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Abstract

A novel material, i.e. 2.5D three-harness-twill warp-reinforced woven composites
(2.5D-THT-WR-WC), is proposed, which has wide engineering applications. In this work,
geometrical relationships with different meso features are discussed through X-CT char-
acterization. On this basis, six unit-cell models with different meso geometrical features
are established considering different weft yarn arrangement densities Mg, and numerical
simulations are carried out combined with a developed progressive damage model. Com-
parison with the experimental results shows that the maximum prediction errors of modu-
lus and strength are 6.3% and 11.7%, respectively. Therefore, the developed numerical
simulation model can reasonably predict the mechanical behavior of 2.5D-THT-WR-WC.
Additionally, as the My increases, the mechanical properties in the warp and weft direc-
tions decrease and increase, respectively, owing to the inclination angle and the extrusion
condition between adjacent layers of the binder yarns. This work provides a design refer-
ence for the structural application of 2.5D-THT-WR-WC, which has a significant engi-
neering value.
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1 Introduction

In the last decade, many fields, such as aerospace, marine navigation, and intelligent trans-
portation, etc. [1-4], have begun to use fiber-reinforced composites instead of metals, in
order to reduce the weight of the equipment, reduce energy consumption, and improve the
reliability of equipment operation. In fiber-reinforced composites, 3D woven composites
show the advantages of strong integrality, high designability and excellent fatigue resist-
ance [5-9], in addition to the mechanical properties of high specific strength/stiffness
that general laminated composites have. Therefore, in recent years, they have gradually
received attention from various industries, such as in the application of 3D woven compos-
ites in aviation engine fan blades [10], ship propeller blades [11] and so on. Among numer-
ous kinds of 3D woven composites, 2.5D woven composites are one of the composites
with better mechanical properties, which show better fatigue resistance, damage tolerance,
and overall designability [12—17] due to the fact that the binder yarns do not completely
penetrate the thickness direction. Therefore, the study of mechanical properties and failure
mechanism of 2.5D woven composites has been favored by scholars in recent years.

There are two typical structural forms of 2.5D woven composites, i.e. shallow curve-
link-shaped (SCLS) structure [18] and shallow straight-link-shaped (SSLS) structure [19],
shown in Fig. 1 (a) and (b), respectively. In the SCLS structure, a change of direction occurs
at each point of intersection of the binder yarn and the weft yarn, and the binder yarn binds
two layers of weft yarn in thickness. In the SSLS structure, the binder yarn needs to pass
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Fig.1 Schematic of weft cross-section of 2.5D woven composites with a shallow curve-link-shaped and
b straight-link-shaped structures; schematic of 2.5D-THT-WR-WC: ¢ weft cross-section with binder yarn,
d warp cross-section, e weft cross-section with warp yarn, and f 3D yarn system
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through two intersections with the weft yarn before a change of direction occurs, and the
binder yarn also binds two layers of weft yarn in thickness. These two structures have their
own advantages in mechanical properties due to structural differences. The warp mechani-
cal properties of the SSLS structure are superior to those of the SCLS structure, while the
opposite is true for the weft mechanical properties. Therefore, some scholars considered
compounding the two structural forms, and the most intuitive consideration is to connect
the two structural forms alternately in the yarn system so that the two structures comple-
ment each other in terms of mechanical properties. From the perspective of textile science,
such a structure is in fact the classic three-harness-twill structure (see Fig. 1(c)). Further-
more, to enhance the mechanical properties of the material in the warp direction, warp
yarns are added between the binder yarns to form a new material, which can be called 2.5D
three-harness-twill warp-reinforced woven composites (2.5D-THT-WR-WC).

To date, few studies on 2.5D-THT-WR-WC reported in the literatures, and the vast major-
ity of scholars investigated the unit-cell modeling methods, mechanical prediction models,
and failure mechanisms of 2.5D woven composites with SCLS or SSLS structures [20].

In terms of unit-cell modeling methods, there are three main approaches [21], i.e. geo-
metric assumption approach [12, 15, 22-24], mechanics-driven approach [25-28], and
reconstruction modeling approach [29-32]. Among them, the first method is currently the
most widely used and also the most rapidly developed. This method is most appropriate
for modeling unit cells when facing a novel yarn structure, considering the complexity and
unfamiliarity of the new structure. Therefore, it is also prepared to use this method to study
the meso-geometric relationship of 2.5D-THT-WR-WC in the present work.

