321 263 81% FS32-4
584 58 321 263 81% FS32-5

automatically stopped at this cycle. The specimen that does not fail at 10° cycles is defined
as 'Run-out’, and marked with arrow (—) in stress-cycle (S-N) curve. Run-out means that
beyond 10° cycles, the specimen may display an infinite life. During the test, cycle-to-failure
N corresponded to g, is noted, and SN curves are plotted based on this data. S-N curve
is also known as fatigue life. y-Axis (or S) represents 0,4, defined in linear scale, while z-axis
is N defined in logarithmic scale.

4.2.5 Evaluation of stiffness degradation

Composite under fatigue loading generally exhibits progressive damage accumulation, and it
is commonly shown by the reduction of stiffness [51, 112]. In present experiment, stiffness is
obtained from the hysteresis loop in stress-strain diagram. The hysteresis loop is obtained by
transforming load-time curves into stress-strain curves. Stress is calculated as instantaneous
load divided by gross area of specimen. Strain is derived from the displacement of cross-head
divided by specimen length. Once the hysteresis loop is obtained, gradient of stress-strain
curves (stiffness) is calculated. This gradient is also called dynamic stiffness (Ejy,), which
represents the response of composite under alternating stress [44]. Eyy, is a non-destructive
means to measure residual stiffness. Eg,, is an efficient parameter since it can be measured
continuously during fatigue test, unlike post-fatigue stiffness measurement, which is time-
consuming, and yet only a handful of data could be obtained. By using Ej,,, the hassle of
conducting static test during fatigue tests can be avoided, while the vast amount of data can
be obtained.

In order to obtain Eg,,, load-time data obtained from fatigue test must be transformed into
stress-strain curve. After transforming the load-time data into stress-strain, a number of
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hysteresis loops could be obtained, and it is illustrated in Fig. 4.2a. Each hysteresis loop
represents one cycle. The first loop is marked as N;, second loop is N», and so on, up to a
preferred N;_4,. Egy, can be calculated by following expression

Omaz — Tmin
By = ez = Tmin (43
Emaz — Emin

where 0,,q, 1S maximum stress, o,,i, 1S minimum stress, £,,,, iS maximum strain and &,,;, is
minimum strain in hysteresis loop (see Fig. 4.2b).

It is noteworthy that in order to have a smooth hysteresis loop each fatigue cycle is con-
structed by at least ten data points. This process could be easily done in the dynamic testing
software (WaveMatriz). Suppose that the frequency defined during fatigue test is 5 Hz then
the number of data to be requested in the WaveMatriz is 50 data/second.

Egyn is plotted against number of cycle (V) expressed in logarithmic scale (log N). The
curve of Eg,, - log N represents residual stiffness curve. As illustrated in Fig. 4.3, stiffness
degradation curve is characterized by the inflection point so-called stiffness degradation onset
(Np), stiffness decay and ultimate residual stiffness. Stiffness decay can be represented by
the slope of stiffness degradation. In this experiment, effect of stitch density on the stiffness
degradation characteristics is given.

t Stress 4 Stress
Ny N N;

Omin

Strain

(@)

Figure 4.2: (a) Hysteresis loops, (b) parameters in hysteresis loop for calculation of Ey,,

4.3 Experimental Results and Discussion

4.3.1 Fatigue life

Table 4.3 shows fatigue test results of unstitched, stitched 6x6 200d and stitched 3x3 200d,
in which specimen codes, 0,4, and Ny are provided. In 'Remark’ column, IT and CT denote
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Figure 4.3: Illustration of stiffness degradation curve of Eg,, vs. log N

‘interrupted test’ and ’continuous test’, respectively. Specimens marked with IT indicate that
they are tested discontinuously in order to aid damage characterization process. Specimens
marked with CT are tested continuously without being interrupted by the damage charac-
terization process. It is shown that unstitched composite specimen (FN-1) survives fatigue
loading up to 10° cycles without failure when o,,., is 340 MPa, while stitched specimens of
FS62-2 and FS32-2 survive 10° cycles even the maximum stress applied to them is slightly
higher (FS62-2 is subjected to o4 = 389 MPa; FS32-2 is subjected to e = 449 MPa).
This indicates that stitched specimens seem to have modestly better fatigue life than un-
stitched specimens at certain range of maximum stress. When both stitched specimens are
subjected to certain threshold below which they could survive 10° cycles (0., = 389 MPa
for stitched 6x6; 449 MPa for stitched 3x3), specimens of FS62-1 and FS32-1, for instance,
would certainly survive 10° cycles.

A graphical representation of how the specimens perform under fatigue loads is depicted by
S-N curves. Fig. 4.4 shows S-N curves, in which the abscissa denotes cycle-to-failure N and
the ordinate denotes onq.. S-NV curve of unstitched, stitched 6 x6 200d and stitched 3x3 200d
is plotted based on the data available in Table 4.3. Fatigue test data shown in Fig. 4.4 can
be curve-fitted by the bi-linear curves. In Fig. 4.4, it is displayed that stitched 3x3 generally
performs better than unstitched and stitched 6x6. For example, under o,,,, of 448 MPa,
stitched 3x3 can sustain cyclic loading up to 10° cycles, while stitched 6x6 composites,
subjected to similar stress level (o4 = 449 MPa), can only sustain cyclic loading up to
446368 cycles. Unstitched composites exhibit lower performance as compared to stitched
3x3: subjected to lower stress of 408 MPa, unstitched composites could only sustain 650370
cycles. The reason for the fatigue improvement in stitched 3x3 is strongly correlated with
the ability of high stitch density in impeding the delamination growth. The mechanism
shall be explained in the damage characterization part. S-N curve shown in Fig. 4.4 also
implies that when carbon/epoxy exhibits good performance during static tension test, it
will also perform well during T-T fatigue test, vice versa. Thus, poor fatigue behavior of
stitched 6x6 could stem from its poor behavior during static test. As described in Chapter
2, under static tensile loading, stitched 6x6 200d failed at lower stress than stitched 3x3
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200d and unstitched composites. Stitched 6x6 experiences higher density of transverse and
oblique cracks as compared to unstitched composites, while the stitch density of 0.028 /mm?
is considered too sparse to impede the delamination growth, which is the principal damage
in present carbon/epoxy. Consequently, stitched 6x6 fails at lower stress level, and exhibits
lower ultimate tensile stress. It can be observed in Fig. 4.4 that the slope of fitted curves (my)
of three specimens does not differ in an appreciable magnitude. This fact shows that possible
change of damage mechanisms in carbon/epoxy due to stitching could not be captured by
S-N curves. Therefore, S-N curve should not be used to postulate any damage mechanisms.
S-N curves should rather be used to provide a general relationship between applied load and
the fatigue limit of composites.
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Figure 4.4: Fatigue life of unstitched, stitched 6x6 200d and stitched 3x3 200d

4.3.2 Failure mode

Fatigue failure in unstitched composites, as shown in Fig. 4.5, is characterized by extensive
delamination, fiber breakage and matrix cracks in off-axis tows. The failure during fatigue,
similar with static case, is also accompanied by an explosive sound. The failure in stitched
composites, in addition to aforementioned failure modes, is also characterized by stitch break-
age and separation of fiber tows. Prior to this failure, damage has been accumulated in the
forms of matrix cracking and delamination. As in the case of stitched composites, some
damages also appeared around the stitch threads during fatigue cycle. The characteristic
of failure in carbon/epoxy during fatigue test is somewhat different from that during static
test. Delamination occurred in specimens, especially in stitched composites, that failed under
fatigue is more extensive than that in specimen under static loading.
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Table 4.3: Fatigue test results of unstitched, stitched 6x6 and stitched 3x3

Specimen Sample code Oyper (MPa) Ny Remarks
FN-1 340 108 IT, run-out
) FN-2 408 650370 IT, failed
Unstiteted  p.g 469 565317 IT, failed
FN-4 542 72506 IT, failed
FS62-1 323 10° IT, run-out
FS62-2 389 108 IT, run-out
Stitched 6x6 FS62-3 449 446368 1T, failed
FS62-4 511 10086 IT, failed
FS62-5 511 47277  CT, failed
FS32-1 367 10° IT, run-out
FS32-2 448 108 IT, run-out
Stitched 3x3 FS32-3 520 298956 IT, failed
FS32-4 584 11321  IT, failed
FS32-5 584 73096 CT, failed

4.3.3 Stiffness degradation curves

Figs. 4.6 - 4.8 show stiffness degradation curves of unstitched, stitched 6x6 and stitched
3x3, respectively. Stiffness is expressed in a normalized value, i.e. actual dynamic stiffness
is divided by initial dynamic stiffness (E4yn/Egyn—:). Initial dynamic stiffness is defined as
a stiffness at N;. The normalized stiffness is then plotted against N in logarithmic scale.
It is shown that stiffness of composites, generally, tends to be initially constant up to an
inflection point (stiffness degradation onset). Afterwards, stiffness is gradually reduced up
to a certain value. It is apparent from the curves shown in Figs. 4.6 - 4.8 that stiffness
degradation curves are greatly dependent on 0,,,,. The application of higher o,,,, results in
an earlier occurrence of stiffness degradation onset. Composites would have a tendency to
exhibit larger slope when higher 0,4, is applied. For example, subjected to 0,4, = 542 MPa,
unstitched composites would experience stiffness drop at 40 cycles, whilst subjected to lower
Omaz Of 340 MPa, the onset of stiffness drop occurs at 200 cycles. In terms of the slope of
stiffness degradation curve, the specimen subjected to 542 MPa would exhibit slightly higher
slope as compared to that subjected to 340 MPa. This tendency is also applicable to stitched
6x6 and stitched 3x3 specimens.

Table 4.4 provides stiffness degradation characteristics for unstitched, stitched 6x6 and
stitched 3x3 composites. From Table 4.4, it can be seen that, with regard to ultimate residual
stiffness, stiffness of unstitched composites is reduced between 12% and 24% at failure onset,
or until 10° cycles, whichever earlier. For stitched 6x6, ultimate residual stiffness ranged
between 13% and 29%, while the ultimate residual stiffness of stitched 3x3 specimens would
range between 17% and 28%. From the observation of ultimate stiffness reduction character-
istics, it is observed that the specimen which does not fail at 10° cycles tends to have stiffness
reduction below 20% for unstitched composites, and 30% for stitched composites. The slope
of stiffness degradation curve tends to be greater with higher o,qz.

Relationship between stiffness degradation onset (N,) and 0,4, is established based on the
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Figure 4.5: Fatigue failure of unstitched, stitched 6x6 and stitched 3x3: (a) top view, (b)
side view

data given in Table 4.4, and it is shown in Fig. 4.9a. Fig. 4.9b shows the relationship
between ultimate residual stiffness onset and ,,... It is evident that stiffness degradation
onset of unstitched and stitched composites is reduced with an increased of o,,,,. Stitched
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Figure 4.6: Stiffness degradation curves of unstitched composites
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Figure 4.7: Stiffness degradation curves of stitched 6x6 composites

6x6 exhibited the earlier onset of stiffness degradation curve as compared to unstitched and
stitched 3x3. The magnitude of stiffness reduction at final failure, or at 10° cycles (whichever
earlier), can be seen in Fig. 4.9b. It is clear that specimens with higher stitch density would
experience higher ultimate residual stiffness, and it is exhibited by stitched 3x3. The stiffness
characteristics of composites under fatigue are strongly correlated with damage modes and
their development. Early drop of dynamic stiffness is strongly correlated with early initiation
of delamination in the specimen. Magnitude of stiffness reduced during ultimate failure of
composites under fatigue could be related with the number of fiber splitting occurred in
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Figure 4.8: Stiffness degradation curves of stitched 3x3 composites

Table 4.4: Estimated stiffness degradation onset and ultimate stiffness reduction

Specimen Sample code 4. (MPa) N, Slope Residual stiffness (%)
FN-1 340 200 -0.014 88
. FN-2 408 50 -0.017 83
Unstitched g o 469 100 -0.021 76
FN-4 542 40  -0.025 79
FS62-1 323 500 -0.016 87*
. FS62-2 389 200 -0.017 83*
Stitched 6X6 g o 449 50 -0.026 71
FS62-4 511 30 -0.031 78
FS32-1 367 500 -0.019 83~
. FS32-2 448 100 -0.026 T72*
Stitched 3%3  paq 5 520 40 -0.021 T3
FS32-4 584 5  -0.034 72

composites. In this regard, stitched composites exhibited higher number of fiber splitting
as compared to unstitched composites. This formation of fiber splitting is triggered by the

compaction of fibers in 0° tows.

