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ABSTRACT

This paper investigates the impact of weave architectures on the mechanics of crack propagation in
fiber-reinforced woven polymer composites under quasi-static loading. Woven composites consist
of fabrics/textiles containing fibers interwoven at 0 degrees (warp) and 90 degrees (weft) bound by
a polymer matrix. The mechanical properties can be tuned by weaving fiber bundles with single
or multiple materials in various patterns or architectures. Although the effects of uniform weave
architectures, like plain, twill, satin, etc. on in-plane modulus and fracture energy have been studied,
the influence of patterned weaves consisting of a combination of sub-patterns, that is, architected
weaves, on these behaviors is not understood. We focus on identifying the mechanisms affecting crack
path tortuosity and propagation rate in composites with architected woven textiles containing various
sub-patterns, hence, Aryxi (ar.kee) -Textile Composites. Through compact tension tests, we determine
how architected weave patterns compared to uniform weaves influence mode-I fracture energy of
woven composites due to interactions of different failure modes. Results show that fracture energy
increases at transition regions between sub-patterns in architected weave composites, with more
tortuous crack propagation and higher resistance to crack growth than uniform weave composites.
We also introduce three geometrical parameters — transition, area, and skewness factors — to
characterize sub-patterns and their effects on in-plane fracture energy. This knowledge can be
exploited to design and fabricate safer lightweight structures for marine and aerospace sectors with
enhanced damage tolerance under extreme loads.
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1 Introduction

Fiber-reinforced polymer composites have become integral materials across industries such as aerospace, automotive,
and marine, owing to their superior mechanical properties while being lightweight. These composites can be tailored to
achieve desired mechanical performance, boosting their functionality. Broadly, these composites are widely categorized
into woven and non-woven/unidirectional composites. Compared to traditional unidirectional (UD) continuous fiber-
reinforced composites, woven composites offer the added advantage of tuning the mechanical properties through
hybridization, like weaving patterns with single or multiple materials. Woven composites comprise a fabric with fibers
interlaced in 0-degree (warp) and 90-degree (weft) orientations [1]. This mechanical interlocking of fibers in two
orthogonal directions in various weave patterns potentially leads to complex and interacting damage mechanisms,
including matrix cracking in transverse yarns, delamination in areas of interlacement, fiber pull-out, and fiber fracture
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[2]. Hence, it is of utmost importance to understand the role of weave patterns, especially, architected ones, on the
mechanical properties and their damage and failure mechanics. To that end, in this study, we aim to elucidate
the effect of weave patterns on tensile properties and crack propagation in uniform and architected weave
composites.

In recent years, woven composites have gained considerable attention for their excellent strength-to-weight ratio,
tailorable mechanical performance, and tunable drapability [3, 4, 5, 6, 7]. Previously, Ishikawa and Chou [8, 9, 10]
introduced various analytical models to predict the tensile properties of hybrid and non-hybrid woven composites.
In their models, they accounted for fiber undulation and bridging effects near the undulation region to establish a
relationship between weave architectures and the tensile properties of woven composites. Naik and Ganesh [11] further
contributed with an analytical method for thermo-elastic analysis of plain weave composites by considering yarn
undulation and continuity in both warp and weft directions. Moreover, Scida et al. [12] developed a micromechanical
model, MESOTEX, to predict the elastic properties of hybrid and non-hybrid weave composites. They applied classical
lamination theory to sections of woven structure and considered the effect of undulations in warp and weft directions.
Their findings showed a strong agreement between analytical and experimental results. To predict the properties of
woven composites under complex in-plane stresses, Qian et al. [13] proposed a numerical technique. They concluded
that the properties of plain weave composites were inferior to those of twill- and satin-weave composites due to more
undulations in plain weave. Recent research has also focused on the mechanical properties of woven composites with
non-traditional weave architectures. Feng et al. [14] introduced a physics-constrained neural network designed to
predict the in-plane moduli values of composites with various weave architectures, including different patterns and
materials. Moreover, they incorporated a backward prediction module to obtain a weave pattern or material sequence
needed to achieve the desired target moduli values.