In terms of mechanical prediction models, there are two main directions, i.e. purely
theoretical formulation prediction methods and numerical simulation prediction methods.
Among them, purely theoretical prediction methods, such as the selective averaging model
[33], the slicing method [34], the orientation averaging method [35], and the equivalent
response simulation technique [36], basically adopt the equal stress/strain assumptions,
which have achieved some results in the prediction of material stiffness parameters, but it
is difficult to further generalize them because they cannot effectively take the curved seg-
ments of yarns into account. Nowadays, most of the scholars choose to adopt the numerical
simulation method [15, 37-40], i.e. the unit-cell finite element model combined with the
progressive damage model to predict the stiffness and strength of the material. Therefore,
numerical simulation method is also considered to be chosen to predict the mechanical
properties of 2.5D-THT-WR-WC.

In terms of failure mechanisms, different scholars adopted different techniques to study
the failure mechanisms, which mainly include SEM [8, 15, 41], X-CT [42—44] and DIC [1,
45]. However, it is difficult to filter the unique phenomena brought about by the randomness
of the material by directly analyzing the material fracture only through these techniques,
which in turn cannot summarize the failure mechanism with engineering value [46]. There-
fore, scholars commonly adopt the combination of techniques and numerical simulations
to analyze the damage process and the final fracture of the material from different perspec-
tives, and then summarize the truthful failure mechanism. Similarly, such an approach is
also considered to explore the failure mechanism of 2.5D-THT-WR-WC in this work.

In summary, it can be found that the two classical structures mentioned above have been
well studied in various aspects of mechanics, but there is almost a gap in the research for
2.5D-THT-WR-WC. For this new structure, the main problems that can be foreseen from
the current research on the two classical structures are: (i) differences in the alignment of
the binder yarns in the SCLS and SSLS structures can cause differences in the geometric
characteristics of 2.5D-THT-WR-WC with different weft yarn arrangement densities, which
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increases the difficulty of unit-cell geometric modeling; (ii) The effect of meso geometric
differences caused by different weft yarn arrangement densities on the overall mechanical
behavior of the material; (iii) would the SCLS part and the SSLS part positively comple-
mentary or negatively counteracting in the overall mechanical properties of the material?

To address the above three key scientific issues, in this work, geometric assumptions
are first made about the cross-sections of different yarns, based on which the differences
in geometric characteristics under different weaving parameters are innovatively discussed
and the corresponding geometric relationships are modeled. Subsequently, focusing on the
geometrical differences caused by the weft yarn arrangement density on the meso structure
of 2.5D-THT-WR-WC, six unit-cell models with different meso geometrical features are
established, and the differences in mechanical behavior of these models are discussed by
experiments and simulations. The mechanism of the influence of weft yarn arrangement
density on the mechanical properties and failure mechanism of 2.5D-THT-WR-WC is sum-
marized, which provides a theoretical basis and design reference for the engineering appli-
cation of 2.5D-THT-WR-WC.

The rest of this paper can be organized as follows. In Section 2, the structural features of
2.5D-THT-WR-WC are discussed and the test methods for its specimens are given. In Sec-
tion 3, the meso geometric model of 2.5D-THT-WR-WC with different weaving parameters
is established. In Section 4, the progressive damage model and periodic boundary condi-
tions are given. In Section 5, six unit-cell finite element models with different geometrical
differences are developed considering different weft yarn arrangement densities. In Sec-
tion 6, the results of the unit-cell models with different weft yarn arrangement densities are
discussed. In Section 7, some key results are summarized.

2 Materials and Experimental Settings
2.1 Mesoscopic Structure of 2.5D-THT-WR-WC

2.5D woven composites have a variety of mesoscopic structures, among which the more
typical ones are SCLS structure (see Fig. 1(a)) and SSLS structure (see Fig. 1(b)), and many
of them are derived from these two types of structures, such as the 2.5D-THT-WR-WC. This
structure can be regarded as a compound structure alternately combining the SCLS structure
and SSLS structure, which considers the advantages of these two structures and at the same
time avoids their disadvantages, so it has a wide range of application prospects.