4.3.4 Qualitative dar;rlage assessment

Damage analysis using X-ray radiography is performed at various cycles to observe the dam-
age growth in unstitched and stitched composites during fatigue tests. Hosoi et al. [60] did
similar damage analysis for the unstitched laminates. In present experiment, fatigue test
is interrupted at various cycles of 100, 200, 500, 1000, 1500, 2 x 10%, 5 x 10%, 10* and
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Figure 4.9: (a) Relationship between stiffness degradation onset (Np) and 0,42, (b) relation-
ship between ultimate residual stiffness and 0,0,

when the specimen is able to sustain the fatigue cycle up to 10° cycles, X-ray radiography is
again performed to the specimen at that level. Several examples of X-ray images taken from
unstitched and stitched 3x3 specimens at 10%, 10* and 10* cycles can be seen in Fig. 4.10.
X-ray images reveal that both unstitched and stitched 3x3 experience multiple types of dam-
age, namely transverse crack, oblique crack, delamination, and cracking in resin-rich region.
Qualitatively, damages developed in both stitched and unstitched composites under fatigue
loads are very similar, except that in addition to aforementioned damage types, damage
around stitches is also found in stitched composites. It is worth noted that o,,,, applied to
the unstitched specimen is 408 MPa, whilst ¢,,,, applied to the stitched 3x3 specimen is 448
MPa. Under o,,,, = 408 MPa, fatigue damage in unstitched composites at N = 100 is char-
acterized by transverse and oblique cracks. As the cyclic loading is continued, at N = 200,
delamination starts to appear from the edges. The delamination is growing rapidly as the
cycling loading is ensued. When the fatigue cycle reached 10*, unstitched composite is fully
delaminated. Fig. 4.10 also shows fatigue damage development in stitched 3x3 composites
subjected to 0., = 448 MPa. Likewise, transverse and oblique cracks are developed at 100
cycles. In addition to transverse and oblique cracks, delamination is also found at 100 cycles.
Delamination grew rapidly after 200 cycles, but its growth is arrested by the stitches when
fatigue cycle reached 2000. Delamination developed in unstitched and stitched composites
during fatigue test generally occurred at all interfaces between +45° and 90° tows regard-
less whether the composites are stitched or not. However, the characteristic of delamination
found in stitched composites is different, whereby smaller delamination opening is observed
in stitched composites. The opening of delamination and the delaminated interfaces can be
seen in Fig. 4.11. It is noticed that stitching helped to provide bridging traction between
plies so that the delamination opening is fairly reduced.
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Figure 4.10: Damage development in unstitched and stitched 3x3 composites

4.3.5 Quantitative damage assessment

Quantification of fatigue damage growth is performed by evaluating the delamination area
and crack density of transverse crack and oblique cracks. Methods to calculate crack density
and delamination area can be reviewed in Chapter 2 (Sub-Section 2.2.5). As described in
Sub-Section 2.2.5, for crack density calculation, X-ray image of the specimen, specifically the
gage area, is divided into five sections. The number of cracks at each section is then counted.
Crack density (number of crack per unit length) is an average value of number of cracks in
five sections divided by the gage length.

Growth of transverse crack

Transverse crack density plotted against number of cycle for unstitched, stitched 6x6 and
stitched 3x3 is given in Fig. 4.12. 0,,,, applied for unstitched, stitched 6x6 and stitched
3x3 is 340 MPa, 323 MPa and 367 MPa, respectively. The 0,,,, represents a proportion
with respect to the ultimate tensile strength, in which approximately 50% is assigned. Crack
density during static test shown in Fig. 4.12. This value is obtained by interpolating crack
density data in Fig. 2.21. For example, 0,,., applied for unstitched specimen is 340 MPa,
and the corresponding crack density at 340 MPa obtained from Fig. 2.21 is 0.38 /mm.
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Figure 4.11: Delamination opening under cyclic loading for unstitched, stitched 6x6 and
stitched 3x3

In general, as the specimens are subjected to fatigue loads, transverse crack density of stitched
3x3 is higher than that of unstitched and stitched 6x6. This tendency is similar with that
obtained by static test, in which stitched composites exhibited more cracks as compared to
unstitched composites. As shown, all specimens also show similar trend that the transverse
crack gradually increases from 100 cycles and start to reach saturation level (commonly known
as characteristic damage state or CDS) at 10* cycles. When CDS is reached, transverse crack
density would not increase further as the cycle proceeds. This is because the spacing between
cracks becomes significantly narrow, and other damage modes, e.g. delamination, initiate
following the saturation of transverse and oblique cracks. As later shown, the saturation
of transverse cracks would often be followed by the saturation of oblique cracks. At CDS,
the number of transverse crack density for unstitched, stitched 6x6 and stitched 3x3 is
approximately 3.3, 4.0 and 4.2 cracks/mm. It is noteworthy that although crack density has
reached saturation level, the specimens are generally still able to sustain fatigue load. Thus,
transverse crack does not seem to be the main damage mode that is responsible for the failure
of stitched and unstitched composites.
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Figure 4.12: Transverse crack growth in unstitched, stitched 6x6 and stitched 3x3 under
fatigue load

Growth of oblique crack

Fig. 4.13 shows the growth of oblique cracks in unstitched, stitched 6x6 and stitched 3x3
specimens subjected to fatigue loading with 0., of 340 MPa, 323 MPa and 367 MPa, re-
spectively. It is important to note that oblique crack is combination of two cracks growing
in +45° and —45° directions. In general, oblique cracks grew later as compared to trans-
verse crack. For instance, at 100 cycles, transverse crack density of unstitched specimen is
0.80/mm, whilst oblique crack density of the same specimen is still 0.05/mm. However, after
approximately 500 cycles, the growth of oblique crack significantly increased surpassing the
growth of transverse cracks. The reason for this behavior is that, in the earlier cycle (below
500 cycles), oblique crack occurred in composites is actually a contiguous crack. The con-
tiguous crack is a short crack developed in +45° or —45° adjacent to 90° tows that already
have transverse cracks. From X-ray images, contiguous cracks seem to be branching from
the transverse cracks. After 500 cycles, the growth rate and crack density of oblique cracks
is actually similar with transverse cracks.

-

Growth of delamination

As the transverse and oblique cracks grew in unstitched composites and reached certain
cycle the delamination is also growing. The growth of delamination is greatly dependent on
the applied maximum stress during fatigue test. Fig. 4.14 shows the growth of normalized
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Figure 4.13: Oblique crack growth in unstitched, stitched 6x6 and stitched 3x3 under fatigue
load

delamination area in unstitched composites subjected to four different maximum stresses.
A threshold dash line at A/Ay; = 1.0 indicates that when the specimens reaching this line,
based on X-ray images, the specimens have been fully delaminated.

The growth of delamination in unstitched specimens subjected to ,,,, of 408 MPa and above
show a rapid increase between 1000 and 5000 cycles. Below 408 MPa, for instance at 340
MPa, the growth of delamination is more gradual. It is also noticeable that under maximum
stresses higher than 412 MPa, which is a delamination onset for unstitched composites,
delamination has been developed in the first cycle. For instance, under o,,,, = 469 MPa,
delamination in the first cycle has been recorded at 12% of total gage area. As the fatigue
cycle is increased, the delamination area rapidly increases, and results in a complete fatigue
failure at 565317 cycles. When the delamination in unstitched composites has developed by
32% before fatigue test at 0,,.. = 542 MPa, it leads to a complete failure at much earlier
cycle of 72,506. In contrast, when fatigue load is applied to unstitched composites at g4
below which the delamination has not been initiated up to 200 cycles, such as in the case of
Omaz = 340 MPa, unstitched specimen does not experience complete fatigue failure at 108
cycles. Under 0,,,, = 340 MPa, a very small delamination of 1.1% initiated at 500 cycles. A
complete fatigue failure at 650370 cycles is also experienced by unstitched specimen subjected
t0 Omaz = 408 MPa. Although this specimen is subjected to stress level slightly below the
delamination onset, however, at very early cycle of 200, delamination has been developed by

3%.

Similar to unstitched composites, delamination growth in stitched 6x6 and stitched 3x3

102




CHAPTER 4. VECTRAN-STITCHED UNDER FATIGUE

1.6
—0— Omax = 340 MPa
14 - =0 Omax = 408 MPa
’ -t~ Omax = 469 MPa
12 - -0 - Omax = 542 MPa
' /Fuﬂy delaminated level
L4 geefemmas S e — ==
o0 AR
o
= 08 — 1 FT
< /
< 0.6 - /Jd: ,A /
g A
044 £ p
? F X indicates failure
02 TB00SC/XNRH6813
Unstitched
R=0.1f=5Hz
B
10> 100 100 100 10° 10’
Cycle, N

Figure 4.14: Delamination growth in unstitched composites under fatigue load

is greatly determined by the applied maximum stress during fatigue test. As shown in
Fig. 4.15 (stitched 6x6) and Fig. 4.16 (stitched 3x3), when the applied maximum stress
is below delamination onset for respective specimens, complete fatigue failure would occur.
Delamination onset for stitched 6 x6 and stitched 3x3 is 361 MPa and 402 MPa, respectively.
These values are obtained from damage characterization in static tension case.

Fig. 4.15 shows that under 0,,,. = 323 MPa, stitched 6x6 specimen is able to survive 10°
cycles without failure. This behavior is also true for stitched 3x3 specimen when it is
subjected to 0,,,, = 367 MPa, under which stitched 3x 3 specimen survived 106 cycles without
failure. The effectiveness of stitch threads in impeding the fatigue delamination growth
is demonstrated in this case. Subjected to slightly higher maximum stresses of 389 MPa
(stitched 6x6) and 448 MPa (stitched 3x3), which are higher than delamination onset, both
specimens could survive 10° cycles without failure. In both cases, the delamination area
developed at 100 cycles is only 1% of total gage area. The delamination length growing from
the specimen edges is smaller than the distance between stitch rows at the edges. Therefore,
because the delamination area has not reached the stitch threads, the threads are still effective
in inhibiting the growth of the delamination.

Comparison of delamination growth among unstitched, stitched 6x6 and stitched 3x3 can
finally be made, and it is shown in Fig. 4.17. It is evident that stitched 3x3 provides better
delamination impediment as compared to unstitched and stitched 6x6. The delamination
growth in stitched 6x6 is larger than that in unstitched composites at similar o,,,,. Delam-
ination, in this regard, is considered the principal damage in both unstitched and stitched
composites. This is due to the fact that after both transverse and oblique cracks reach charac-

103



CHAPTER 4. VECTRAN-STITCHED UNDER FATIGUE

1.6
—0— O max = 323 MPa
1 4 4| ~B~ Omax =389 MPa
=== Gn]ax = 449 M.Pa
12 4]l -¢-Omax =511 MPa
/—Fuﬂy delaminated level
| e - R . R
&
Qo" = e -0
084 7 o
2 / .e.""’sl T
0.6 1 4 £ &
T4 ,'A .“"”
04 § -~ [
: X indicates failure
0 2 = T8O0OSC/XNRHB813
> 3 Stitched 6x6
R=01,f=5Hz
0'0 - I T T T
10 10° 10 100 10° 10’
Cycle, N

Figure 4.15: Delamination growth in stitched 6x6 composites under fatigue load

1.6

—— Omax =367 MPa
1.4 - ™™ Omax=448 MPa
&~ Omax = 520 MPa
1.2 J -4 - Omax = 584 MPa

/— Fully delaminated level

[f po==s=m=ss=eansagi=nnnnssy
- 0.6 - ,.c" ‘ '
) "‘, g

- A
04 + Hu

‘}' X indicates failure
02 T800SC/XNRH6813
Stitched 3x3
R=0.1,f=5Hz
0.0

10> 10 100 100 10° 10’
Cycle, N

Figure 4.16: Delamination growth in stitched 3x3 composites under fatigue load
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teristic damage state and they do not grow anymore, the major damage mode in composites
remains to be delamination. The growth of delamination is considered stable under certain
stress level. It is therefore important to re-iterate that, since delamination is known to be
the principal damage, when the maximum stress applied to the composites is lower than the
delamination onset, the specimen would likely to survive 10® cycles without complete failure.
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Figure 4.17: Comparison of delamination growth in unstitched, stitched 6x6 and stitched
3x3

4.3.6 Correlation between stiffness degradation and fatigue dam-
age development

In this part, correlation between damage and stiffness degradation curve is established. This
correlation is important to explain the underlying mechanisms that govern the stiffness degra-
dation onset and the slope of stiffness degradation. Damage in composites under fatigue load
is typically accumulated damage. Obvious effect of damage accumulation could not be in-
ferred from S-N curve as it only describes the onset of failure corresponded to a certain
applied stress. Stiffness degradation curves, on the other, could give a better understanding
of the damage mechanisms when it is correlated with damage observation.

Fig. 4.18 shows stiffness degradation curve of unstitched composites under o,,,, = 408 MPa.
It is shown that between 1 and 100 cycles, residual stiffness of unstitched composite under
fatigue is relatively constant. At 100 cycles, fatigue test is immediately stopped, and X-
ray radiography is performed to the specimen. It is found that at 100 cycles, as indicated

105



CHAPTER 4. VECTRAN-STITCHED UNDER FATIGUE

in Fig. 4.18, transverse and oblique cracks have already been developed. Crack density of
transverse crack and oblique crack in unstitched specimen at 100 cycles is 0.80 crack/mm and
0.05 crack/mm, respectively. Fatigue cycle is then continued up to 1000 cycles, and X-ray
radiography is again performed to the specimen at that cycle. As displayed in Fig. 4.18,
stiffness at 1000 cycles has been slightly reduced exceeding the stiffness degradation onset
that is estimated at N = 200 (see Table 4.4). At N = 1000, delamination emanating from
the edges of unstitched specimen has been developed. Based on this finding, it is postulated
that the stiffness degradation onset between N = 200 and 1000 strongly corresponds to the
initiation of delamination. As the cyclic loading is continued until N = 10*, delamination has
been occupying all gage area. After N = 10%, cyclic loading is again continued, the specimen
eventually failed at 650370 cycles with ultimate residual stiffness of 80%.