Despite extensive studies on the effects of uniform weave architectures on in-plane moduli and fracture of woven
composites, there is a gap in understanding the impact of patterned weave architectures on fracture propagation
mechanisms and the associated fracture energy [15, 16]. Katafiasz et al. [17] proposed various modified compact
tension geometries to prevent premature buckling and compressive failure during crack propagation and result in stable
crack growth. To further explore the influence of sample geometry on the fracture toughness of woven composites,
Dalli et al. [18] performed an experimental and numerical study on Compact Tension (CT) and Double Edge Notch
Tension (DENT) specimens. They found that the crack tip radius did not impact fracture toughness, and the toughness
values evaluated for both specimens were in good agreement. Cheng et al. [19] experimentally investigated the
intralaminar crack propagation in plain weave carbon/epoxy composites to analyze the effect of crack tip location on
the propagation. It was found that the crack path was independent of the position of the crack tip location, and the
propagation was divided into two stages. Stage A corresponded to maximum energy accumulation, whereas Stage
B exhibited a gradual release of energy due to fiber bundle breakage. Danodan et al. [20] performed experimental
and numerical investigation of mode-I fracture toughness of unbalanced hybrid plain weave composites with 12K
carbon fibers in the warp direction and S150 glass fibers in the weft. The disparity in yarn materials and sizes, in
warp and weft, created an unbalanced fabric, leading to different fracture toughness in both orthogonal directions. The
study concluded that the fracture mechanisms in woven composites were more complex than the UD counterpart due
to interactions between yarns in the warp and weft directions and the matrix. Additionally, these interactions might
introduce a local coupling between mode-I/mode-II fracture propagation as a result of a more tortuous crack path than
UD laminates. They also proposed a modified correction function to consider the geometric and orthotropic effects in
woven composites. Additionally, Rokbi et al. [21] studied crack propagation in glass/epoxy twill composites, and two
stages were identified for crack propagation. They speculated that the first load drop was due to matrix cracking and
fiber-matrix debonding. Following the first load drop, the predominant failure mechanism was fiber breakage. Boyina
et al. [22] characterized the translaminar fracture toughness of plain weave composites under mixed-mode loading.
It was shown that a higher ratio of Mode-I to Mode-II resulted in more fiber-matrix debonding as opposed to fiber
breakage, lowering the fracture toughness for crack initiation. Liu and Hughes [23] experimentally investigated the
fracture toughness of woven flax-fabric/epoxy composites with varying yarn density, weave patterns, and stacking
sequence. They found that the toughness was dominated by the volume fraction of the reinforcement (varying weft
yarn density) and the direction of crack propagation. This dependence on directionality was attributed to differences in
tensile strengths in warp and weft directions. They also concluded that the toughness was not affected by the weave
architectures for a particular yarn density. Blanco et al. [24] studied the fracture toughness of composites with a uniform
weave pattern, 5-H satin, with two configurations - crack direction parallel and perpendicular to the warp direction.
Their study observed tow-splitting with the associated damage when the warp was perpendicular to the crack direction
because of longer carbon fiber floats along that direction.

While prior studies have demonstrated that weave architectures result in complex fracture mechanisms in woven
composites, they are limited to investigating uniform weave patterns. The current work aims to experimentally establish
a relationship between weave architectures and the complex mechanics of crack propagation within woven
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composites. By elucidating the underlying mechanisms governing crack growth in weave patterns, this study provides
invaluable insights into the design and optimization of composites with modified weave architectures for specific
applications.

2 Motivation

In this paper, we investigated the Mode-I intralaminar fracture energy in architected woven composites to establish
how the weave architectures dictate the mechanics of crack propagation. First, we selected six weave patterns - three
uniform and three architected - and subjected them to tensile loading. Although the tensile properties of traditional
woven composites have been studied in depth, architected woven composites can be further tailored to achieve the
desired mechanical performance. After assessing the impact of weave architectures on tensile properties, we performed
Mode-I compact tension tests to explore the relationship between weave architectures and fracture energy. We then
proposed three geometric parameters for architected weave patterns to design woven composites with improved damage
tolerance and mechanical performance.

Specifically, the overarching goal of this current work is to answer the following questions:

* How do different weave architectures influence the tensile performance of woven composites?
 Can introducing architectures in weave patterns enhance the damage resistance of woven composites?

* What geometrical features of weave architectures influence the tensile behavior and fracture energy of woven
composites?

3 Methodology

This section discusses the weave patterns considered in the current study and the manufacturing process of woven
composites. Then, we describe the test methods to evaluate the tensile properties and effects of weave architectures on
fracture energy.