Figure 1(c-f) presents the schematic structure of 2.5D-THT-WR-WC. From
Fig. 1(d), it can be seen that in the weft direction, three rows of binder yarn form
a period, and there is also a row of warp yarn between the binder yarns. As can be
seen from Fig. 1(c), in 2.5D-THT-WR-WC, the direction of the binder yarns is not
symmetric, specifically, the binder yarns firstly traverse downward directly through
two layers and one row of weft yarns (similar to SCLS structure), and then upward
through two layers and two rows of weft yarns in turn (similar to SSLS structure). It
is because of the asymmetric orientation of the binder yarns that the three-harness-
twill structure is also called “1/2-twill structure”. From Fig. 1(e), it can be seen that
the warp yarns are directly interspersed between the two layers of weft yarns, and the
orientation is relatively simple. Eventually, a yarn system can be formed as shown in
Fig. 1(f).
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Table1 Woven parameters of

Y: ificati A i N
2 SD-THT-WR-WC used in this arn type Specifications rrangement density umber‘
of layers
work [47]
Warp yarn 12K 4 tow/cm 4
Weft yarn 12K 6 tow/cm 6
Binder yarn 12K 4 tow/cm 4

2.2 Material Preparation, Mesoscopic Observation

The component materials of 2.5D-THT-WR-WC used in this work are T800 carbon fiber
and EC230R bismaleimide resin, and the specific weaving parameters and mechanical
parameters of the component materials are listed in Tables 1 and 2, respectively. Wherein,
the preforms are woven by the Key Laboratory of Advanced Textile Composite Materials
of Tiangong university, and the composite molding of the preforms is completed by Aero-
space Research Institute of Material & Processing Technology of China using the RTM
process. After molding, the overall thickness of the material is about 3 mm and the overall
fiber volume fraction is about 55%.

Figure 2 demonstrates the X-CT section of 2.5D-THT-WR-WC. As can be seen in
Fig. 2(a), there is a fluctuation in the actual trend of the weft yarns, but the overall error
with respect to the straight line is within a reasonable engineering range. The cross-sec-
tions of the binder yarn and warp yarn can be approximated as rectangles [2, 3, 12-19].
Analyzing the reason, from the molding mechanism, the binder yarn and the warp yarn
squeeze each other, resulting in the right and left sides of the cross-section of the two yarns
presenting a straight line; the weft yarn squeezes the two yarns from the thickness direc-
tion, resulting in the top and bottom sides of the two yarns also presenting a straight line.
Moreover, the rectangular cross-section assumption for these two yarns not only facilitates
modeling, but also effectively avoids the appearance of low-quality grids, contributing to
the improvement of numerical calculation accuracy.

From Fig. 2(b), it can be seen that the binder yarn shows a wavy trend and binds the
weft yarn at the top and bottom, and the cross-section of the weft yarn can be approxi-
mated as a double-sided convex lens shape. From Fig. 2(c), it can be seen that the warp
yarns basically show a straight-line trend, and in the thickness direction, the warp yarn and
weft yarn are arranged vertically overlapped. Moreover, the cross-sections of all yarns are
assumed to be as shown in Fig. 2(d), and the data are summarized in Table 3 by measuring
the calibrated locations in Fig. 2(a-c).

Table 2 Mechanical property parameters of components

Components E; (GPa) E, (GPa) Gy, (GPa) X; (MPa) Viio
T800 294 19.4 15 5490 0.3
Components E,, (GPa) Vn X;r] (MPa) X;E. (MPa) S (MPa)
EC230R 4.04 0.35 100.6 216 66.9

E; and E;, are the longitudinal and transverse moduli of carbon fibers, respectively. Gy, is the in-plane
shear modulus of carbon fiber. X;, is the longitudinal tensile strength of carbon fibers. vy, is the in-plane
Poisson’s ratio of carbon fibers. E,, is the elastic modulus of the resin. v,, is the Poisson’s ratio of the resin.
X:}, XS, and S, are the tensile, compressive, and shear strengths of the resin
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Fig.2 Mesoscopic X-CT slices of 2.5D-THT-WR-WC used in this work: a warp cross-section with weft
yarn, b weft cross-section with binder yarn, ¢ weft cross-section with warp yarn, and d schematic of cross-
section geometric parameters of different yarns