-

9 | -

0.70 1 ORIaUe e sverse orack
Oblique crack
Deiamfn%tfon

0.60 A——rrris——rr—r T

10 10" 10 10° 10* 10° 10°

Cycle,N

1.10 Omax = 408 MPa ‘ Transverse crack
- T-T,f=5Hz Oblique crackZ"  ~ A
_g» i Delamination ~ .% |
= 1.00 L 1
-“-"—
=
=
=
2 0.90
=
Rt — 24 3
§ 0.80 e % T = = ;
2 — == e < :‘.-
= TransveJ_'se crack E § Complete failure
= - _at N = 650370
£
e
=)
z

Figure 4.18: Relationship between stiffness degradation and damage mechanism in unstitched
composites under 0,,,, = 408 MPa

Correlation between stiffness degradation and fatigue damage progression in stitched 6x6
and stitched 3x3 is similar. In this case, only the results of stitched 3x3 are shown. In the
case of stitched 3x3 composite, particularly under ¢,,,, = 448 MPa, Fig. 4.19 shows that
several damage modes have been initiated at N = 100. The damage modes displayed by
X-ray image in Fig. 4.19 (at N = 100) are transverse cracks, oblique cracks, defects around
stitch thread (’stitch defect’) and delamination. When the fatigue cycle is then continued,
the stiffness is gradually reduced. X-ray observation is again performed at N = 1000, and
more damages are found in stitched 3x3 composites. As the crack density for transverse and
oblique cracks increased, stiffness is gradually reduced. Delamination has been extended, and
defects are found in all stitch threads. At N = 10%, X-ray radiography is again performed,
and it is found that delamination is extended across the width of specimen. The specimen
also shows a high crack density of both transverse and oblique cracks. Although the stiffness
has been reduced by 20%, when the fatigue cycle is continued, the specimen could still sustain
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fatigue cycle up to 10° cycles without a sign of failure.

1.10 Omax = 448 MPa | Transvel:'se crack |
T-T, f=5Hz | Oblique crack g+
[ | Stitch defects =¢ ==

1.00 | Delamination =

0.80 1B

Transverse crack

0.70 -—Obﬁque-cjrack---- EEdll] _:-.-'_ el : |
Stitch defects Transverse crack

Normalized stiffness, Eqy,/E gy, ;

Delamination gf,’:ﬁ,”ﬁ;};fﬁ Not failed |
0.60 ~—LHHIl 1 Dolamingon |||l | | i@hipycies ||
10° 100 102 10° 10* 10° 10°
Cycle,N

Figure 4.19: Relationship between stiffness degradation and damage mechanism in stitched
3% 3 composites under 0,,,. = 448 MPa

Thus, from these two cases, it is evident that transverse and oblique cracks may not cause
rapid reduction of stiffness in composites under fatigue. Rather, delamination is the main
cause of rapid stiffness drop. For unstitched composites, when the delamination grows rapidly
until occupying the whole gage area, fatigue failure may eventually occur. For stitched
composites, although crack density is relatively higher than that for unstitched composites,
they only induce the delamination growth rate. When delamination growth rate is fast,
and it is eventually occupying all gage area, delamination opening can be bridged by the
stitch threads. In other words, stitch threads provided closing traction for delamination.
Therefore, it is revealed that if the delamination growth can be delayed then the onset of
delamination can be extended, and fatigue life could eventually be extended as well. Below
certain maximum stress, e.g. Om.e = 448 MPa, delamination growth still can be impeded
resulting in an extended life up to 10° cycles.

4.3.7 Correlation between static and fatigue characteristics

Table 4.5 presents a correlation between delamination onset (¢4) obtained during damage
assessment in static test (Table 2.8), and fatigue test results. This correlation reveals the
ability of stitch thread in delaying the fatigue failure in composites. For unstitched compos-
ites, when unstitched specimen is subjected to 0,4, = 340 MPa, which is below o4 of 412
MPa, specimen did not fail at 10 cycles. The reason is that the delamination has not been
initiated. However, when o,,,, applied to unstitched specimen is above 412 MPa, fatigue
failure may follow. The behavior is different for stitched composites. For stitched 6x6, the
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delamination onset during static is 361 MPa. When stitched 6x6 is subjected to 0,4, = 389
MPa, which is above delamination onset, fatigue failure did not occur at 10° cycles. Likewise,
when stitched 3x3 is subjected to .., = 448 MPa, which is above delamination onset of
402 MPa, specimen did not fail at 10° cycles. This indicates that stitched 6x6 and stitched
3x3 are actually able to restrain the delamination growth. However, the reason why stitched
6x6 has lower fatigue performance as compared to unstitched composites is that the crack
density in stitched 6x6 is higher than that in unstitched composites.

Table 4.5: Correlation between delamination onset (o,) and fatigue test results

Specimen 04 Omaz  Omaz/0a Remarks Ny
(MPa) (MPa) (MPa) (MPa) (Cycles)

340 83% No delamination  * Not failed at 10°
408 99% Delamination onset 650370

469 114% Delaminated by 14% 565317

542 132% Delaminated by 32% 72506

323 89% No delamination Not failed at 10°
389 108% Delaminated by 8%  Not failed at 10°
449 124% Delaminated by 24% 446368

511 142% Delaminated by 42% 47277

367 91% No delamination Not failed at 10°
448 111% Delaminated by 11% Not failed at 10°
520 129% Delaminated by 29% 298956

584 145% Delaminated by 45% 73096

Unstitched 412

Stitched 6x6 361

Stitched 3x3 402

4.4 Concluding Remarks

Experimental investigation of fatigue behavior of Vectran-stitched carbon/epoxy composites
has been performed. Particular attention is given to understanding the effect of stitch density
on fatigue life, stiffness degradation and damage growth. Several conclusions can be made
as follows:

o Fatigue life of densely stitched composites (stitched 3x3) is better than that of un-
stitched and moderately stitched composites (stitched 6x6). Improvement of fatigue
life in densely stitched composites stems from the ability of stitch threads in impeding
fatigue delamination growth.

e Failure mode of carbon/epoxy composites does not change significantly with the pres-
ence of stitch threads, except that in addition to extensive delamination, fiber breakage
and matrix cracks in off-axis tows, stitched composites also experienced stitch break-
age and separation of fiber tows. The difference between static and fatigue failure is
that composites under fatigue exhibits a more extensive delamination than that under
static.

e Densely stitched composites experience higher ultimate residual stiffness. However,
stiffness degradation onset of both unstitched and stitched composites is reduced with
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an increase of 0,,q,. Early drop of stiffness is strongly correlated with complex inter-
action of off-axis cracks and delamination.

Magnitude of stiffness reduced during ultimate failure of composites under fatigue could
be related with the number of fiber splitting, which is triggered by the compaction of
fibers in 0° tows.

Delamination found in stitched composites has smaller delamination opening than that
in unstitched composites indicating that stitching provided bridging traction between
plies so that the delamination opening is reduced.

Subjected to fatigue loads, transverse crack density in stitched 3x3 is higher than that
of unstitched and stitched 6x6. This tendency is similar with that obtained by static
test. Although crack density has reached saturation level, the specimens are still able
to sustain fatigue load. Thus, transverse crack does not seem to be the main damage
mode that is responsible for the failure of stitched and unstitched composites. Oblique
cracks generally grows later as compared to transverse crack, although at later stage
their growth significantly increases, and surpasses the growth of transverse cracks.

Delamination is considered the principal damage in both unstitched and stitched com-
posites. Thus, when maximum stress applied to the composites is lower than the
delamination onset, the specimen would likely to survive 10° cycles without complete
failure.

The growth of delamination is greatly dependent on the applied maximum stress during
fatigue test. Delamination is the main cause of rapid stiffness drop. If delamination ini-

tiation can be delayed (i.e. onset of delamination is deferred) fatigue life of composites
could be extended.

It is found that when carbon/epoxy exhibit good performance during static tension
test, it would also translate into good performance during T-T fatigue test, vice versa.
In this case, stitched 3x3 performs better than unstitched and stitched 6x6.

The improvement methods for stitched composites under fatigue loading may follow the
ones described in Chapter 2: (i) to minimize fiber waviness (ii) to reduce the thickness
of off-axis tows so as to increase the stress level for crack initiation (crack onset)
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Chapter 5

Kevlar-stitched carbon/epoxy
composites with and without holes
under tension

5.1 Overview

First part of this chapter discusses experimental investigation of tensile characteristics and
damage mechanisms of Kevlar-stitched carbon/epoxy composites with and without circular
holes. Effect of stitch orientation on tensile properties, open hole tension (OHT) proper-
ties and damage mechanisms of Kevlar-stitched composites are evaluated. Stitch orientation
investigated herein is longitudinal and transverse stitching. Second part is on the analyti-
cal study dealing with the calculation of normal stress distribution at the hole of stitched
composites, and the prediction of OHT strength (cogr) of stitched composites with differ-
ent stitch orientations using Average Stress Criterion (ASC). The analytical results are then
compared with experiments.

5.2 Experimental Details

5.2.1 Materials

Material system used is plain weave carbon/epoxy composites stitched with Kevlar thread.
Schematic of plain weave fabric can be seen in Fig. 5.1. Plain weave is made by interlacing
a number of fiber tows running in two different directions: 0° direction (warp tows) and 90°
direction (weft tows). Plain weave is selected because of its good drapability, i.e. ability to
conform to complex shapes, and improved through-thickness properties in comparison with
unidirectional or cross-ply composites. The width of warp and weft tows is 1.5 mm, while
the thickness is 0.2 mm. Fiber type used is carbon T300-3K (Toray Industries, Inc.) [6].

Stitched plain weave is made by stacking twenty layers of plain weave fabric with tow orien-
tation of [(0/90)]20, and by stitching the layers with Kevlar-29 stitch thread. Kevlar is an
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Figure 5.1: Schematic of plain weave fabric [34]

-

aramid fiber produced by DuPont [5, 118], and probably the most popular fiber employed
to reinforce woven fabrics [77]. Its flexibility upon bending, owing to high nominal break
strain (up to 100%), makes Kevlar very suitable for stitching material [86]. Kevlar is selected
in this study due to its high strength and good resistance to abrasion and heat. Kevlar-29
thread with linear density of 1500 denier (167 tex) is inserted in through-thickness direction
into fabric layers with spacing (s) of 12 mm and pitch (p) of 3 mm. Stitch density (SD)
of 0.028/mm? is thus obtained. The stitch type used to integrate Kevlar-29 thread into the
fabrics is lock-stitch type. Lock-stitch represents a simple, yet less susceptible to unraveling,
and requires less tension as compared to chain-stitch [86]. To produce stitch composite plates,
epoxy EP3631 (Loctite® 3631"" by Henkel) [15] is infused into stitched fabrics by employing
resin transfer molding (RTM) process. Curing duration for EP3631 is 2 hr at temperature
and pressure of 453 K (180°C) and 0.588 MPa, respectively. The resulting cured plate has
following dimension: 500 mm long, 500 mm wide and 4.2 mm thick. Fig. 5.2a shows top
view of Kevlar-stitched plain weave composites whereby two lines running in z-direction are
Kevlar-29 threads. The direction of stitch thread is parallel with the warp tows. Fig. 5.2b
shows cross-sectional view of Kevlar-stitched composites whereby lock-stitch type can be
observed. 'Wavy’ bright lines are warp tows of the plain weave, which naturally exhibit
out-of-plane waviness. Resin-rich region around stitch penetration hole is also indicated in
Fig. 5.2b. Material and thermal properties of T300-3K, EP3631 and Kevlar-29 can be seen
in Table 5.1.

5.2.2 Fiber volume fraction

Fiber volume fraction (V) of stitched carbon/epoxy is measured using density method using
Eq. (24). Five small samples measuring approximately 25 mm long x 15 mm wide are
cut from the specimens. Weight in air (W,) and weight in water (W,,) of each sample are
measured. Density of composite (p.) can be calculated using Eq. (2.5). Average V; of
Kevlar-stitched carbon/epoxy is 59%.
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Figure 5.2: Kevlar-stitched carbon/epoxy composites (a) top view, (b) cross-sectional view

5.2.3 Test specimens

Four types of specimen are prepared by cutting the cured plate using water-jet cooled cutting
machine AC400F (Maruto), namely (i) tension specimen with longitudinal stitch (code: LS);
(ii) tension specimen with transverse stitch (code: TS); (iii) OHT specimen with longitu-
dinal stitch (code: LSH); (iv) OHT specimen with transverse stitch (code: TSH). Nominal
dimension of specimen is 250 mm long and 25 mm wide. Direction of stitch lines in LS and
LSH specimens is parallel with loading direction and warp tows. Direction of stitch lines in
TS and TSH specimens is normal to the loading direction and weft tows. Schematic of four
types of specimen are given in Fig. 5.3.