3.1 Materials and manufacturing

We procured five carbon fiber fabrics from Fibre Glast Corp. and a 4-Harness satin fabric from Composite Envisions
LLC to manufacture composite laminates. Table 1 summarizes the weave parameters for all six weave patterns. We
selected three uniform and three architected weave patterns; all six patterns are shown in Figure 1. The architected
weaves consist of sub-patterns within patterns, as highlighted in Figure 1. These sub-patterns are uniform weave
patterns arranged in specific shapes and sizes within the representative unit cell (RUC) of architected weave patterns. In
Type-1 weave, the design consists of a basket weave in the center, surrounded by a 3x3 twill weave. On the other hand,
Type-II and Type-III weaves comprise 5-Harness satin weave surrounding plain weave in the center, with each type
having a different arrangement. In the current work, composites containing woven textiles with sub-patterns within
patterns are termed as Aryi-Textile Composites, where Aryi stands for architected).

Table 1: Properties and nomenclature of the carbon fiber fabrics considered in this study [25, 26, 27, 28, 29]

Weave pattern Yarn thickness (Warp) Yarn thickness (Weft) Areal weight (oz/sq yd) Group Nomenclature
Plain weave 3K 3K 54-59 Uniform PW
Twill weave 3K 3K 57-59 Uniform ™

4-H Satin weave 3K 3K 6.4 Uniform 4HSW
M-Boss weave 3K 3K 6 Architected Type - 1
Diamond-plate weave 3K 3K 6 Architected Type - 11
Roswell weave 3K 3K 6 Architected Type - 1II

We chose West System 105 epoxy resin with West System 209 extra-slow hardener in a 3:1 ratio (by volume) to
manufacture woven composite. We used a hand-layup process with 12 layers of woven fabric to manufacture a carbon
fiber laminate with a thickness of ~ 4mm. To avoid the creation of nesting, each layer of fabric was carefully placed
to align all unit cells during the hand layup process. It is important to ensure this, as significant nesting can alter the
composite behavior.
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Plain Weave Twill Weave 4H Satin Weave Type-l Type-ll Type-lll

Warp Weft

Figure 1: Uniform and architected weave patterns with their 16x16 unit cells are considered in this study. For the
architected weave patterns, the areas of sub-patterns within the representative unit cell (RUC) are highlighted.

3.2 Overview of existing weave parameters

Various parameters have been suggested in previous studies to characterize uniform weave patterns. These parameters
include ng, crimp ratio, and yarn mobility [8, 30, 31]. The geometrical parameter, ng is defined as the number of warp
yarns intertwined with a single weft yarn. Another geometrical parameter, crimp ratio (6(x)), defines the degree of
undulation at the interlaced area. A lower n, value for a woven fabric results in a higher crimp ratio, leading to inferior
mechanical properties. Osada et al. [30] showed that the 5-H satin weave composite (n4=5) displayed significantly
superior tensile modulus and strength compared to plain weave composite (1,=2). The n, and crimp ratio are illustrated
in Figure 2. Finally, yarn mobility is a factor that is defined as the ease of yarn movement in a given woven fabric [31].
A weave with a lower n, value has lower yarn mobility due to friction at more areas of undulations. The yarn mobility
can alter the failure process from fiber breakage in woven composites with lower yarn mobility as opposed to fiber
pull-out in woven composites with higher yarn mobility.

n, =2 n, =3 n, =4 n, =8
A A
(@) T_
Plain Twill 4-H Satin 8-H Satin
Weave Weave Weave Weave
VA

)

Crimp ratio: 6(x) = tan‘l( e

. Weft

. Resin rich area

Figure 2: (a) ng values for Plain, Twill, 4-H Satin, and 8-H Satin weave patterns; and (b) Section AA’ of the plain
weave to illustrate crimp ratio at the interlaced region [14]. (Image reused with permission)

Although these parameters have been used to establish a relationship between the weave architectures and the mechanical
properties, they are limited to characterizing uniform weave patterns. Previously, Feng et al. [14] proposed using
Gray Level Co-occurrence Matrices (GLCM) to extract geometrical parameters to describe architected weave patterns.
GLCM is a statistical texture-classification method that is used to analyze spatial relationship of pixels with specific gray
levels in a given image [32]. These parameters were then related to the in-plane properties to optimize weave patterns.
In their study, they represented weave patterns as a matrix of 0’ and ’1’ binary values in which ’1’ indicated warp
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below weft and 0’ indicated warp above weft. Since the weave pattern was classified as a binary matrix, the gray levels
were 0’ and ’1’. Consequently, GLCM matrices in different directions (vertical, horizontal, diagonal) were 2-by-2
matrices derived from transitions between 0 — 0,0 — 1, 1 — 0, and 1 — 1. For instance, a 4x4 plain weave unit cell

1010

0 1 01 Lo . . N 0 6
can be represented as 101 ol The GLCM matrices in both vertical and horizontal directions would be 6 ol

0 1 01

This indicates that in a plain weave, there are only inhomogeneous (0 — 1 and 1 — 0 shown as the off-diagonal terms
of the GLCM matrix) transitions. In this work, we use GLCM matrices to obtain modified geometrical parameters to
represent architected weave patterns in Section 4.1.

