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The use of carbon fiber-reinforced polymer (CFRP) composites has increased in the
aerospace industry mainly due to their high stiffness and strength-to-weight ratios. However,
these composites have low interlaminar strength that can result in delaminations when
subjected to out-of-plane deformations. Through-the-thickness reinforcement, such as
stitching, has been shown to increase interlaminar properties, resulting in improved crack-
resistant characteristics. In this study, the influence of stitch seam orientation on the Mode I
fracture energy, or strain energy release rate (SERR), of CFRP composites that are stitched
using a one-sided modified chain stitching technique is investigated. The Mode I SERR was
determined for stitched double cantilever beam specimens. A digital image correlation system
was used to acquire surface strain measurements, and fracture surfaces were analyzed via an
optical microscope. The results of the study indicated that SERR is dependent on stitch seam
orientation. Therefore, the expected crack direction is crucial in designing stitch patterns
within integrally stiffened composite structures.

I. Nomenclature

b = Width of the specimen

Jr = Mode I strain energy release rate
P = Applied load

% = Angle at load application point

II. Introduction

The use of polymer matrix composites has been increasing in the aerospace, marine, and automotive industries in
recent years. These composites offer superior stiffness, high strength-to-weight ratio, and are highly tailorable.
However, carbon fiber composites have low interlaminar strength, which can result in delaminations when subjected
to high interlaminar stresses [1]. Delamination is often due to low-velocity impacts such as a tool drop on a composite
part, or other similar out-of-plane loading conditions [2—-5]. Various through-thickness reinforcement methods, such
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as z-pinning and stitching, have been used to improve interlaminar fracture toughness [6—10]. As shown in various
studies [1,11], stitching can increase the strain energy release rate (SERR) of composite materials for both Mode I and
Mode II. The stitches act as bridging elements between two opposing crack faces, thereby enhancing the overall
interlaminar properties [11,12].

Traditional stitching techniques, such as the chain stitch or lock stitch, require access to both sides of the preforms,
which can lead to difficulty stitching complex geometries such as flanges, stiffeners, and wind turbine blades [13].
One-sided stitching using stitching styles such as the modified chain stitch and tufting are preferred as these do not
require access to the underside of the preform [14—16]. The ability to stitch from one side of the preform increases the
complexity and size of the preform that can be stitched and allows for the unitization of structural elements that contain
biaxial stiffening features [16—18]. For the one-sided modified chain stitching technique, an insertion needle inserts
the stitching thread into a dry carbon preform, and a catcher needle then pulls the thread from the underside to the
topside of the preform, which forms the modified chain stitch. Tooling with internal reliefs to account for needle travel
is necessary to hold the dry carbon preforms while being stitched.

The effects of stitching on the Mode I SERR of stitched composites have been studied extensively [8, 19-23], but
there are few studies investigating the influence of stitch orientation on the fracture behavior of stitched composites
using the one-sided modified chain stitching technique [13]. The objective of this study is to explore the effects of
stitch orientation of the modified chain stitch on fracture behavior and Mode I SERR.

III. Experimental Methodology
A. Composite Fabrication

Stitched double cantilever beam (DCB) specimens were fabricated from an infused carbon fiber/epoxy laminate
of [(90/0/0/90)]ss configuration. Two dry non-crimp fabric (NCF) preforms of size 304.8 mm x 304.8 mm were
stitched at NASA Langley Research Center with four rows of 250 mm length stitch paths with a 5 mm stitch pitch.
All stitching was done using robotic single-sided modified chain stitching, which uses an insertion needle and a catcher
needle, as shown in Fig. 1a. The insertion needle penetrates the dry perform at a 45° angle while the catcher needle
penetrates the plies at 90° to pick up the sewing thread. Vectran™" thread of 1200 denier linear thread density with a
polyvinyl alcohol (PVA) coating was used for all stitching. A Teflon™ film of 0.025 mm thickness and 70 mm length,
placed at the midplane between plies 20 and 21, was used as the crack initiator. In the first panel (Fig. 2a), the insertion
needle seam was in closer proximity to the crack initiator for each path, while in the second panel (Fig. 2b), the catcher
needle seam was near the crack initiator.