Holes in LSH and TSH specimens are created at the center, specifically between two stitch
lines. Location of holes represents a case whereby the position of the hole does not disrupt
the continuity of stitch lines. The nominal diameter of hole is 6.35 mm. The hole is created
by drilling the sample using a drill bit of 6.30 mm diameter, and followed by a reamer of 6.35
mm diameter. Before the drilling process, it is noteworthy that the specimen is 'sandwiched’
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Table 5.1: Mechanical properties of fiber, resin and stitch yarn

Loading Direction
o
77

Propetty Uit Fiber Resin Stitch yarn
T300-3K EP3631 Kevlar-29

E;, GPa 234.6 0.106 70.5

Er GPa 6.03 0.106 2.59

Grr GPa 18.2 0.039 21T

Grr GPa 6.6 0.039 n/a

vrr - 0.2 0.35 0.36

vir = 0.4 0.35 Il/a

Out MPa 3530 14.5 2920

£ % 15 1150 36

dy pm ¥ - 15.9 ’

p g/em® 176 1.1 1.44

ar 1076/K -0.41 76 -1.1

ar 107%/K 5.60 76 5.00
LS TS LSH TSH

b s o R O M
§ O B S i; -i :h:-“"‘“". """""""""""""""" .
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Figure 5.3: Tensile test specimens with longitudinal stitch (LS) and transverse stitch (TS);

OHT specimens with longitudinal stitch (LSH) and transverse stitch (TSH) (dimension in
mm)

between two small composite plates to provide clamping effect so that the defects around
the hole, e.g. chip-out, splintering and delamination, can be minimized. At least three
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Table 5.2: Specification of test specimens for tension and OHT tests

Parameter Unit Longitudinal stitch Transverse stitch
Tension OHT Tension OHT

Code - LS LSH TS TSH

Hole diameter mm - 6.35 - 6.35

s mm 12 12 12 12

p mm 3 3 3 3

SD 1/mm? 0.028 0.028 0.028 0.028

" denier (tex) 1500 (167) 1500 (167) 1500 (167) 1500 (167)

Vy % 59 59 59 59

t mm 418 £0.03 4.144+004 4144004 4.18+0.01

w mimn 25.01 +0.01 23.79 + 0.54 25.20 + 0.03 25.09 + 0.12

[ mm 249 + 0.0 2433+ 04 2493+06 244 4+ 0.0

Quantity E 3 3 3 2

samples are prepared for each type of specimens, with the exception that only two samples
are prepared for TSH specimen. Table 5.2 shows the specification of test specimens for
tension and OHT tests.

5.2.4 Tensile and OHT tests procedures

Both tensile and OHT tests are carried out using Instron 8802 with tensile capacity of 100
kN. Fig. 5.4 shows experimental setup consisting of test specimen, controller, data acquisition
system, personal computer, and strain gage terminal box. Test procedures and data process-
ing for fiber reinforced plastic composites are adopted from SRM 4R-94 of SACMA [12] for
tension case, and ASTM D5766 [14] for OHT case. Constant displacement with cross-head
speed of 1 mm/min is applied to the specimen. No tabs are used for the specimens. Instead,
wedge grips referred to self-tightening grips are utilized to prevent the specimen from slip-
ping throughout the test [59]. The test is performed at room temperature (RT) of 293 K
(20°C). Load data during the test is obtained from the load cell. For tension case, measured
parameters from the tests are ultimate tensile strength o, failure strain £, Poisson’s ratio
Vzy and tensile modulus E,. For OHT test, copr and €; are obtained. o, and opgr are
calculated by dividing ultimate tensile load with gross area of specimen (width x thickness).
Calculation of opgr is in accordance with the calculation of ultimate strength outlined in
ASTM D5766 [14]. E, in tensile case is calculated as a gradient in the stress-strain curves
between longitudinal strains of 0.1% and 0.3%. Transverse strains used to calculate Poisson’s
ratio are also obtained from the strain gages attached in the back-face of specimen. Figs. 5.5a
and 5.5b show the installation of strain gage in open hole tension specimens of LSH and
TSH, respectively. Five strain gages (abbreviated as SG) are used. SG1, SG2 and SG3 are
used to obtain longitudinal strains along z-axis the specimen. In z-axis, SG1, SG2 and SG3
are located at z; = 1 mm, z; = 5 mm, and z3 = 8 mm, respectively. SG4 and SG5 are used
to measure longitudinal and transverse strains, respectively, in the far-field region. SG4 is
located 25 mm above the hole, whilst SG5 is located 25 mm below the hole. The strain gage
used is provided by Kyowa with specification of KFG uniaxial 120, gage length of 5 mm,
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gage factor of 2.09+1.0%.
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Figure 5.5: Location of strain gage in (a) LSH specimen (b) TSH specimen

5.2.5 Damage characterization procedures

Damage characterization aims to identify the effect of stitch orientation on the fracture mor-
phology of stitched carbon/epoxy. The characterization is carried out by visual inspection
(Canon digital camera), optical microscope (Mitutoyo) with magnification of up to 50x,
image acquisition system (Olympus) and X-ray radiography (Softex). After the test, pho-
tograph of each specimen is taken. A magnified view of fractured region is then obtained
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by optical microscope. Post-mortem investigation is also carried out by performing X-ray
radiography utilizing Softex. Detailed procedure for X-ray radiography can be reviewed in
Section 2.2.5. From these methods, damage mechanisms pertaining to the effect of stitch
orientation on Kevlar-stitched composite with and without holes are described.

5.3 Experimental Results and Discussion

5.3.1 Stress-strain curves

Typical stress-strain curves of stitched carbon/epoxy plain weave composites for LS and
TS specimens are shown in Figs. 5.6a and 5.6b, respectively. z-Axis denotes tensile strain
obtained from the strain gage in longitudinal direction (SG4), while y-axis denotes tensile
stress obtained by dividing applied load with gross area. LS and TS specimens exhibit
linearity with no sign of a knee-point up to its final failure regardless the stitch orientation.
This may suggest that progressive damage did not occur and the knee-point could not be
captured using strain gage. Figs. 5.6c and 5.6d show the stress-strain curves of LSH and
TSH specimens, respectively. No clear distinction can be made in terms of stress-strain
curves amongst LS, TS, LSH and TSH specimens. All stress-strain curves exhibit similar
linearity suggesting that stitching or presence of hole does not seem to alter the stress-strain
response of carbon/epoxy plain weave, except that the ultimate stress of specimens with
holes is considerably lower than those without holes.

5.3.2 Failure mode

Fig. 5.7 shows the photographs of typical static failure experienced by LS, TS, LSH and TSH
specimens. As indicated by the ellipses, failure site of all specimens falls within the gage
length, and the failure is characterized by brittle fracture. A more detailed observation is
carried out using optical microscope. Failure of LS specimen, for instance, is characterized by
a rupture of warp and weft tows. Fig. 5.8 visibly shows that the direction of brittle fracture
is perpendicular to the loading direction making the rupture to be relatively straight across
the width and through-thickness direction. The failure of TS, LSH and T'SH specimens also
shows similar characteristics with that of LS specimen. Such failure mode is akin to that of
plain weave T300/EP2500 composites tested by Kawai and Taniguchi [68].

5.3.3 Tensile and OHT properties

Tensile and OHT properties of Kevlar-stitched plain weave are tabulated in Table 5.3. Av-
erage tensile strength of LS specimens is 616 MPa, while that of TS specimens is 465 MPa.
In this case, reduction of 24.4% of tensile strength is observed when transverse stitching
is introduced into carbon/epoxy composites. Correspondingly, average failure strain of TS
specimens is lower than that of LS specimens (g of LS specimen is 0.93%; ¢ of TS specimen
is 0.72%). Failure strain of TS specimens is 29.7% lower than that of LS specimens. The
reduction of strength as well as failure strain experienced by TS specimen is mainly related
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Figure 5.6: Stress-strain curves of (a) LS specimens, (b) TS specimens, (c) LSH specimens,
(d) TSH specimens

to stitch debonding. Tensile modulus of LS specimens is 63.5 GPa, while of TS specimens
is 62.6 GPa. The stiffness difference of merely 1.4% indicates that the stitch orientation
does not affect the response of plain weave to elongate longitudinally under static condition.
Tensile modulus is not affected by fiber waviness, which is localized around stitch region only.
Poisson’s ratio of LS specimens is 0.047, whilst that of TS specimens is 0.055. There is 14.8%
difference of Poisson’s ratio between LS and TS specimens.

It is shown in Table 5.3 that opy7 of LSH specimen is 285 MPa, whilst that of TSH specimen
is 264 MPa. Strength reduction of 7.3% is experienced by carbon/epoxy when transverse
stitching is used for OHT specimens. Failure strain of TSH specimen, which is 0.37%, is
8.1% lower than that of LSH specimen (¢; = 0.40%). The reduction of strength and failure
strain in open hole specimens can be considered small in this case, and it suggests that the
failure may not be greatly controlled by the stitch threads. As later shown, the failure in
open hole specimens of LSH and TSH, regardless the stitch orientation, is determined by the
stress concentration at the hole rim rather than the stitch debonding.

It is important to note that OHT test is not usually carried out to obtain tensile modulus
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Table 5.3: Tensile and OHT properties of Kevlar-stitched carbon/epoxy composites

Parameter  Unit Longitudinal stitch Transverse stitch
Tension OHT Tension OHT

Code - LS LSH TS TSH

ow O cogr MPa 616 + 18 285 + 22 465 + 56 264 + 1

£f % 0.93 + 0.03 0.40 + 0.01 0.72 + 0.08 0.37 £ 0.01

E, GPa 63.5 + 0.6 69.9 + 2.9 62.6 + 1.0 706 14

Vs - 0.047 + 0.011 0.050 £ 0.036 0.055 + 0.012 0.025 + 0.003

or Poisson’s ratio because the results can be very sensitive to the positioning of strain gages
in the specimen containing circular holes. In this case, ‘stiffening’ effect was experienced by
OHT specimens, in which higher tensile moduli for LSH and TSH specimens were produced.
LSH and TSH specimens have tensile moduli of 69.9 GPa and 70.6 GPa, respectively. These
values are 10% - 13% higher than those of LS and TS specimens.

5.3.4 Architectural changes induced by stitching

The implication of having through-thickness stitch threads with regard to the architecture of
plain weave composites is given in this section. Fig. 5.9 shows the optical microscopy image
and corresponding schematic of architectural changes due to stitching in present plain weave
composites. It is shown that stitching inevitably induces, at least, three architectural changes
in fabric composites: (i) fiber breakage, (ii) fiber waviness, (iii) resin-rich region.

1. Fiber breakage, which appears as trimmed fibers at the cleavage of stitch penetra-
tion hole, is a result of a puncture by the stitch needles and a friction between stitch
threads and fiber tows. However, portion of fiber breakage within a fiber tow is usually
below 0.5% of total fiber volume [83]. Thus, effect of fiber breakage on the mechanical
properties or failure mechanism may be deemed insignificant.

2. Fiber waviness exists in almost all fibrous composite systems. It is characterized by the
local deviation of fibers from their respective tow orientation. In this case, plain weave
already exhibits waviness due to its inherent architecture. Stitching further induces
waviness when stitch needles and their ensuing thread perforate the wavy fiber tows of
plain weave. The magnitude of waviness, usually indicated by waviness amplitude and
angle, is adversely affected when tensioning force by the stitch yarns is high, and by
the diameter of stitch yarns as well.

3. Resin-rich region is generally defined as a volumetric space filled with resin. Coalescence
of a number of resin-rich regions may result in resin channel (see Chapter 2). In stitched
plain weave, similar to fiber waviness, the size of resin-rich region is partly influenced
by the diameter of stitch yarns. Other factors include preform type and manufactur-
ing method. In present experiment, Kevlar stitch thread with linear density of 1500
denier has a diameter of 0.80 mm, which is considered large. When the stitch thread
penetrates the fabric, fiber tows of plain weave are consequently misaligned with signif-
icant waviness amplitude and angle. A space between stitch yarn and misaligned fibers
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is subsequently permeated with the resin during resin infiltration process. Therefore,

resin-rich region in plain weave may be large enough to cause early cracking around
stitch thread.
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Figure 5.9: Architectural changes and defects due to stitching, namely fiber waviness, resin-
rich region, fiber breakage: (a) photomicrograph, (b) illustration
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Formation of resin-rich region may give rise to the initiation of cracks because of two reasons.
Firstly, resin-rich region may statistically contain relatively a higher number of voids than any
other constituents of composites. Void is notoriously known as a crack initiator. Secondly,
if the cohesion between stitch yarn and resin is poor, stitch debonding may easily occur.
The location with highest possibility to have stitch debonding is resin-rich region, where the
volume of resin is high. Upon loading, stitch debonding would grow or interact with other
damages. The progression of damage would adversely affect the performance of stitched
composites, and cause premature failure.