2.3 Specimens and Experimental Settings

As shown in Fig. 3(a), the specimen has a length of 230 mm, a width of 25 mm, and a thick-
ness of 3 mm, and four reinforcing tabs are affixed to both ends with epoxy resin adhesive.
The tabs have a length of 50 mm, a width of 25 mm and a thickness of 3 mm. It is worth
noting that in consideration of mitigating the stress concentration effect at the clamping end
due to the material difference, the tabs are made of laminated composites with the same com-
ponents as the 2.5D-THT-WR-WC in this work, which is illustrated in the photograph of the
specimen shown in Fig. 3(b).

Table 3 Measurements No
of mesoscopic geometric ’
parameters (mm) of 2.5D-THT-
WR-WC

Warp cross-section with Weft cross-  Weft cross-
weft yarn section with  section with
binder yarn  warp yarn

Wl P WZP WlB W2B WIF W2F WlF W2F

1.142 0.358 1.514 0.315 1.495 0.358 1.515 0.381
1.143 0.357 1.306 0.361 1.454 0.359 1.523 0.378
1.305 0.359 1.356 0.359 1.558 0.372 1.457 0.351
1.234 0.339 1.229 0.339 1.521 0.398 1.501 0.352
1.233 0.342 1.431 0.298 1.451 0.401 1.517 0.369
1.181 0.322 1.449 0.359 1.466 0361 1.521 0.366
Average 1.206 0.346 1.381 0.339 1.491 0375 1.506 0.366

AN N AW N =
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Fig.3 Specimens and experimental settings: a the geometric size of the specimen, b photograph of the
specimen, c tensile testing site, and d Enlarged view of the tensile testing site

As shown in Fig. 3(c), the static-load tensile test of the specimens is completed on the
MTS370-100kN electro-hydraulic servo testing machine, the referenced experimental stand-
ard is ASTM D3039, and the ambient conditions of the experiment are dry state and room
temperature (23 °C). As shown in Fig. 3(d), the extensometer used for the specimen is
634.12F-24, and the tab areas at the upper and lower ends of the specimen are clamped by the
upper and lower collets of the testing machine, respectively, where the lower collet of the test-
ing machine is kept stationary, and the upper collet of the testing machine is moved upward at
the rate of 1 mm/min until the specimen breaks.

3 Meso Geometric Modeling of 2.5D-THT-WR-WC

3.1 Discussion on Several Possible Yarn Geometric Relationships

According to the schematic structure of 2.5D-THT-WR-WC shown in Fig. 1, it can
be seen that the difficulty of the geometrical relationship of the structure is in deter-

mining the relationship between the binder yarn and the weft yarn. The structure of
the 2.5D-THT-WR-WC can be divided into two parts during one period in the warp
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direction, i.e. the SCLS part and the SSLS part. Assuming that the weft yarn cross-
section is a double-sided convex lens shape, and the alignment of the binder yarn is an
alternation of circular arcs and straight lines, it is not difficult to realize that a smooth
transition of the binder yarn in the SSLS part is no longer possible for it to transition
smoothly in the SCLS part. It is due to such constraints that there are four different
cases in the geometrical relationship between these two parts.

As shown in Fig. 4, in the SCLS part, there are four positional relationships between
the upper and lower binder yarns:

®

(i)

(iii)

@iv)

When the two rows of weft yarns are far away from each other (see Fig. 4(a)), the
straight sections between the upper and lower binder yarns are in a state of complete
separation (MN is above PQ), and the central half-angle 65 of the curved section of
the binder yarn is equal to the central half-angle 6 of the weft yarn.

When the two rows of weft yarns are closer to each other (see Fig. 4(b)), there exists
a critical state in which the straight sections between the upper and lower layers of
the binder yarns are adhered to each other (MN and PQ overlap), and the central
half-angle 0y of the curved section of the binder yarn is still equal to the central
half-angle 6 of the weft yarn.