The stitched dry preforms were fabricated using a vacuum-assisted resin transfer molding process using
Hexflow-1078, an out-of-autoclave resin system; the laminates were cured using the temperature cycle shown in
Fig. 3. After the curing process, the stitched panels were sectioned to obtain three DCB specimens with dimensions
280 mm x 25.4 mm x 7.8 mm for each stitch configuration. Each specimen contained the crack initiator and all four
stitch paths for both stitch configurations. Piano hinges were bonded on the top and bottom ends of the sectioned
specimens to provide loading attachment points for mechanical testing, as shown in Fig. 4. The through-thickness
edges of the DCB specimens were speckle painted with flat protective enamel to obtain surface strain fields using
digital image correlation (DIC).

The stitch orientation with respect to the crack propagation direction is shown in Fig. 5. The stitched DCB
specimens in which the 90° catcher needle seam is the closest to the crack initiator are designated as CI-#, where # is
the specimen number. The stitched DCB specimens in which the 45° insertion needle seam is the closest to the crack
initiator are designated as IC-#. All three replicates of each specimen type were tested.

* The use of trademarks or names of manufacturers in this paper is for accurate reporting and does not constitute an
official endorsement, either expressed or implied, of such products or manufacturers by the National Aeronautics and
Space Administration.
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Fig. 1 (a) One-sided stitching on a dry preform using a stitching robot and (b) one-sided stitching geometry
[24].
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Fig. 2 Modified chain stitching with (a) catcher seam closest to the crack initiator and (b) insertion seam
nearest to the crack initiator.
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Fig. 3 Cure cycle temperatures used for the infused stitched preforms.
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B. Testing Methodology

The DCB specimens were tested in a hydraulic test frame using a 1 kN load cell. All tests were conducted under
displacement control at a rate of 1 mm/min per the American Society for Testing and Materials (ASTM) ASTM
D5528-13 standard, and the load and displacements were recorded at a 3 Hz sampling rate [25]. Surface strain fields
from the sides of the specimens were acquired using an ARAMIS three-dimensional (3D) DIC system at a sampling
rate of 3 Hz [26]. The DIC system had two 2.3-megapixel cameras for a stereoscopic setup to acquire 3D surface
measurements. Additionally, two inclinometers were mounted on the top and bottom beam of the specimen using an
additively manufactured rig to collect angle measurements, as shown in Fig. 6.
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Fig. 6 DCB test setup.
IV. Strain Energy Release Rate

The SERR for each specimen was calculated using simplified analytical expressions based on the J-integral
approach. The J-integral approach is based on integrating a contour integral near the crack tip field and the outer
boundary of the specimen. Based on a slender double cantilever beam specimen with a uniform rectangular specimen,
the J-integral expression for the opening mode I SERR is given as

2P0

where the applied load and width of the specimen are defined as P and b, respectively. The term @ is the measured
angle at the load-application point [27]. The J-integral expression shown in Eq. (1) is independent of crack length.
Additionally, the rotation at the load-application point is primarily influenced by the crack-root rotation and elastic
foundation near the crack tip. Crack-root rotation correction does not need to be accounted for using Eq. (1). Under
linear elastic conditions, Eq. (1) is equivalent to the Mode I interfacial fracture energy Gi using modified beam
theory [28].



V. Results and Discussions

A. Load-Displacement Response

The load and applied displacement responses of the DCB specimens are shown in Fig. 7. Five distinct regions can
be used to characterize the load-displacement response. Initially, the load-displacement response is linear as the
specimen undergoes elastic deformation (region 1). At 146 +6 N, the crack propagation begins through the unstitched
region of the specimen, indicated by the slight decreases in load (region 2). The stitches arrest the crack growth,
indicated by the large load increase (region 3). Once the load reaches a critical point (region 4), the stitches fail,
resulting in an abrupt decrease in load (region 5). Post load drop in region 5, the next row of stitches arrests the crack,
resulting in a slight increase in load similar to region 3 before the load drop due to stitch failure as the process is
repeated.