5.3.5 Premature failure in TS specimens

It is shown in Section 5.3.3 that TS specimens have lower tensile strength in comparison to
LS specimens. As mentioned, 24.4% reduction of tensile strength is observed when transverse
stitching is introduced into carbon/epoxy. Despite the fact that both LS and TS specimens
exhibit similar brittle fracture, further observation shows that strength reduction in TS spec-
imen is mainly attributed to the debonding between stitch thread and surrounding matrix.
The so-called stitch debonding is caused by (i) difference of coefficient of thermal expansion
(CTE) between Kevlar and epoxy, (ii) poor bonding between Kevlar and epoxy. The first
reason is rather apparent as the residual stresses would be high when the difference of thermal
expansion coefficient is also high. Upon curing after RTM process, the residual stress would
induce the formation of initial cracks between Kevlar stitch thread and epoxy. Another factor
is the surface area of stitch thread: because the linear density of Kevlar is 1500 denier, i.e.
surface area exposed to resin phase is relatively large, the possibility to have pre-test crack in
the resin is also high. As for the second reason (poor bonding between Kevlar and epoxy), it
may be due to the absence of surface treatment (e.g. etching) prior to RTM process. Etching
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the Kevlar fiber by optimizing the surface roughness is deemed necessary to improve the
bonding between Kevlar and epoxy. In this case, etching process is likely absent, and as a
result, stitch debonding occurs in stitched carbon/epoxy prior to tensile test. Even when
stitch debonding were to develop independently in the individual stitch hole during static
test, it may induce formation of resin cracking around resin-rich region. This resin cracking
may develop into splitting upon loading. In addition, when fiber splitting in one stitch yarn
interact with the neighboring splitting, and form some contiguous cracks in transverse direc-
tion, it may eventually create premature failure in TS specimens. Thus, because of the weak
interfacial bonding between Kevlar and epoxy, TS specimens would have higher possibility
to fail earlier than LS specimens. Fig. 5.10 shows the X-ray image of fracture location in
TS specimen. It is shown that a high number of resin cracking have occurred in all stitch
holes prior to failure. The direction of cracking is perpendicular to_the loading direction.
Interaction between two crackings originated from two different stitch holes is possible do to
high stress concentration at the crack tip.

_____ Transverse

|~ stitches
7

_____ e = X-ray image

Figure 5.10: X-ray image of TS specimen after failure
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5.3.6 Damage mechanisms
Damage initiation and progression in LS and TS specimens

Upon loading, damage origin (initiation) for LS and TS specimens is similar, which is resin-
rich region around stitch penetration holes. This damage origin is indicated in Fig. 5.11a.
This damage origin, as described earlier, is a result of poor cohesion between Kevlar thread
and surrounding epoxy. Crack would become longer upon further loading. However, LS and
TS specimens exhibit slightly different damage progression. In LS specimen, crack growing
from the stitch thread is in-line with the loading direction, while that in TS specimen is
perpendicular to the loading direction. Afterwards, in LS specimens, before the interaction
between two cracks around stitch holes occurs, the damage would rapidly grow along the weft
tows (perpendicular to the loading direction) towards the specimen edges without necessarily
passed through the other stitch holes. In contrast, damage in TS specimen would transversely
grow along adjacent stitch holes as a result of interaction between two cracks at the stitch
holes (see Fig. 5.10). In this regard, stress concentration at the crack tip of stitch debonding
in TS specimen determines the overall failure of TS specimens.
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Figure 5.11: Mechanism of damage progression in LS and TS specimens (a) schematic, (b)
photomicrograph

Failure characteristics of LS and TS specimens also show that the fracture line always passed
through one of the stitch penetration holes. However, the failure in LS specimen is always
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characterized by complete breakage of specimen and stitch yarns, while that in T'S specimen is
characterized by the bridging’ of two fractured parts provided by the stitches (see Fig. 5.11b).
In TS specimen, it is observed that two fractured parts are often still intact because the cracks
apparently propagate at the interface between stitch threads and weft tows.

Damage initiation and progression in LSH and TSH specimens

Damage progression in LSH and TSH specimens is markedly different from that of LS or TS
specimens. Damage in LSH and TSH specimens as illustrated in Fig. 5.12 always initiates at
the hole, and propagate towards the ligament and the specimen edges. The damage in LSH
and TSH specimens is greatly controlled by the stress concentration at the hole rim. The
failure of LSH and TSH specimens is thus characterized by the fracture 6f ligaments that does
not necessarily pass through the stitch penetration holes. In general, present finding suggests
that regardless the stitch orientation, when stitched specimen possesses a hole, its failure
would be determined by the stress concentration at the hole rim rather than the damage
around the stitches.

LSH TSH

Direction of
damage growth

Direction of
damage growth

Figure 5.12: Mechanism of damage progression in LSH and TSH specimens

5.4 Analytical Study

Predicting failure strength of stitched composite with hole is important if holes are to be cre-
ated in stitched composites for practical reason, e.g. joining. OHT strength criterion appli-
cable for unstitched composites widely known as Average Stress Criterion (ASC) is presently
evaluated. ASC proposed by Whitney and Nuismer in 1974 [116] is employed herein to
predict ooy of stitched composites. Another criterion proposed by Whitney and Nuismer
is Point Stress Criterion (PSC). Since both criteria generally yield similar results, only one
criterion is discussed herein. ASC requires several parameters, namely tensile strength of
specimen without holes (), normal stress distribution at the ligament (o,) and character-
istic length (ao). Tensile strength of stitched composites without hole (LS and TS specimens)
is obtained from Table 5.3, while normal stress distribution is measured during experiment.

The characteristic length (ag) for plain weave T300/epoxy plain weave is obtained from Ref.
[89].
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5.4.1 Normal stress distribution

Normal stress distribution can be estimated by considering an infinite plate with a centrally
located circular hole with radius () under remote stress (o..) as shown in Fig. 5.13. The
exact solution for the normal stress distribution (o) is given by Lekhnitskii [74], and it is
expressed as follows

0l @ @ w1 e

Kr (stress concentration factor) can be obtained by the following equation:

E, E,
Kr=1+ \/2 (}?Ty = vxy) t o (5.2)

where E,, E,, G, and v,, are tensile modulus (longitudinal), tensile modulus (transverse),
in-plane shear modulus, and Poisson’s ratio, respectively. Mechanical properties in Table 5.3
are used to calculate K7 and normal stress distribution, whereby E, = 63.5 GPa, E, = 62.6
GPa and v,, = 0.047. As for G,, of 3.8 GPa, it is obtained from Ref. [89).

oy, can also be obtained by experiment, and following equation can be used:

Baes+ v By
= 5.3
%= T2 (BB, o8

Longitudinal strain ¢, is obtained from the strain gages installed in the z-axis next to the
hole, namely SG1, SG2 and SG3. Transverse strain ¢, is obtained from SG5.

Figure 5.13: Infinite plate with hole under remote stress
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Figs. 5.14a and 5.14b show the normal stress distribution along z-axis for LSH and TSH
specimens, respectively. Normal stress is normalized with the remote stress. Fig. 5.14 shows
that, in general, o, obtained by Eq. (5.1) is in a good agreement with experimental result.
Thus, it can be concluded that o, is insensitive to the stitch orientation. In this case, effect
of stitch orientation is outperformed by the effect of hole. Because o, is not influenced by the
stitch orientation, ASC could therefore be employed to estimate open hole tension strength
of stitched composites containing circular holes. ASC is a formula derived from Lekhnitskii
theory. Effect of stitch orientation on normal stress distribution could be more profound when
the stitch lines are encircling the hole, like in the work of Han et al. [50]. Effect of stitch on
normal stress distribution could also be significant when the stitch lines are very close to the
holes. If the distance between stitch lines and hole is narrow, the interaction between stress
concentration around the hole and the local stress around the stitch may generate further
stress amplification. These cases remain to be investigated.

6 6
—Theory (Lekhnitskii) —Theory (Lekhnitskii)
5 1 B Experiment 5 A Experiment
4 4 LsH ‘D‘ 4 4 TSH U
8 | | [
< St | 4, e
' 5G1 Im 453 b f e —— —
2 - ﬂ 29 ﬂ
A
1 = 1 A A
0 T T T T 0 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
x—r(mm) X =r (mm)
(a) (b)

Figure 5.14: Normal stress distribution in z-axis of (a) LSH specimen, (b) TSH specimen

5.4.2 Prediction of OHT strength by Average Stress Criterion

As illustrated in Fig. 5.15, ASC assumes that OHT strength of composites is attained when
oy at a distance of ag in z-axis is equal or greater than the tensile strength of composites
without hole (o,). ag can be obtained experimentally by conducting tensile strength of
composites with various hole diameters. ASC is given as follows:

1 r+ao
g_/r oy(z)dz > oy (5.4)
Substituting Eq. (5.1) into Eq. (5.4) yields the normalized OHT strength:
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Figure 5.15: Parameters used in Average Stress Criterion
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where & = ﬁa In this case, ag of 1.85 is used, and it is obtained from the Ref. [89] for
T300/epoxy plain weave.

(5.5)

Table 5.4 shows the comparison between the predicted OHT strength and experimental re-
sults. For LSH specimens, oonr obtained by ASC is 307 MPa, whilst that obtained by
experiment is 285 MPa. For TSH specimens, ooyt obtained by ASC is 283 MPa, whilst that
obtained by experiment is 264 MPa. The difference between experiment and prediction is
7.7% for LSH specimen and 7.2% for TSH specimen. In this regard, ASC can predict ooy of
stitched composites containing circular holes with reasonable accuracy. However, it should be
noted that ooy predicted by ASC greatly depends on the characteristic length ag. To give
better accuracy, it is advisable to perform open hole tension test, particularly for stitched
composites, with various hole diameters (at least three hole diameters are prescribed).

Table 5.4: OHT strength of stitched composites: comparison between prediction and exper-
iment

Longitudinal stitch (LSH) Transverse stitch (TSH)
Prediction (ASC) Experiment Prediction (ASC) Experiment
307 MPa 285 MPa 283 MPa 264 MPa

5.5 Concluding Remarks

Experimental and theoretical investigation of tensile and open hole tension properties of
Kevlar-stitched carbon/epoxy composites with longitudinal and transverse stitches have been
performed. Several conclusions could be drawn from the studies:
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e Stitch orientation affects tensile strength of stitched carbon/epoxy composites without
holes. Stitched composites with transverse stitching exhibit around 24% lower strength
than that with longitudinal stitching.

e The lower strength of transverse stitched specimens is attributed to the interfacial
debonding between Kevlar stitch thread and epoxy resin, which is caused by poor
adhesion between Kevlar and epoxy, and the interaction amongst stitch debondings.

e Resin-rich region, specifically at the stitch penetration holes, is found to be the damage
initiation site for both longitudinal and transverse stitch specimens.

e Tensile modulus of stitched carbon/epoxy plain weave is insensitive to the stitch ori-
entation. This is because the longitudinal deformation is not affected by the stitch
orientation nor the collective fiber waviness due to stitching.

e Failure of stitched carbon/epoxy plain weave is characterized by brittle failure regardless
the stitch orientation.

e OHT tests show that the strength of stitched carbon/epoxy composites with holes
(i.e. open hole strength) is independent of stitch orientation. OHT strength depends
strongly on normal stress distribution and stress concentration generated around the
hole rims.

e Because normal stress distribution in stitched composites with holes is independent of
stitch orientation, it can therefore be estimated by Lekhnitskii theory. Hence, OHT
strength of stitched composites can be estimated by Average Stress Criterion, which is
based on Lekhnitskii theory, with reasonable accuracy.

128



Chapter 6

Kevlar-stitched carbon/epoxy
composites with holes under fatigue

6.1 Overview

This chapter discusses experimental investigation of fatigue characteristics and damage mech-
anisms of Kevlar-stitched carbon/epoxy composites with circular holes. Effect of stitch pat-
tern, namely round stitch and parallel stitch, on fatigue life and fatigue damage mechanisms
of Kevlar-stitched composites with holes are evaluated. Fatigue cycle is carried out at con-
stant amplitude with the frequency of 5 Hz. Three cases are studied in this chapter: (i)
round stitched composites under tension-tension (T-T) fatigue; (ii) parallel stitched com-
posites under T-T fatigue; (iii) parallel stitched composites under compression-compression
(C-C) fatigue. Maximum stress levels applied during fatigue test are defined between 50%
and 90% relative to the open hole strength of respective case. Fatigue damage growth is
observed and quantified by conducting interrupted test at different cycles coupled with ul-
trasonic C-scan. Quantification of damage is performed by measuring damage area.

6.2 Experimental Details

6.2.1 Materials

Two types of carbon/epoxy composite are used in this experiment, namely T300/EP828 and
T300/PR500. Carbon fiber is T300-3K (CO6303L), which is made by Toray Industries Inc.,
and available in the form of bi-directional (0/90) fabric or plain weave. The resin of EP-828
(Epikote 828) is a bisphenol type-A epoxy produced by Yuka Shell Epoxy Co. Ltd. PR500 is
a high performance epoxy produced by 3M, Co. Stitch thread used to bind the plain weave
preforms is Kevlar-29 aramid yarn (DuPont) with linear density of 1000 denier (111 tex).
Mechanical properties of carbon T300-3K [6], stitch yarn Kevlar-29 [5, 118], EP828 [91] and
PR500 [73, 124] are given in Table 6.1.