3.3 Mechanical testing
3.3.1 Tensile testing

We performed uniaxial tensile tests using the MTS Criterion 43 test frame with a load cell capacity of 50 kN to assess
the influence of weave architectures on mechanical response. The samples were waterjet cut with dimensions of 250mm
x 35mm to ensure the inclusion of at least 1 unit cell across the width. Further, to prevent stress concentration in the
gripping area, we attached Garolite G-10/FR4 Sheets tabs with a length of 50mm at the ends of the sample [33]. We
performed these tests according to ASTM D3039 [34] at a crosshead displacement rate of 2mm/minute. These tests
were performed as a set of three, and we used an MTS contact extensometer with a gauge length of 50mm to accurately
quantify strain. We also used a correlated solutions digital image correlation (DIC) system with a 10 Hz image capture
frequency to analyze the effects of weave architectures on the full-field strain.

3.3.2 Compact tension testing

We performed Mode-I compact tension tests on 3 samples for each weave pattern in compliance with ASTM E399 [35]
on the ADMET eXpert 2613 test frame equipped with a load cell of 50 kN. We designed a modified 5-pin fixture with
an anti-buckling guide to perform fracture tests; a schematic of the sample configuration is shown in Figure 3(a) [36].
We loaded the samples at a 5 mm/minute crosshead displacement rate. In addition, we used the correlated solutions DIC
system with an image capture frequency of 50 Hz and Vic-2D post-processing software to obtain the fracture process
zone (FPZ) at the crack tip. The experimental setup for this test is shown in Figure 3(b). The area method was used to
obtain the fracture energy (G.) associated with every crack propagation [37].

I Anti-buckling
guide

(b)

Figure 3: (a) 5-pin compact tension sample geometry with 45mm crack length, and (b) Compact tension test setup used
for fracture testing monitored with DIC camera.

4 Results and Discussion

In this section, we explore the geometric parameters that describe architected weave patterns, which will be used later to
establish their relationship with the mechanical performance of woven composites. We will then discuss how different
weave architectures influence the tensile behavior of woven composites. Finally, we will examine the role of weave
architectures on the fracture energy of woven composites and discuss any correlation between geometric parameters
and fracture energy.
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4.1 Architected weave parameters: understanding mechanical response

Unlike uniform weaves, which can be described using existing parameters, architected weaves require a definition of
modified geometrical parameters to capture sub-patterns within the overall pattern. In this section, we will discuss three
geometrical factors for a unit cell of architected weaves: 1) transition factor, ii) area factor, and iii) skewness factor.
These factors are defined for a unit cell which is periodically repeated to form a larger weave pattern as demonstrated
for Type-1 weave in Figure 4.

1.0

0.0

Figure 4: An illustration of a unit cell extracted from a full weave pattern for Type-I weave represented as a matrix of
‘0’ and ‘1’ binary values. ‘1’ indicates warp below weft and ‘0’ indicates warp above weft. In this study, geometrical
factors are defined for a 16x16 unit cell, though the representative unit cell size can be adjusted to any size to define
these parameters.

We define the transition factor (J) to characterize the change between different sub-patterns. Typically, uniform weave
composites with lower ng show fiber fracture, while those with higher n, exhibit both, fiber pull-out and fracture.
Hence, it is critical to capture this transition between patterns and their influence on crack propagation. Thus, ¢ accounts
for variation in n, at these transition regions. It should be noted that two weave patterns can have the same n,, for
instance, plain and baskets weaves. Therefore, we also need to consider the effect of different crimp ratios in the
transition regions between weave patterns. The effect of different crimp ratios is quantified by inhomogeneity (IH) from

the GLCM matrix in the form [Z Z] as shown in Equation 1la.

A higher inhomogeneity indicates a higher crimp ratio. For instance, IH values for plain and basket weaves are 1 and
0.466, respectively. Although both weave patterns have n, = 2, the plain weave has a higher crimp ratio than the basket
weave due to tighter packing. Therefore, d can be defined between two patterns, as shown in Equation 1b.