When the two rows of weft yarns are closer to each other (see Fig. 4(c)), the straight
sections between the upper and lower layers of the binder yarns are squeezed
against each other (MN and PQ overlap), and the central half-angle 6y of the
curved section of the binder yarn is smaller than the central half-angle 6 of the
weft yarn.

When two rows of weft yarns are in contact with each other (see Fig. 4(d)), the
straight sections of the upper and lower binder yarns are squeezed to a straight line,
and the central half-angle of the curved section of the binder yarns is 83 =0. This
condition does not exist in practice, but is only a limiting condition.

Throughout the four conditions, it can be seen that the width of the straight section of
the binder yarn is decreasing as the weft yarns continue to come closer together, which
leads to an increase in the fiber volume fraction in this area.

As shown in Fig. 5, there are four positional relationships between the binder yarn
and the weft yarn in the SSLS part:

Fig.4 Four cases of 2.5D-THT-WR-WC in the shallow curve-link-shaped part due to the different weft yarn
arrangement densities: a complete separation, b critical attachment, ¢ squeeze attachment, and d extreme
attachment
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®

(ii)

(iii)

@iv)

When weft yarns are far from each other (see Fig. 5(a)), the binder yarns pass through
the intermediate weft yarns as a straight line (BG), the straight section of which does
not contact the weft yarns.

As the distance between the weft yarns approaches (see Fig. 5(b)), the binder yarns
can still pass through the intermediate weft yarns as a straight line (BG), but its
straight section is just tangent to the intermediate weft yarns, with the tangent points
C and F, respectively, which is a critical condition;

When the distance between the weft yarns continues to be close (see Fig. 5(c)), the
binder yarns can no longer pass through the intermediate weft yarns in a perfectly
straight line, but pass through the intermediate weft yarns in the form of a circular
arc (CD), a straight line (DE), and a circular arc (EF), i.e. there is a partial tangency
between the binder yarns and the intermediate weft yarns.

When the distance between the weft yarns is further approached (see Fig. 5(d)), the
joining warp yarns pass through the intermediate weft yarns in a fully circular arc,
i.e. circular arcs CD and DF, which is the limiting case, unlike the limiting case in
the SCLS part above, which is widespread in practice.

Throughout the four conditions, it can be seen that as the weft yarns approach each
other, the percentage of straight section of the binder yarn is decreasing and the percent-
age of curved section is increasing until the binder yarn become curved completely.

The conditions in Figs. 4 and 5 do not exist independently of each other and need to
be discussed so that their respective critical and limiting conditions can be determined.
In practice, the most widespread condition is the combination of Fig. 4(c) and Fig. 5(d).
Actually, in the case of closely spliced yarns, when the warp yarn is higher than the binder
yarn (Fig. 6(c)), the condition shown in Fig. 5(d) does not exist, whereas the above dis-
cussion makes sense only when the warp yarn is equal to or lower than the binder yarn
(Fig. 4(a) and (b)).

Fig.5 Four cases of 2.5D-THT-WR-WC in the shallow straight-link-shaped part due to the different weft
yarn arrangement densities: binder yarn is a completely separated, b exactly tangent, ¢ partially tangent,
and d completely tangent to the middle weft yarn
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(b) (€)

Fig.6 Three cases of warp yarn and binder yarn in the thickness direction: the thickness of warp yarn is
a lower than, b the same as, and ¢ higher than that of binder yarn

3.2 Geometric Modeling of the 2.5D-THT-WR-WC
3.2.1 Geometric Relationship of the Yarn Cross-Sections

Figure 7(a-c) presents the cross-section geometrical relationships of warp yarn, binder
yarn, and weft yarn, respectively. Among them, the cross-sections of the warp yarn
and binder yarn are assumed to be rectangular, and the cross-section of the weft yarn is
assumed to be double-sided convex lens shape. The cross-sectional areas of these three
yarns need to be obtained by experimental measurements (see Table 3), so as to obtain the
specific values of the width and height of different cross-sections.