To manufacture stitched carbon/epoxy composites, twenty plain weave layers are first stacked
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Table 6.1: Mechanical properties of fiber, resin and stitch yarn

: Fiber Resin Stitch yarn
Property Unit  ma5q 3¢ EP82s PRS00 Kevlar-29
E; GPa 234.6 34 3.6 70.5
Er GPa 6.03 3.4 3.6 2.59
Grr GPa 18.2 1.26 2.1 2.1
Grr GPa 6.6 1.26 2.1 n/a
ver - 0.2 0.35 0.37 0.36
vrr = 04 0.35 0.37 n/a
Out MPa 3530 85 56.6 2920
Ef % 1.5 n/a 1.9 3.6
dy fim 2 - - 15.9°
p g/em® 1.76 1.54 1.26 1.44
ar, 10°8/K -0.41 n/a n/a -1.1
ar 107°/K 5.60 n/a n/a 5.00

with specified stacking sequence. In present experiment, two stacking sequences are prepared:
cross-ply of [(0/90)]20 and quasi-isotropic of [(£45)(0/90)2(£45)2(0/90),(£45)5(0/90)]s. Fab-
rics are then stitched using Kevlar-29 yarn. The stitch type used to insert Kevlar-29 yarn into
the fabrics is lock-stitch. After stitching process, resin transfer moulding (RTM) is employed
to infuse resin into stitched fabrics. Resin is flowing in radial direction, and curing process
during RTM is performed in the mould. Curing temperature and pressure of epoxy are set at
around 393 K (120°C) and 0.60 MPa, respectively. The curing process is performed for about
2 hrs. The cured plate has dimensions of 500 mm in length and 500 mm in width. Nominal
thickness of cured plate is 4.5 mm with standard deviation of 0.1 mm. Fiber volume fraction
(V) of plate without stitch is 51.440.8%, whilst that with stitch is 52.141.4%. Fig. 6.1
shows optical microscopy images of cross-ply and quasi-isotropic composites, particularly at
the edges, region without stitches and region with stitches.

6.2.2 Open hole test specimens

Test specimens were prepared based on the case number. As mentioned, three cases were
investigated, and all specimens are composites containing circular holes. In Case 1, specimen
with round stitch is studied, and fatigue load is tension-tension (T-T) fatigue (R = opin
/Omaz = 0.1). In Case 2, specimen with parallel stitch is studied, and fatigue load is also
T-T fatigue (R = 0.1). In Case 3, specimen with parallel stitch is studied, and fatigue load
is compression-compression (C-C) fatigue (R = 10). Table 6.2 summarizes the case studies
and corresponding material system, types of specimen, stitch configuration, content of stitch
yarn, specimen codes as well as number of specimen used in present investigation.

Holes in the specimen were created using single-angle diamond-coated drill bit with a nominal
diameter of 5.70 mm. Fig. 6.2 shows post-drilling condition obtained by optical microscopy
and X-ray radiography. It is confirmed that there is no surface ply splintering nor delamina-
tion at the hole rim, which indicates that the drilling process was properly conducted.
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Figure 6.1: Optical microscopy images of cross-ply and quasi-isotropic composites
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Figure 6.2: Hole condition after drilling process (a) optical microscopy result, (b) X-ray image

The specimens used in Case 1 are of two types: with and without round stitch. Fig. 6.3
shows the schematic of specimen with round stitch, whereby stitch line encircles the hole
with diameter of 7 mm. The specimen dimension is 190 mm in length and 25 mm in width.
Thickness of specimen is 4.5 mm. Glass/epoxy tabs are glued on the specimen allowing 90
mm gage length. Thickness of tab is 3.5 mm, and length of tab is 50 mm. The distance
between hole edge rim and round stitch line is approximately 0.65 mm. Twenty specimens
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Table 6.2: Material system, specimen and codes for three cases

Case 1 Case 2 Case 3
Parameter Round stitch Parallel stitch Parallel stitch

(C-C fatigue) (T-T fatigue) (T-T fatigue)
Composite system T300-3K/EP828  T300-3K/PR500  T300-3K/PR500
Tow orientation [(0/90)]20 [(0/90)]20 [(£45)(0/90)5(£45),

(0/90)2(+45)2(0/90)]s

Load ratio, R 0.1 0.1 10
Codes RTN (unstitched) PTN (unstitched) PCN (unstitched)

RTS (stitched) PTS (stitched) PCS (stitched)
Static test qty. 2 (unstitched) 2 (unstitched) 2 (unstitched)

2 (stitched) 2 (stitched) 2 (stitched)
Fatigue test qty. 8 (unstitched) 4 (unstitched) 8 (unstitched)

8 (stitched) 4 (stitched) 8 (stitched)

are prepared for Case 1: ten specimens without stitch (code: RTN); ten specimens with
stitch (code: RTS). Specimen without stitch serves as a baseline for the stitched one. For
each specimen code, two specimens are tested under tension to obtain open hole tension
(OHT) strength oogr, while eight specimens are subjected to tension-tension fatigue test.

b 190
BT — ...
o Tab I = Tab
Stitch yarn™ -
| 50 I t=45 t =+3.5
] ¥ +
T = 5 1

Figure 6.3: Round stitched specimen for T-T fatigue (dimension in mm)

The specimens used in Case 2 are of two types: with and without parallel stitch. Fig. 6.4
shows the schematic of specimen with parallel stitch. In parallel stitch configuration, the
distance between two stitch lines (spacing, s) is 15 mm, while the distance between two
stitch holes (pitch, p) is 3 mm. This results in a stitch density (SD) of 0.022/mm?. Stitch
content (V;) for this specimen is 1.06%. The specimen dimension is the same as that in Case
1, which is 190 mm in length and 25 mm in width. Glass/epoxy tabs with thickness of 3.5 mm
and length of 50 mm are also used. T'welve specimens are prepared for Case 2: six specimens
without stitch (code: PTN); six specimens with stitch (code: PTS). Likewise, specimen
without stitch serves as a baseline. For each specimen code, two specimens are tested under
tension to obtain ooy, while the other four specimens are subjected to tension-tension
fatigue test.

Same with Cases 1 and 2, specimens used in Case 3 are of two types: with and without
parallel stitch, except that the dimension of specimen for Case 3 is different. The length of
specimen is 118 mm, while the width is 38 mm. Using this specimen, open hole compression
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Figure 6.4: Parallel stitched specimen for T-T fatigue (dimension in mm)

(OHC) and C-C fatigue tests are carried out using NAL-III fixture, which is developed
by Japan Aerospace Exploration Agency [63]. NAL-III is a small supporting fixture with
rounded-corner rectangular windows. The fixture is employed to prevent global buckling
during compression test. The fixture has windows with the dimension of 25.4 mm in length
and 16.4 mm in width to allow out-of-plane deformation before final failure. The details of the
fixture can also be reviewed in [101]. Thus, the specimen is called NAL-III specimen. NAL-III
specimen is more economical than the specimen defined in SACMA SRM 3R-94 [11], yet the
data scatter for open hole compression strength oogyc is lower for NAL-III specimen. Fig. 6.5
shows the schematic NAL-III specimen with parallel stitch. For the stitched specimens,
spacing and pitch are also 15 mm and 3 mm, respectively. SD is 0.022/mm? and V, is
1.07%. By using the width of 38 mm, NAL-III specimen could accommodate four stitch
lines. Glass/epoxy tabs with thickness of 3.5 mm and length of 50 mm are also used. Twenty
specimens are prepared for Case 3: ten specimens without stitch (code: PCN); ten specimens
with stitch (code: PCS). Likewise, specimen without stitch serves as a baseline. For each
specimen code, two specimens are subjected to static compression test in order to obtain
oonc- The other ten specimens are subjected to compression-compression fatigue test.

118
=T
R — PE—
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Figure 6.5: Parallel stitched specimen for C-C fatigue (dimension in mm)
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Table 6.3: Fatigue test setting for three cases

Fatigue test Load ratio

Case Range of 0maz OF Omin (%)

type R = C’rmin/ Omaz
1 T-T fatigue 0.1 70 - 95 oonT
2 T-T fatigue 0.1 85 - 95 oonT
3 C-C fatigue 10 55 - 70 OoHC

6.2.3 Static test procedures

Prior to fatigue tests, static test was performed to obtain ooyt or opogc depending on the
case. In Cases 1 and 2, opoyr was obtained, while in Case 3, opyc was obtained. oo
and ocopc were used to determine 0,4, Or Opmin during fatigue tests. Servo hydraulic Instron
8501 was used during static tests. Loading rate during tension test is 1 mm/min, while that
during compression test is 0.5 mm/min. No fixture required for OHT test. For OHC test, as
mentioned, NAL-IIT fixture is used. Specimens were tested until they failed, and maximum
load (Pnez) is recorded. oopr and opgc are calculated by dividing respective P, with
gross area (width x thickness).

6.2.4 Fatigue test procedures

After performing static tests, fatigue tests are carried out. Table 6.3 shows fatigue test setting
used in present experiments. T-T fatigue is performed at frequency of 5 Hz in sinusoidal wave
pattern. The range of applied maximum stress g, is defined between 70% and 95% of oo .
C-C fatigue test is also conducted at frequency of 5 Hz. The range of o4, is between 55%
and 70% of opyc. All tests were performed under load control manner.

6.2.5 Damage characterization procedures

To observe the damage growth during fatigue test, interrupted test was carried out by stop-
ping the test at certain number of cycle (N) before failure. Specimen was then removed from
the machine, and placed in water chamber. Ultrasonic C-Scan SDS3300R (Krautkramer)
probed the surface of the specimen, and image of damage zone was captured. Damage area
is assumed as a projected area as seen in C-Scan image. Damage zone was then quantified by
measuring the observable damage area from C-scan results. X-ray radiography and optical
microscope were also used as post-mortem damage observation tools.
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Table 6.4: Open hole strength for Cases 1-3

Case Code Open hole strength
RTN (unstitched) oomr = 320.0 + 3.5

1 RTS (StitChEd) COHT = 304.7 += 2.8
9 PTN (unstitched) ooy = 301.6 + 0.9

PTS (st-itched) cogr = 301.4 + 0.9
3 PCN (unstitched) oomgc = 281.8 + 6.7

PCS (stitched) CoHC = 282.2 + 2.6

6.3 Experimental Results and Discussion

6.3.1 Static test results

Results of open hole static test are given in Table 6.4. Magnitude of ooy and opgc is
an averaged value of two test samples. For Case 1, opoyr of RTN specimen is 320 MPa,
whilst that of RTS specimen is 304.7 MPa. The difference of open hole tension strength
between unstitched and round-stitched specimen is around 4.8%. This loss of OHT strength
is negligible. For Case 2, coyr of PTN specimen is 301.6 MPa, while that of PTS specimen
is 301.4 MPa. Similar with Case 1, the difference of ooyt is also negligible. It is found
that, in general, parallel stitch does not impart significant effect on the open hole tensile
strength of carbon/epoxy composites. As a reference, tensile strength of typical plain weave
carbon/epoxy composites is 536 £+ 80 MPa. Hole of 5.7 mm diameter reduces the strength
by around 40%. Presence of hole dismisses the sensitivity of plain weave carbon/epoxy
composites to the stitches because failure in open hole specimen is greatly determined by high
stress concentration at the hole rim rather the stresses around the stitches. This observation
is of similar case with the ones described in Chapter 5. It is postulated here that the normal
stresses around the stitches could be lower than that in the hole rim. For Case 3. oogc
of PCN specimen is 281.8 MPa, whilst that of PCS specimen is 282.2 MPa. Similar to
tension test results, it is shown that parallel stitch does not affect oconc of carbon/epoxy
composites. Tensile modulus of cross-ply plain weave composites used in Cases 1 and 2 are
48.1 GPa (unstitched) and 51.8 GPa (parallel stitched). On the other hand, tensile modulus
of quasi-isotropic composites (Case 3) are lower than that of cross-ply composites: 36 GPa
(unstitched) and 40.8 GPa (parallel stitched).

6.3.2 Static failure mode

Fig. 6.6 shows some examples for typical static failure of specimens without and with stitch.
No significant difference is found between unstitched (Fig. 6.6a) and stitched specimens
(Fig. 6.6b). Both specimens generally exhibit brittle fracture. Damage was found to be
initiated from the hole rim, and aggressively propagated towards the specimen edges causing
catastrophic rupture of all fiber tows in the ligaments.

Fig. 6.7 shows typical static failure of unstitched specimen under compression. Similar to
tension case, failure in unstitched specimen under compression is also characterized by brittle
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Figure 6.6: Static failure of open hole specimen under tension (a) unstitched specimen (PTN),
(b) parallel stitched specimen (PTS)

fracture, in which fractured ligaments are apparent. Optical microscopy on the specimen edge
shows that the failure is characterized by shear fracture and delamination. The delamination
extends across the gage length and width. In the hole rim, shear fracture and delamination
are also evident. Both failure modes characterize the internal part of fractured ligaments.