In Figure 5, we demonstrate transition factors for Type-I and Type-II weaves. In Type-I, the sub-patterns transition
from ng = 4 (3x3 twill) to n, = 2 (basket), while in Type-II, they transition from n, = 5 (5-H satin) to n, = 2 (plain).
The L.H. values for all sub-patterns are calculated using the GLCM method, and the n, values are divided by the I.H.
values to generate n,/I.H. maps for both weaves. The transition factors () are then derived using Equation 1b.

However, we observe that Type-II and Type-III weaves have similar § values as shown in Figure 6. Hence, we further
introduce area and skewness factors to characterize the size and shape of the sub-pattern within a pattern. The area
factor (p) determines the ratio between the areas of sub-patterns involved in transitions as defined by Equation 2a.
Whereas, the skewness factor (o) captures the shape governed by the distance between the centroids of two sub-patterns
as shown in Equation 2b. We chose the three architected weaves, Type-1, Type-II, and Type-III to understand the impact
of their geometrical factors. Type-I and Type-II weaves have similar ¢ but different 4 and p. On the other hand, Type-II
and Type-III have the same ¢ but different p and o. The three geometrical factors for Type-I, Type-II, and Type-III
weave composites are summarized in Table 2.

In this study, the goal was not to propose a global parameter combining all three proposed factors; instead, the focus
was to understand the physics behind the observed crack propagation. Establishing a global parameter would require
a bigger dataset. Instead, considering each factor separately allowed us to understand their specific contributions to
composites’ fracture energy.
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Figure 5: Illustration of transition factor (9) in Type-I and Type-II weave patterns. Type-II and Type-III weave patterns
have the same transition factors.

ng/l.H. maps

("1.15

Figure 6: Area (p) and Skewness (o) factors to characterize the shape of sub-pattern with lower n, within a higher n,
sub-pattern.
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Area of lower ng (Aq)

Area factor (p) = (2a)

Area of surrounding higher ng (Az)

Longer length of shape in lower ng (L1)

Skewness factor (o) = (2b)

Shorter length of shape in lower ng (Lz)

4.2 Tensile performance

We first compare the tensile properties between the three uniform and three architected weave composites. Figure 8(a)
shows the representative graphs of the stress-strain responses of all weave architectures considered in this study and
the corresponding tensile properties are shown in Figure 8(b). As discussed in Section 3.2, lower n, implies more
undulations and a higher crimp ratio, leading to lower modulus. Additionally, lower n, reduces the strength due to
inefficient stress transfer between the areas of undulations. The "bridging model" proposed by Ishikawa and Chou [8]
considered the areas around undulations as load-carrying bridges in woven composites with n, > 4. An illustration of
surrounding regions for plain and 8-H satin weaves is depicted in Figure 7. A better stress distribution around the area
of undulation in woven composites will result in higher strength.

Area of
undulation

Surrounding region

Figure 7: Illustration of the surrounding region around the area of undulation for plain and 8-H satin weaves. In the
8-H satin weave, the surrounding region can be approximated as a cross-ply composite, functioning as an effective
"load-carrying bridge" to distribute stress concentration at the area of undulation [14]. (Image reused with permission)

Among the uniform weave composites, we observe that the plain weave exhibited the lowest strength and modulus
compared to the twill and satin weaves. This behavior is attributed to the lowest n4 = 2 and the highest crimp ratio in
plain weave. We also observed that satin weave composites exhibited higher strength and modulus than twill weave
composites. However, the increase in properties was more significant from plain weave to twill weave composites. In a
previous study by Qian et al. [13], similar behavior was observed for uniform weave composites. Our results show that
the tensile properties will plateau with increasing values of n, for uniform weave composites.

In the case of architected weave composites, Type-I weave composites showed a higher modulus in the same range as
the satin weave composites. However, the strength was lower and closer to that of plain weave composites. The higher
modulus is attributed to higher n, values and lower crimp ratios associated with the 3x3 twill and basket sub-patterns
within the Type-I weave composites. We speculate the lower strength is due to areas of discontinuities or jumps in
ng values between sub-patterns. For Type-II and Type-III weave composites, we noticed that the moduli and strength
were in the same range as the plain weave composites. This behavior is attributed to plain weave sub-pattern regions in
Type-1II and Type-III weaves. These regions of plain weave dictated the loading response and failure, which limited the
tensile properties of these composites, even with inclusions of sub-patterns with high n,.