As shown in Fig. 7(a) and (b), assuming that the warp yarn is closely spaced with the
binder yarn, the cross-section has the following relationship for these two yarns:

10 10
Wip=Wy= E = M_B’ (1)
W, 172
(a) i 1P i (C) 1F |
Wop Ap Wor

Crosstsection
of weft yarn

Cross-section of warp yarn

W1B |

(b) |

Cross-section of binder yarn

Fig.7 Geometrical cross-sections and related parameters of a warp yarn, b binder yarn, and ¢ weft yarn
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{ Wop = Ap/Wip )
Wop = Ag/Wg

where W, and W, are the cross-sectional widths of the warp yarn and binder yarn,
respectively; W,p and W, are the cross-sectional heights of the warp yarn and binder yarn,
respectively; Ap and Ap are the cross-sectional areas of the warp yarn and binder yarn,
respectively; Mp and My are the arrangement densities of the warp yarn and binder yarn,
respectively.

As shown in Fig. 7(c), for the cross-section of weft yarn, following relationship exists:

Wig = Rgsin6g
Wor = 2Rp(1 —cos ) 3)
Ap = R%(26 — sin (26;))

where W, and W, the cross-sectional width and height of the weft yarn, respectively; A
is the cross-sectional area of the weft yarn; Ry and 6 are the central radius and central half-
angle corresponding to the weft yarn cross-section, respectively.

3.2.2 Geometric Relationships of SSLS Part

As shown in Fig. 8(a), the relationship between the transverse space Dy and the longitudi-
nal space Hy between weft yarns in the critical tangent condition can be expressed as:

Dy = T Wik
Hp= —2 + Wiptan 6 — Wy | @
F= sy IF F 2F
By combining Eqs. (3) and (4), one obtains:
. 10sin g
Hp cos 0 + Dy sin 0 = Wy + — 2R cos O (cos O — 1), 5)
F

where M is the weft yarn arrangement density.
As shown in Fig. 8(b), the transverse space Dy and longitudinal space Hy between weft
yarns in the limit tangent condition can be expressed as:

_ W
DF - sinzgl,- . (6)
Hp = Wap
Then, solving Eq. (6) yields:
Hy
Dg = .
P Sin6y @

From the constraint relationships of transverse space Dy and longitudinal space Hy between
weft yarns in Eqgs. (5) and (7), it can be determined to which constraint relationship in Fig. 5
belongs to the geometric modeling that needs to be established. When it belongs to the com-
pletely separated condition shown in Fig. 5(a), it is relatively simple to model, while when it
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belongs to the partially tangent condition shown in Fig. 5(c), it is also necessary to determine
the central angle of the tangent region.

As shown in Fig. 8(c), in the partially tangent condition, setting the central half-angle occu-
pied by the straight section of the binder yarn as 6/, the angle of the arc of the tangent part is
(6 — 6},), so it is sufficient to find 6.

From Fig. 8(c), AHg, and AH, can be represented respectively as:

1 W,
AHp, = E(HF ~ o0 )

cosO ) . 8)
AHp, = Rg(1 —cos 0),)
In addition, as can be seen from the enlarged view in Fig. 8(c):
AHp, + AH,
tan’ = —1 12 ©)
Rgsin@’
By combining Egs. (8) and (9), one obtains:
2Rp + Wy
6y, = arccos (m (10)

Considering the difference in height of the warp yarn and binder yarn and assuming that
yarns are spaced closely, Eq. (10) can be expressed as:

O = arccos
2R + max { Wog, Wap }

an

The weft yarns in the thickness
direction are gradually squeezed.

Fig.8 Geometric relationship between the binder yarns and weft yarns at the shallow straight-link-shaped
part: a exactly tangent, b partially tangent, and ¢ completely tangent
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3.2.3 Geometric Relationships of SCLS Part

Figure 9 illustrates the process of changing the geometric relationship between the
binder yarn and weft yarn in the SCLS part. When «RMQ is greater than 2SPQ (see
Fig. 9(a)), the upper and lower binder yarns are separated; when ZRMQ is equal to
«£SPQ (see Fig. 9(b)), the upper and lower binder yarns are in a critical adhesion state;
when ZRMQ is less than £SPQ (see Fig. 9(c)), the upper and lower binder yarns are
squeezed together, and the central half-angle in the curved section of the binder yarn,
91’:’ , is less than 6.
By geometrical analysis, the expression for ZRMQ and £SPQ are obtained, i.e.