Top view

Delamination Delamination
Figure 6.7: Static failure of unstitched specimen with hole (PCN) under compression
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Fig. 6.8 shows static failure of stitched specimen under compression, which is also brittle
fracture. Shear fracture is dominant in this case. Delamination in stitched specimens is
not as dominant as in unstitched specimen. This may indicate that stitches may impede
the growth of delamination after fracture. The role of stitches in inhibiting the growth
of delamination can be observed in Fig. 6.9. Fig. 6.9 is obtained by cross-sectioning PCS
specimen along a stitch line. The stitches provide bridging traction that reduces the extent
of delamination.

_Top view

e — ] _;_ - tul'é— =

Shear fracture Fiber kinking

Figure 6.8: Static failure of parallel stitched specimen with hole (PCS) under compression

6.3.3 Fatigue of round stitched composites under T-T loads
Fatigue life

Fatigue life curves for Case 1 of round-stitched (code: RTS) and unstitched (code: RTN)
specimens are presented in Fig. 6.10. The curve is established based on the relationship be-
tween 0,4, and fatigue cycle (N), whereby N is plotted in logarithmic scale. It is noteworthy
that, same with Chapter 4, a specimen is categorized as 'Run-out’ when it is able to with-
stand fatigue cycle of N = 10° and beyond. It is found that fatigue life of RTN specimens
is better than that of RTS specimens as indicated by the longer cycle-to-failure at similar
Omaz- FOr instance, subjected to 0., = 270 MPa, RTN specimen could survive 5 x 10°
cycles, while RTS specimens fail earlier, which is around 1800 cycles. RTS specimen is able
to reach 5 x 10° cycles when 0,4, is reduced to 223 MPa (approximately 73% of OOHT)-
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Figure 6.9: Cross-sectional view of stitch region in open hole specimen under compression

This finding suggests that round stitch reduces fatigue limit of carbon/epoxy composites.
As will be shown later, round stitch aggravates the damage emanating from the hole rim,
and accelerates the damage growth towards the specimen edges. Fig. 6.10 also shows that a
large scatter at relatively high 0,4, is found in S-N curve of round-stitched specimen (RTS),
specifically between 40 and 300 cycles. For example, under 0,,,, = 255 MPa, one specimen
prematurely fails at N = 55, while the other specimen under the same 0,,,, fails at around
N = 10°. This suggests that cycle-to-failure of round-stitched specimens is rather uncertain
as compared to that of unstitched specimens, particularly at high ¢,,,,. This uncertainty
could be due to stitch debonding triggered by poor adhesion between Kevlar and resin.

It is also important to mention that the gradient of S-N curve (my) of unstitched specimen
is -5.7542.65, whilst that of round-stitched specimen is -10.44+2.3. There is an increase of
slope of about 81%. This could be influenced by different fatigue damage mechanism between
unstitched and round-stitched specimens.

Fatigue damage mechanisms

Fig. 6.11 shows ultrasonic C-scan images of RTN (unstitched) and RTS (round stitched)
specimens under T-T fatigue. RTN and RTS specimens are subjected to o,,.,, = 266 MPa
and 254 MPa, respectively, which are equivalent to 83% of average ooy of the respective
specimen types (conr of RTN is 320 MPa; oonr of RTS is 304.7 MPa). After N = 1.28 x
10°, RTN and RTS specimens show slightly different fatigue damage characteristics. Damage
in RTN specimen is characterized by axial splitting in 0° tows, delamination and transverse
cracking in 90 ° tows that initiate from the hole rim. Damage in RTS specimen is similar with
RTN specimen that it is also characterized by axial splitting and delamination. However, the
damage zone created by transverse cracking in RTS specimen is considerably larger than that
in RTN specimen, i.e. damage zone covers the specimen’s ligaments. The other difference of
damage characteristic between RTN and RTS specimens is that the length of axial splitting
in RT'S specimen is somewhat shorter than that in RTN specimen. The distinct characteristic
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Figure 6.10: Fatigue life of open hole specimens: comparison between RTN (unstitched) and
RTS (round stitched) under T-T fatigue

of damage in RT'S specimens is greatly influenced by the stitches around the hole rim. In this
regard, round stitching is considered too close to the hole rim that it creates local defects once
the stitch debonding interacts with the damage emanating from the hole rim. This interaction
of damage accelerates the growth of overall damage zone, and results in a premature failure of
RTS specimen at high stress level. Fig. 6.11 also shows that when fatigue cycle is continued
up to 9 x 10° cycles the only specimen able to withstand such a high number of cycles is RTN
specimen. RTS specimen, on the other hand, fails soon after the fatigue cycle is continued.
It is observed that RTN specimen experiences a very wide damage zone extending towards
the specimen edges. Nevertheless, when the fatigue cycle is continued again, RTN specimen
apparently does not fail at 107 cycles. Thereafter, the test is discontinued, and this particular
specimen is considered 'Run-out’.

Damage area in all RTN and RTS specimens is then quantified. The damage is not decom-
posed into several types like the one described in Chapter 2 or Chapter 4. Instead, damage
area that includes all axial splittings, transverse cracks and delamination is assumed. Damage
area is a projected area that includes all damages in the tows and interfaces of the composite.
Hence, measurement of damage area is not ply-by-ply basis. This quantification of damage
area, which is plotted against number of cycle, aims at studying the general trend of fatigue
damage growth.

Fig. 6.12 shows damage growth of RTN and RTS specimens between 4 x 10* and 5 x 10°
cycles. RTN-3 and RTS-9 specimens are subjected to o, = 223 MPa. Despite the fact
that the damage growth in both RTN-3 and RTS-9 is linear, and thus considered stable, the
damage in RTS-9 specimen is slightly larger than that in RTN-3 specimen. For instance, at
similar cycle of N = 10°, damage area in RTS-9 specimen is approximately 75 mm?, while
that in RTN-3 specimen is approximately 59 mm?. Larger damage size exhibited by RTS
specimen seems to be partly influenced by the ratio between ., and ooyr. Although both
specimens are subjected to the same 0,,,,, which is 223 MPa, but 0,,,, /0oy for RTN-3 is
69%, while that for RTS-9 is 73%. In addition, the larger damage area in RT'S-9 specimen may
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also be influenced by the application of stitching that encircles the hole. As already shown
in Fig. 6.11, round stitch can cause rapid damage growth that may eventually increase the
damage size.

After N = 1.28 x 10° After N =9 x 10°

Axial Damage
splitting zone

Unstitched
(RTN)
Omax = 266 MPa N
Omin= 26.6 MPa
Ormax = 83%ComT 5
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=
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£
]
=
Round stitch
(RTS) g
Failed
Omax = 254 MPa
Omin= 25.4 MPa

Omax = 83% OoHT

Figure 6.11: Ultrasonic C-scan results of RTN and RTS specimens under T-T fatigue

Fig. 6.13 shows the comparison between RTN and RTS specimens when o,,,, is increased
to 83% of their respective cogr. RTN-9 specimen is subjected to 0ymee = 266 MPa, while
RTS-4 specimen is subjected to slightly lower stress, which is 0. = 254 MPa. Damage
growth exhibited by RTN-9 and RTS-4 is no longer linear and steady. Damage area in RTN-
9 specimen grows rapidly from approximately 25 mm? at N = 10 to 105 mm? at N = 2.5
x 10°. Damage area in RTS-4 specimen also increases sharply from 50 mm? at N = 8 x
10* to 105 mm? at N = 6 x 10°. However, damage growth rate between RTN-9 and RTS-4
is somewhat different. Below N = 10*, damage size of both specimens is initially similar.
As both specimens are cycled above N = 10°, the damage size begins to divert, in which
RTS-4 specimen demonstrates a more rapid damage growth than RTN-9. A rapid increase
of damage in RTS-4 specimen is due to damage created by round stitching.
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Figure 6.12: Damage growth in RTN and RTS specimens under ¢,,,, = 223 MPa
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Figure 6.13: Damage growth in RTN and RT'S specimens under ¢,,,,. = 83% of oonr (RTN-9,
Omaz = 266 MPa; RTS-4, 0,4, = 254 MPa)

6.3.4 Fatigue of parallel stitched composites under T-T loads
Fatigue life

Fig. 6.14 shows the comparison of SN curves between PTN (unstitched) and PTS (parallel
stitched) specimens. Both specimens show similar SN curves in terms of magnitude and
gradient my. my of PTN is -5.2+1.9, while that of PTS is -5.354+0.75. It indicates that
parallel stitch does not affect the fatigue life of plain weave carbon/epoxy composites. It
should be noted that the distance between the stitch lines and the hole is around 4.65 mm,
which is rather distant to cause some damage around the hole rim during stitching process.
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However, as indicated by run-outs in Fig. 6.14, some of PTN specimens could actually survive
N = 107 when they are subjected to ... between 255 and 275 MPa, while two PTS specimens
fail earlier at similar stress level (one specimen fails at N = 6 x 10, and the other specimen
fails at V =9 x 10°. This fact may imply that there are some differences between unstitched
and parallel-stitched specimens in terms of damage behavior, specifically at high-cycle fatigue
(above 10° cycles).
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Figure 6.14: Fatigue life of open hole specimens: comparison between PTN (unstitched) and
PTS (parallel stitched) under T-T fatigue

Fatigue damage mechanisms

Fig. 6.15 shows C-scan images of PTN and PTS specimens taken at 2 x 10° and 4 x 108
cycles. For PTN specimen, o,q. is 286 MPa, which corresponds to 95% of copr. For PTS
specimen, g 18 292 MPa, which corresponds to 97% of ooyr. It is noteworthy that the

location of stitch lines in PTS specimen is indicated by verctical, dashed lines in Figs. 6.15b
and 6.15d.

It is depicted in Figs. 6.15a and 6.15b that after 2 x 10° cycles PTN and PTS specimens dis-
play similar damage pattern. Axial splitting, transverse cracks and delamination emanating
from the hole rim are observed in PTN and PTS. The damages grow towards the edges of the
specimen. However, a slight different of damage pattern is observed in PTS specimen (see
Fig. 6.15b) as compared to PTN specimen. The other damage type occurs in PTS specimen,
namely stitch debonding. Stitch debonding is induced by matrix crackings around stitch
penetration holes, specifically in resin-rich regions. After PTN and PTS specimens reach 4
x 10° cycles, as shown in Figs. 6.15¢ and 6.15d, axial splitting grows longer, and interaction
between delamination at the hole and edge delamination becomes pronounce.

As mentioned, stitch debonding occurs in PTS specimen, which is characterized by matrix
cracking around stitch holes. Stitch debonding is caused by poor adhesion between Kevlar
and resin. Fig. 6.16 shows the X-ray image of stitch debonding found around a number of
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Figure 6.15: Ultrasonic C-scan results of PTN and PTS specimens under T-T fatigue (a)
PTN, after N = 2 x 10% (b) PTS, after N = 2 x 10% (c) PTN, after N = 4 x 105; (d)
PTS, after N = 4 x 106 :

stitch penetration holes. Stitch debondings would grow, and one stitch debonding would be
interconnected with the adjacent stitch debonding. Coalescence of stitch debondings along
the stitch lines is recognized as a continuous damage (indicated by the damage along dashed
lines in Figs. 6.15b and 6.15d). Such continuous damage along the stitch lines contributes to
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a larger damage zone measured in PTS specimen.
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Figure 6.16: Stitch debonding around stitch penetration holes

Growth of damage area in PTN and PTS specimens is shown in Fig. 6.17. Unstitched
specimen of PTN-6 and parallel-stitched specimen of PTS-6 are subjected to 0., of 268
MPa. (88% of oonr) and 265 MPa (89% of oogr), respectively. At 2 x 108 cycles, PTS-6
shows larger damage area of 650 mm? than PTN-6, which has damage area of 470 mm?.
Larger damage area in PTS-6 specimen is attributed to the damage along the stitch lines.
At 4 x 10° cycles, PTS-6 specimen shows similar damage area as compared to PTN-6.
However, after 6 x 10° cycles, both specimens start to display a different trend. Damage
in PTN-6 specimen reaches saturation stage after 8 x 108 cycles, whilst that in PTS-6
specimen increases exponentially. This exponential increase indicates an unstable damage
growth caused by the damage along the stitch lines. Unstable damage in PTS-6 specimen
finally leads to a complete fracture at 107 cycles. In contrast, because the damage in PTN-6
has already reached saturation stage, the specimen is then able to withstand fatigue loading
even after 107 cycles.

6.3.5 Fatigue of parallel stitched composites under C-C loads

Fatigue life

For Case 3, as listed in Table 6.3, the range of minimum stress for C-C fatigue test is selected
between 55% and 70% of ooxc. The reason for selecting lower range of applied stress is that
distinctive characteristics may be captured at lower stress level rather than at higher stress
level. As already shown in Case 2, behavior of PTN and PTS specimens is similar at high
applied stress (low-cycle fatigue) indicating that when the strength of two specimen types is
similar, their behavior at low-cycle fatigue is also similar. In Case 3, cogc of PCN specimen
is 281.8 MPa, while that of PCS specimen is 282.2 MPa. Since ooy of both specimens is
similar, the distinctive characteristics at higher stress level may not be apparent. Particular
attention is then to study the fatigue limit and damage behavior at high-cycle fatigue (lower
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Figure 6.17: Damage growth in PTN and PTS specimens under g,,,, = 268 MPa (PTN-6)
and 0,4, = 265 MPa (PTS-6)

applied stress). This is done by performing fatigue test at lower maximum stresses. Because
high-cycle fatigue behavior is of interest, observation of damage development is also done at
larger cyclic interval.