The analysis of strain maps in the transverse direction (¢, ) to loading for all composites at a global strain (e, ) of
0.4% in the y-direction are presented in Figure 9. These strain maps reveal the relationship between weave patterns
and strain distribution under tensile loading. Firstly, for uniform weave composites shown in Figure 9(a-c), strain
concentrations appear in the weft yarns. This occurs due to stress concentrations at the regions of undulations where the
warp and weft interlace, and because the wefts are on top of the back surface where the strain maps were captured.
Consequently, in plain weave and twill weave composites, we observe continuous lines at an angle, while the 4-H
Satin weave composites have discrete locations for strain concentrations. These locations correspond to weft yarns
on top in these weave patterns. On the other hand, for architected weave composites (Figure 9(d-f)), the behavior is
influenced by the transition factor § of the weave pattern. For Type-I weave composites with a smaller §, we observed
strain maps exhibited more uniformly spread strain concentration areas at the location of weft yarns. In contrast,
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Figure 8: (a) Representative tensile stress-strain plots illustrating the mechanical behavior of woven composites, and (b)
Summarized tensile properties for all uniform and architected weave composites.

Type-II and Type-III weave composites, with higher d, displayed strain concentrations at the transition regions between
two sub-patterns. This occurs because higher § implies different loading responses in sub-patterns, leading to stress
concentrations at transitions. These different responses occur due to different n, and crimp ratios in sub-patterns, like,
plain and 5-H satin sub-patterns in Type-II and Type-III weave composites. Conversely, lower § results in more uniform
loading across sub-patterns due to similar n, and crimp ratio, like basket and 3x3 twill sub-patterns in Type-I weave
composites.

The findings indicate that the weakest sub-pattern, that is, with the lowest ng4, determines the tensile modulus and
strength of architected weave composites. Further, the ¢ factor is crucial to design patterns for the effective distribution
of stress under tensile loading. Therefore, strategically combining sub-patterns to form architected patterns can thus
tune the tensile performance and behavior of woven composites.

4.3 Fracture response

4.3.1 Crack growth analysis

Representative load-displacement responses from compact tension tests for all six weave composites are summarized
in Figure 10(a). The representative load-displacement responses for two cases - uniform plain weave and Type-II
composites are shown in Figures 10(b) and 10(c), respectively. We observe that the load drops with crack propagation
were consistent and uniformly spaced for plain weave compared to the Type-II response, which manifested large sudden
drops.

Figures 10(d) and 10(e) show the crack propagation rates for uniform and architected weave composites, respectively.
We see that the crack propagation rate values and their variation with time (acceleration) are lower compared to
architected weave composites. These large drops and higher variations in crack propagation rate corresponded to areas
where the weave sub-patterns transitioned, leading to higher energy release for crack propagation. It is worth noting
that for Type-II and Type-III weave composites, the crack propagation in the regions with plain weave sub-patterns was
similar to the uniform plain weave composites. Additionally, higher variation is observed in the transition regions as
shown in Figure 10(e).

4.3.2 R-curves

The representative R-curves (i.e., G versus a) derived from all six weave composites are presented in Figure 10(f).
We observe that uniform weave composites exhibited nearly consistent G, values with crack propagation spread over
a narrow value range. Within this category, twill weave composites demonstrated the highest average G ;. values,
followed by satin weave and plain weave composites. This behavior arises from different fracture mechanisms observed
in plain, twill, and satin weave composite, and a competition between these mechanisms. In plain weave (lowest n4)
composites, predominantly fiber fracture was evident, whereas satin weave (highest 1) composites also demonstrated
fiber pull-out. Due to inherently higher yarn mobility, fiber pull-out during fracture occurred in satin weave composites.
The fiber pull-out and fiber fracture resulted in a higher average G ;. value for satin weave composites compared to plain
weave counterparts. Conversely, in twill weave (intermediate n4) composites, although fiber pull-out was observed, the
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Figure 9: Strain maps in the x-direction (e;;) on tensile samples at a global strain of 0.4% in the y-direction (¢, =
0.4%), illustrating the impact of weave patterns on strain concentrations. The transition factor () influences stress
concentration formation in architected weave composites. Lower § in Type-I composites show distributed concentration
areas, whereas higher ¢ in Type-1I and Type-1II composites reveal more localized areas.

reduced yarn mobility due to a higher number of interlaced regions (lower n4) compared to satin weave, required more
energy for fiber pull-out. Therefore, G, values for twill weave composites significantly increased compared to satin
weave composites.