_ 2(Hp+Wyg)
ARMQ = arctan <m)

Wor+Hp+Wop cos O :
10/ Mp—W o —Wyg sin 0

12
£SPQ = arctan ( (12)

Therefore, after determination of the geometrical relationship of the SSLS part, the geo-
metrical relationship of the SCLS part needs to be determined firstly by the magnitude
relationship between «RMQ and «SPQ, which is simpler to model if it is a completely
separated or critically adherent state. In the case of the squeezed-adherent state, it is neces-
sary to determine the position of the point “T” in Fig. 9(c) or the central half-angle 91’:’ of
the binder yarn.

Determining the position of point “T” or the central half-angle 6y’ is easier with the
help of analytic geometry methods, so it is necessary to establish a coordinate system
for this part, as shown in Fig. 9(c). A Cartesian coordinate system is established with
the center of the weft yarn cross-section as the origin, the warp direction as the x-axis
direction, and the thickness direction as the y-axis direction. In this coordinate system,
point “T” is the intersection of arc Tp and line MQ, so it is sufficient to determine the
equations of the arc TAP and line MQ.

The equation of the arc TAP is

P4y = (Rp+ W) (13)

(b)|

Fig.9 Geometric relationship between the binder yarns and weft yarns at the shallow curve-link-shaped
part: a complete separation, b critical attachment, and ¢ extrusion attachment

@ Springer



682 Applied Composite Materials (2024) 31:669-708

In addition, the coordinates of point “M” is <%RF + Hg + %) the coordinates of

point “Q” is <A17(; - %,RF —Hp - 3‘/‘2/” ), so the equation of the line MQ is
2(Hg + W) 1 (Hg + W) - (10/Mg)
y= —_—X+ RF_ —sz_ . (14)
W — 10/ Mg 2 W — 10/ Mg
By combining Egs. (13) and (14), the coordinates of point “T” are obtained:
\/mgng_(1+mg)(n;;_(RF+WZB)2)-mBnB
1= ()
Y1 = mgXr + ng
) _ 2(Hp+Wyp) (15)
B ™ Wi—10/M; ( v )
R Ly _ (W) 0/
ng = Ry 2W2F Wp—10/M;

L

The central half-angle 9;:’ of the binder yarn at the squeezed-adherent state can be
expressed as:

6 = arctan <ﬁ> (16)
yr

4 Progressive Damage Model for 2.5D-THT-WR-WC

The progressive damage model is commonly used for the mechanical property predic-
tion of composites, which consists of a set of damage onset criteria, a damage evolution
model, a damage constitutive model, and a periodic boundary condition imposed on the
unit-cell model.

4.1 Damage Onset Criteria

In the progressive damage process, there are mainly four damage modes of yarn,
namely, yarn longitudinal tensile damage, yarn longitudinal compressive damage, yarn
transverse tensile damage and yarn transverse compressive damage. For these four dam-
age modes, different criteria are chosen in this work.

For the longitudinal tensile and compressive damage of yarns, Hashin criterion [48]
is used, viz.:

(&)2 + Tt 1 (o, > 0)

xt 5 , (17)
;#C‘ =1, (611 < 0)

where ¢;; (i=1,2,3) is the stress of the yarn in the i-direction; Ty (i,j=1,2,3) is the shear
stress of the yarn in the jj-direction; X", XC, and S,, are the longitudinal tensile strength,

longitudinal compressive strength, and in-plane shear strength of yarns, respectively.
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For transverse tensile and compressive damage of yarns, a criterion similar to the Puck
criterion but with fewer parameters is used [49], viz.:

-
1 2YCsin 0'?:‘ yT )
- o, (0)+
YC sin’ GYc +YT YTCOSZQYT Ye C0529Yc n

> [62(0)+

YCsin? HYC+YT YTcos? HYT YCLOSZBYC YTCOSZQYT

72,(0)

) YC51n26‘YC+YT <YTL0s7(-}YT YCCOSZHYc >] (9) + 521 cos 8 ) =1 (O-n < O) ’ (18)

c
Csin? 6'Y

o, (0)+
YT Losz(-)YT YCCOSZHYc >] ( )

o

YC§1n29Yc +YT
72,(0)