In all specimens but specimen IC-3, single stitch row failure is overserved. In specimen IC-3, both the insertion
and catcher stitch rows failed simultaneously, as shown by a single load drop at a higher displacement compared to
two distinct load drops for successive stitch row failures at different displacements for other specimens. The initial
failure load was similar for all specimens, but the failure load for the initial stitch row was higher in the CI
specimens (90° catcher seam) than the IC specimens (45° insertion seam). Additionally, the CI specimens have a
greater load-displacement slope when compared to the IC specimens at an applied displacement ranging from 4 mm
to 10 mm. This increase in the load-displacement slope of the CI specimens could be associated with the orientation
of the initial stitch that begins to bridge the delaminated interface, where the 90° stitches will begin to bridge prior to
the 45° stitches for the CI specimens. In the IC specimens, the 45° stitches will begin to bridge prior to the 90°
specimens, which may result in a lower load-displacement slope than the IC specimens. The average peak load of 285
N is about 12% higher for the CI specimens when compared to the 255 N average peak load for the IC specimens.
The increase in maximum load may be a result of a lower load-carrying capacity of 45-degree stitches.
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Fig. 7 Load-displacement response of the DCB specimens.



B. Strain Energy Release Rate

The calculated SERR is shown in Fig. 8. The initiation SERR for the unstitched region for both specimen types
are similar, with an average value of all six specimens of 214 £ 10 J/m?. The maximum SERR occurs before the first
stitch row failure, followed by a drop in energy release rate attributed to the energy loss due to stitch failure. The
average SERR for the catcher-seam failure in the CI specimens is 1810 J/m* which is approximately 15% higher than
the average SERR observed in the IC specimens. The decrease in SERR in the IC specimens can be attributed to the
lower shear load-carrying capacity of the insertion needle portion of the stitches. For both specimen types, the SERR
values increase again, which can be attributed to the next stitch row arresting the crack. On average, the SERR at first
stitch row failure for all specimens is approximately 154% greater than the average SERR at initiation, demonstrating
the damage-arresting feature of the through-thickness stitching.
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Fig. 8 SERR of the DCB specimens at initiation and first stitch failure.

C. Stitch Failure

In the IC specimens, the first row of stitches failed at the mid-plane at both the insertion and catcher seams.
However, different failure mechanisms were observed for the CI specimens; some stitches failed due to pull-out, while
others failed at the mid-plane. Interestingly, the stitches that failed due to pull-out were on the top half of the specimen
during loading. An optical microscope image of a failed stitch due to pull-out failure is shown in Fig. 9a. the different
stitch failure mechanisms observed in specimen CI-1 is shown in Fig. 9b.
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Fig. 9 (a) Stitch failure due to pull-out in specimen CI-1 and (b) stitch failure in top and bottom fracture
surface of specimen CI-1.

VI. Conclusions

In this study, the strain energy release rate (SERR) of one-sided stitched double cantilever beam (DCB) specimens
with different seam orientations was calculated using the J-integral method. The through-thickness stitching shows
excellent damage-arresting capabilities, with the average SERR associated with the stitches being significantly higher
than SERR values in the unstitched region.

It was observed that the specimens in which the insertion seam followed the catcher seam (CI specimens) have an
increase in SERR by about 15% compared to the specimens in which the catcher seam followed the insertion
seam (IC specimens). The reduction in SERR can be attributed to the lower load-carrying capacity of the 45° stitches
in the insertion seams as compared to the 90° stitches in the catcher seam. The load-displacement response of the
specimens was typical of stitched specimens, in which significant increases in the measured load were recorded as the
crack front progressed near a stitch row, and then when the stitches failed, the load decreased. Images of the fracture
surfaces show different stitch failure mechanisms based on the stitch orientation. The stitches failed in the midplane
for the IC specimens. In contrast, the CI specimens had multiple types of failure, such as stitch pull-out and midplane
failures. The result of this research demonstrates that there are differences in SERR based on the stitch seam orientation
with respect to the crack front. Thus, determining the expected load path and crack direction is crucial in designing
stitched load-bearing structures, as the SERR can vary based on the stitch orientation.
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