For architected weave composites, the R-curve showed a counter-intuitive path. Transition regions between different
sub-patterns exhibited a sudden increase in G, values, while G, values remained nearly consistent within the sub-
patterns. Contrary to our expectations, regions with longer floats (with high n,) displayed notably high G . values
when transitioning from regions with shorter floats (with low n,4). This was observed even though the uniform satin
weave (higher n,) displayed lower G than the twill weave (relatively lower n,) due to their higher yarn mobility.
However, in architected weave composites, the longer floats are still connected to the plain weave region, which restricts
the yarn mobility of the floats. Therefore, for architected patterns, the energy required for fiber pull-out and fracture will
be higher resulting in a higher G, value. Such insights suggest strategies to design weave patterns with sub-patterns to
arrest crack growth and delay the final failure.

We determined Digital Image Correlation (DIC) strain maps ahead of the crack tip at crack lengths between 55 mm
and 70 mm for compact tensile specimens of plain weave and architected weave composites, presented in Figure 11.
From these maps, we observed two vital points to describe the differences in crack propagation between uniform and
architected weave composites. For plain weave composites, the fracture process zone (FPZ), which is characterized by
the strain concentration area ahead of the crack tip, showed no significant changes in size and shape. However, for
architected weave composites, the FPZ exhibited considerable variations in both size and shape. The varying FPZ in
these composites can be observed in Figure 11(b-d). Although we did not see a direct correlation between FPZ size and
fracture energy, this variation is an important observation to highlight the impact of multiple sub-patterns in woven
composites.

We also noted fiber pull-out in all architected weave composites as marked in the red box in Figure 11. This phenomenon
occurs due to the presence of sub-patterns with higher yarn mobility, leading to fiber pull-out before fiber fracture.
In contrast, in sub-patterns with lower yarn mobility, only fiber fracture was observed. These differences in failure
morphologies for the entire crack propagation through these composites are also highlighted in Figure 11(e). These
varying fracture mechanisms, resulting from spatially varying sub-patterns, caused tortuous crack propagation in
architected weave composites compared to uniform weave composites. These findings highlight a clear difference in
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Figure 10: Representative load-displacement responses for (a) all six weave patterns; (b) Plain weave composites;
and (c) Type-II weave composites, showcasing uneven load drops in Type-II weave composites. Representative crack
propagation rate vs time plot for all (d) uniform weave composites and (e) architected weave composites demonstrating
tortuous crack propagation in architected weave composites. Representative R-curves for the fracture energy tests for
one sample for each weave pattern (f) - uniform and architected weave composites.

fracture mechanisms between uniform and architected weave composites, demonstrating the role of weave architectures
in influencing fracture energy and crack path tortuosity.

4.3.3 Architected weave factors versus composite fracture

Table 2 summarizes the transition, area, and skewness factors for the three architected weave patterns considered
and their corresponding fracture energy G, (minimum/maximum and average) values. Fracture energy values of the
uniform weave composites are further summarized in Table 2. These G values are obtained from one complete crack
propagation in three samples for three uniform and three architected weave composites considered in this paper.

From the above discussion, higher jumps in G, at the transition regions were attributed to the change in fracture
mechanisms across different weave patterns. Therefore, it indicates that weave patterns and their positions as sub-
patterns play a vital role in enhancing fracture energy in composites. A higher transition factor § will cause a more
evident change in fracture mechanisms, leading to a higher jump in G, at the transition region. Therefore, the weave
sub-patterns should exhibit a higher ¢ to achieve woven composites with higher fracture energy. Additionally, for
further improvement in G, we observed that a higher area factor p and lower skewness factor o is favorable. This is
because a larger area of lower n, will better facilitate a change in fracture mechanism. To highlight the influence of
skewness, we compare Type-II and Type-III weaves. In Type-II, the centroid of the plain weave (lower n,) region is far
from the 5-H Satin weave due to less skewness. Conversely, in Type-III weave, this distance is smaller due to higher
skewness, resulting in less drastic changes in fracture mechanisms. So, in summary, architected weave patterns with

large and less skewed lower ng regions surrounded by relatively higher ng sub-patterns but smaller regions are likely
to result in a higher increase in fracture energy.
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Figure 11: DIC strain maps in the loading direction (¢, ) highlighting the fracture process zone (FPZ) in red for: (a)
Plain; (b) Type-I; (c) Type-II; and (d) Type-III weave composites. Architected weave composites exhibited significant
variations in FPZ at transition zones and fiber pull-out in the float regions. (e) Images of fracture surfaces of (i) Plain;
(i1) Type-I; (iii) Type-II; and (iv) Type-III weave composites. Fiber pull-out (red circles) and tortuous crack paths for
architected weave composites can be observed.
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Table 2: Summary of fracture energy, G ., (minimum-maximum and average) for uniform and architected weave
patterns considered in this study. Factors highlighted in green have a positive correlation with fracture energy, whereas
factor in red is inversely correlated to fracture energy. These factors do not exist for uniform weaves, hence, those
entries are left blank. Uniform weave composites demonstrated less significant jumps in G . compared to architected
weave composites.