As shown in Fig. 6.18, subjected to 0,,in between 55% and 70% of cogc, PCN and PCS
specimens fail between N = 10° and N = 10”. C-C fatigue life of PCN and PCS specimens are
similar although slight difference of S-N curve gradient between both specimens is observed
(my of PCN is -18.5+2.1; my of PCS is -17.2£1.5). However, such statistical difference is
negligible, and it may be suggested that, based on S-N curves, parallel stitching does not
influence the open hole fatigue life of carbon/epoxy composites under C-C loading.

Fatigue damage mechanisms

To study fatigue damage mechanisms, ultrasonic C-scanning is also performed. The speci-
mens are subjected to omin of 70% oomge (PCN specimen subjected to 0yner = -19.7 MPa
and 0, = -197 MPa; PCS specimen subjected to 0., = -19.3 MPa and 0,,;, = -193 MPa).
As presented in Figs. 6.19a and 6.19b, both PCN and PCS specimens exhibit damage that
is emanating transversely from the hole rim at 1.28 x 10° cycles. The extent of damage
growing from the hole rims could reach approximately 5 mm. However, in conjunction with
the growth of damage from the hole, PCS specimen also displays a continuous damage along
its parallel stitch lines. When compression fatigue cycle is then continued up to 2.56 x 108
cycles, the damage length in PCN specimen is extended up to approximately 10 mm (see
Fig. 6.19¢). In contrast, the damage length in PCS specimen is somewhat impeded by the
stitch lines (see Fig. 6.19d). When fatigue cycle is continued again, PCN specimen shortly
fails at 2.97 x 10° cycles. On the other hand, PCS specimen is able to withstand compression
fatigue up to around 5.3 x 10° cycles, which is almost double than that of PCN specimen.
It suggests that parallel stitching may offer some advantages when specimen with hole is
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Figure 6.18: Fatigue life of open hole specimens: comparison between PCN (unstitched) and
PCS (parallel stitched) under C-C fatigue

subjected to C-C loading. However, this may not be apparent from the S-N curves.
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Figure 6.19: Ultrasonic C-scan results of PCN and PCS specimens under C-C fatigue (a)
PCN, after N = 1.28 x 10% (b) PCS, after N = 1.28 x 10%; (c) PCN, after N = 2.56 x 10°;
(d) PCS, after N = 2.56 x 105, (e) PCS, after N = 5.12 x 10°

Damage growth in PCN and PCS specimens is quantified for various oy, (in the range of
55-70% of oomc) and plotted against number of cycle. As shown in Fig. 6.20, both PCN
and PCS specimens display gradual increase of damage area. However, damage growth rate

146



CHAPTER 6. KEVLAR-STITCHED UNDER FATIGUE

in PCS specimens is higher than that in PCN specimens. At similar number of cycle, this
results in larger damage area in PCS specimens as compared to that in PCN specimen. As
already shown in Fig. 6.19, damage growing from the hole rims of PCS specimens is somewhat
impeded by the stitch lines, and it develops aggressively along the stitch lines. Meanwhile
the damage at the hole rim progresses in a slower rate as compared to that along the stitch
lines. Because the measured damage also includes the damage along four stitch lines, the
overall damage size measured in PCS specimens is by no means larger than that in PCN
specimens. For that reason, larger damage in open hole specimens under compression shown
in C-scan images may not always correlate with the reduction of fatigue life. Instead, PCS
specimens exhibiting larger damage area show similar performance with PCN specimens.

1000

900 4| ™ PCN-5 C-C fatigue
A PCN-9 .
o 800 1/ e pcN-10|  Parallel stitch Unstitched
g 700 7| opcs-4
= 600 | & PCS-6
£ 500 {[ OPCS-17
% 400 -
£ 300 -
=
200 -
100 - PCN: Unstitched
PCS: Parallel stitch
0 ¥ L T Trrrry

10° 10 10° 10° 107
Number of cycle

Figure 6.20: Damage growth in PCN and PCS specimens under various o,y

6.4 Concluding Remarks

Experimental investigation of open hole fatigue characteristics of plain weave carbon/epoxy
composites has been performed. Fatigue life and damage growth of stitched and unstitched
composites under T-T and C-C fatigue are investigated. Several conclusions can be drawn
from the investigation:

e Round stitch is found to reduce fatigue limit of carbon/epoxy composites under ten-
siontension fatigue loading. Round stitch accelerates damage growth emanating from
the hole rim, and directs the damage towards the edge of specimen. This damage is
relatively unstable when the specimen is subjected to 0,,.. above 83% of oogr.

e Under T-T fatigue, parallel stitch generally does not affect SN curve of carbon/epoxy
composites. However, stitching apparently makes the growth of damage unstable after 8
% 10° cycles. As a result, stitched specimens are completely fractured before 107 cycles,
while unstitched specimens are able to withstand cyclic loading up to 107 cycles.
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e Similar to T-T fatigue, parallel stitched composites under C-C fatigue show similar
fatigue life as compared to unstitched composites. But, parallel stitch may impart
some advantages in impeding damage growth emanating from the hole rim at high
cycle. As a result, parallel stitched specimen could withstand C-C fatigue beyond 5.3
x 10° cycles, while unstitched specimen fails earlier, which is at 2.97 x 10° cycles.

e Should geometrical changes (holes) be required in stitched composites for particular
application, it is advisable to provide sufficient clearance in order to avoid initial defects
around the holes. Round stitching is not recommended in this regard.

148



Chapter 7

Conclusions and recommendations

7.1 Conclusions

Effect of stitch parameters on the in-plane mechanical properties and damage mechanisms of
stitched carbon/epoxy composites subjected to static and fatigue loads has been investigated
experimentally and analytically. Stitch parameters are stitch density, stitch thread thickness,
stitch pattern and stitch orientation. Stitch materials under investigation are Kevlar-29 and
Vectran. Detailed damage mechanisms in carbon/epoxy are also revealed, and effect of stitch
parameters on the mechanisms is clarified. Architectural changes induced by stitching are
fully characterized, and their effect on properties and failure is clarified.

Experimental investigation of Vectran-stitched carbon/epoxy composites shows that stitch
density (SD) of 0.111/mm? (densely stitched composite, or stitched 3x3) is able to modestly
increase tensile strength and failure strain of carbon/epoxy of around 10%. The reason is that
stitched 3x3 is effective in impeding the delamination growth emanating from the edges dur-
ing static test. Tensile modulus of carbon/epoxy is slightly reduced with Vectran stitches, and
this is strongly correlated with fiber waviness (combined out-of-plane and in-plane waviness)
induced by stitch threads and manufacturing method. In contrast, compression modulus is
not sensitive to the stitch density and stitch thread thickness; some increase of stiffness is
noted during compression of stitched composites, but this is mainly due to fiber volume frac-
tion and geometrical factor, not the stitch parameters. However, stitching generally reduces
compressive strength of carbon/epoxy composites regardless stitch density or stitch thread
thickness. The reduction of compressive strength of up to around 14% (with the largest
reduction exhibited by stitched 6x6 200 denier) is strongly correlated with fiber waviness
due to stitching, and early cracking in resin-rich region. This early cracking induces fiber
splitting and fiber kinking at relatively lower load. In accordance with the finding during
static tension test, stitched 3x3 is also effective in improving fatigue life of carbon/epoxy due
to effective impediment of delamination. Stitched 3x3 experiences higher stiffness degrada-
tion under fatigue. The stiffness degradation is triggered by a vast amount of off-axis cracks
that induce the initiation of delamination. Despite its effectiveness in delaying the growth
of delamination, however, stitching causes higher amount of transverse and oblique cracks.
This behavior is attributed to fiber compaction mechanism occurred in off-axis tows, which
results in an increased of local fiber volume fraction. Subjected to transverse loading, fiber
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tows with higher local fiber volume fraction experience high stress concentration between
fibers, and easy to have fiber/matrix debonding. Quantification of compaction mechanism
by burn-off test and optical microscopy successfully reveals that stitching indeed causes some
increase of local fiber volume fraction.

Experimental investigation of Kevlar-stitched carbon/epoxy composites with and without
holes reveals that Kevlar-stitched composites without holes is sensitive to the stitch orienta-
tion, in which transverse stitching causes significant tensile strength reduction as compared
to longitudinal stitching. The reduction can reach 24%. Lower strength exhibited by trans-
verse stitched composites is attributed to the interfacial debonding between Kevlar stitches
and epoxy and the subsequent interaction amongst debondings. Interfacial debonding is
mainly due to the poor adhesion between Kevlar stitch and surrounding matrix. It is also
partly caused by fiber waviness of load-bearing tows (0° tows). Kevlar-stitched composites
with holes, in contrast, is more or less independent of the stitch orientation. The failure
of stitched composites with holes depends strongly on stress concentration generated at the
hole regardless stress orientation. Kevlar-stitched composites with holes is also sensitive to
stitch pattern, in which round stitching (stitches encircling the holes) significantly degrades
the fatigue life. The reason is because round stitching accelerates damage growth emanating
from the hole rim, and directs the damage towards the edge of specimen. The damage is
also initiated by poor adhesion between Kevlar and resin, which appears as stitch debonding.
The damage around the holes eventually causes an unstable damage growth and early fail-
ure, especially when the specimen with round stitch is subjected to relatively high maximum
stress. Fatigue life of Kevlar-stitched composites with holes is not sensitive to the parallel
stitching since this stitch pattern does not significantly change the fatigue damage behavior.

The first analytical studies show that homogenization method with asymptotic expansion se-
ries is reasonably accurate and efficient in predicting 3-D thermo-elastic constants of stitched
composites. Good agreement was found when tensile modulus of homogenization method
was compared with the experimental result. Further adjustment with refined models, i.e.
by including fiber waviness, will be made in the near future. The second analytical studies
on the validation of Average Stress Criterion (ASC), a formula based on Lekhnitskii theory,
shows that ASC is applicable to estimate open hole tension strength of stitched composites
with different stitch orientation.

Based on the above findings, it can therefore be stated herein that stitching is effective in
maintaining or improving in-plane mechanical properties of carbon/epoxy composites under
static and fatigue loads if following conditions are met:

e Stitching must be able to impede delamination
e Stitching should minimize waviness in both in-plane and out-of-plane directions

e Stitching should not cause stitch debonding; this can be done by surface treatment of
stitch thread

e Fiber compaction due to stitching is minimized (or optimized)

e Resin-rich region should be minimized; this can be done by employing thinner yet
stronger thread, e.g. Vectran
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Voids should be minimized; VaRTM process can be opted

Thinner 90° tows should be used to improve transverse crack onset

Hole made in stitched composites should not interact with stitch threads

Direction of stitching is in-line with loading direction (this is applicable for lock-stitch
configuration)

At present, in order to enhance both in-plane and out-of-plane mechanical properties, stitched
3x3 using Vectran is a feasible choice for carbon/epoxy composites. However, as already
mentioned, future design of stitched composites must (i) ensure the straightness of fiber tows
by optimizing the binding forces during stitching process (manufacture-related issues), (ii)
optimize the thickness of off-axis plies (particularly 90° tows) so as to increase crack onset,
(iii) use lower denier of stitch thread as strong and stiff as Vectran to minimize resin-rich
region, (iv) use resin infiltration method that significantly reduces void content. In terms of
the structural design using stitched composites, it is not advisable to create holes in stitched
composites. Should lock-stitch is opted as stitch type, the direction of loading should be
in-line with the stitch orientation.

Finally, understanding of basic mechanical characteristics of stitched carbon/epoxy compos-
ites endorses that stitching using Vectran is a viable reinforcement technique for composite
materials employed in the next generation aircraft.

7.2 Recommendations

Future works potentially performed by present author as well as the recommendations for
other researchers are given here:

e Waviness or undulation of fiber tows in finite element model (mesomechanics model)
using homogenization method can be investigated (currently, it is the work in progress)

e Effect of stitch thread thickness on tensile and T-T fatigue properties as well as damage
mechanism can be studied (work in progress)

e Investigation of C-C performance of Vectran-stitched composites, especially when it is
combined with environmental effects (hot/wet, hot/dry), can be investigated.

e Robust numerical model to predict the damage progression and failure of stitched com-
posites under tension, compression and fatigue is still not available. It is therefore
important to pursue the research in this direction by employing the homogenization
method that already predicts the thermo-elastic constants with high accuracy.

e Fire properties of stitched composites have not been found in open literatures. In fact,
fire properties may have practical importance in the design of aircraft structures. It
is therefore advisable to investigate the fire characteristics and residual strength of
stitched composites after fire.
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