Weave pattern  Transition Area factor Skewness fac- Minimum/ Maxi- Average = range
factor (6) (p) tor (o) mum G;.(KJ/m?)  Gr.(KJ/m?)

Type - 1 7.23 0.96 1 22.52/149.277 74.87 + 34.85

Type - II 10.5 0.54 1 19.90/ 157.957 69.23 + 40.79

Type - 111 10.5 0.24 2.67 22.33/137.155 55.78 £ 30.97

Plain weave - - - 23.36/72.546 43.83 £ 10.94

Twill weave - - - 34.18/113.915 75.48 +19.53

4-H Satin weave — - - 41.378 /125.55 62.45 £ 27.44

5 Conclusions

This study characterizes tensile properties and intralaminar Mode-I fracture energy of woven composites, emphasizing
the influence of weave architectures. We show that different weave architectures can be strategically combined to tailor
the mechanical performance of woven composites. We also elucidate how these weave architectures impact crack
propagation in woven composites and offer avenues to designing architectures with higher fracture energy. To that end,
we examined three uniform and three architected weave composites, and observed distinct behaviors. Uniform weave
composites demonstrated nearly consistent fracture energy values throughout crack propagation. On the other hand, the
architected weave composites exhibited higher fracture energy values at the transition regions between sub-patterns.

Tensile We showed that for uniform weave patterns, satin weave composites had the highest tensile properties
(modulus and strength) compared to twill and plain weave composites due to the presence of fewer regions of
undulations in satin weave. Therefore, a weave pattern can be designed with more float regions by increasing the n,
value to improve the mechanical properties. However, it is worth noting that the increase in tensile properties from twill
to 4-H satin weave is marginal, indicating that the mechanical properties will likely plateau with a further increase in n,
value. In architected weave composites, we observed that the weakest sub-pattern (lowest ny) controlled the tensile
properties. For example, Type-II and Type-III composites showed properties similar to those of plain weave composites
due to the presence of plain weave in them. These insights can be used by strategically choosing sub-patterns to
create architected weave patterns with higher tensile properties. While the tensile properties of architected weave
composites ranged between plain weave and satin weave composites, they exhibited high fracture energy (G.) jumps
at the transition regions between different weave sub-patterns.

Fracture In terms of the fracture energy, GG1., the uniform weave composites exhibited consistent load drops and
crack propagation rates, resulting in nearly consistent fracture energy values with crack propagation. We also showed
that different uniform weave architectures, like plain, twill, satin, etc. influenced the failure mechanisms, hence affecting
the G, values. Plain weave exhibited predominantly fiber breakage, whereas satin weave composites had fiber pull-out
in addition to fiber breakage. However, due to higher yarn mobility in satin weave, the increase in G'1. was not large
compared to plain weave composites. On the other hand, the twill weave composites also exhibited fiber pull-out and
fiber breakage, but due to lesser yarn mobility, these composites had the highest average G values. These findings
show that different uniform weave architectures result in different failure mechanisms that can be tuned to suit the
design requirements.

Our investigations also unveiled counter-intuitive R-curves for architected weave composites. We showed, for the first
time, that G . values increased at the transition regions from one sub-pattern to another. Also, as the float regions with
higher n, were connected to weave patterns with lower n, value, the yarn mobility decreased. This also played a vital
role in increasing the G ;. value near the float regions in architected weave composites.

We also proposed three geometrical factors for architected weaves to characterize their effects on the fracture energy
of woven composites. Higher transition () and area (p) factors and lower skewness factor (o) are favorable to promote
change in failure mechanisms when a crack propagates from one sub-pattern to another, resulting in higher fracture
energy. However, higher § would result in localized areas of stress concentrations under tensile loading.

Our findings not only deepen our fundamental understanding of the relationship between crack propagation and weave
architectures but also pave the way to design novel weave patterns with tunable mechanical performance and controlled
damage mechanisms. These woven fabrics can be reinforced to create safer and longer-lasting woven composite
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structures with higher damage tolerance and improved mechanical properties for diverse applications in the aerospace,
automotive, or marine industries.
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