2

(S21 cos pr>

= 1,(0’n >0)

T T T
Ye smzaé +YT YTcos2 9pr YCC052 02;

where YT and Y© are the transverse tensile and compressive strengths of the yarns, respec-
tively; GY BYC and 6’Sl is the transverse tensile, transverse compressive, and in-plane shear
fracture angle of composues for fiber-reinforced resin-matrix composites, BY =0°,
GYC = 53° and 9‘1 = 0° 0,(0), 7,(0), and 7,,(6) are defined as:

6,(0) = 6,,c0826 + 6335in0 + 27,5 sin O cos 0
() = =0, sin 0 cos 0 + 033 5in 0 cos O + 7,3 (cos?0 — sin’6) 19)
T, (0) = 73, 5in 6 + 7, cos O

where 0 is the potential fracture angle that needs to be iterated at [-180°,1807] (see Fig. 10).
In fact, according to the golden section search method [50], only 3 ~4 searches are needed.

For the damage of pure resin matrix, an energy-based criterion is used in this work [51],
viz.:

<X1r) —E)12+ =J,=1,(1, 20)
XCq/XC ’
ﬁ—T‘/_"‘ \/|11|+$J2=1,(11<0)

where Xi, Xg, and S, are the tensile, compressive and shear strengths of the pure resin
matrix, respectively; I, =0, + 0, + 03 is the first principal stress invariant of the pure resin
matrix; J,=[(6, — 6,)* + (6, — 63)* +(6;— 6,)°1/6 is the second deviatoric stress invariant of
the pure resin matrix; o; (i=1,2,3) is the principal stress of the pure resin matrix in differ-
ent directions.

(20)

4.2 Damage Evolution Model

When a certain damage mode occurs to an element in a component, its subsequent damage
is controlled by the damage evolution model, for which the rationality of the damage evolu-
tion model is very important. One of the more widely used damage evolution models [37]
is chosen in this work, viz.
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Fig. 10 Schematic of yarn trans-
verse cracking [48]

d., = Xg;,fin (Xéf;_le.im)
- (Xlk _xik )’
eq \ Keq.fin " Xeq.ini .
3 (i=1,2,3,mk=T,C), 21
2 2
ept oy X €

ik —
Xeq - leq =
J=1j#

where d;; is the damage factor in “ik” mode; Xg‘ is the equivalent displacement, and X**
q eq,ini

and Xg; fin AT€ the initial and final equivalent displacements, respectively, whose expres-
sions are given in the literature [37]; ¢; and ¢ are the axial strain in the i-direction and the
shear strain in the jj-direction, respectively; a; is the shear correction factor, which is
defined in the literature [40]; leCI is the equivalent length of the element, which is defined in
the literature [37].

Therefore, the principal damage of the fiber bundle and the pure resin matrix in differ-
ent directions can be expressed as:

Di = max {dl »diC}’ (l = ]7 29 33 m)' (22)

4.3 Damage Constitutive Model

In this work, the yarn is modeled equivalently as a transverse isotropic material and the
pure resin matrix is equivalent to an isotropic material, where the damage constitutive
model of the transverse isotropic material can be degraded to a damage constitutive model
of the isotropic material. Therefore, the damage constitutive model of the yarn and the pure
resin matrix is represented here uniformly as follows:

{o} = [C]{e} (23)

where {6} and {€} denote the stress and strain of the elements, respectively; [C,] is the
damage stiffness matrix, which is expressed as:
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b1, Cyy bllzbzzclz byb3Cr3 0 0 0
b%,Cy bzzzbasczs 0 0 0
b;,C 0 0 0
— 3333
(e sym. B.Cy 0 0 | 24
b3, Css i 0
b12C66
where b;; and C;; can be respectively write as:
2(1-D;)(1-D))
by = ’ . (i.j=1,2,3,m), (25)
(1-D;) +(1-D;)
(1-vp3v)En (1-vi3v31)Enpy
C,= ;Cyp = ;
1 1_V12V21_V213V32_V13)Vgl_2V12V23V31 2 1_V|2V21_(V23V32_V13V),%_zvlz‘/m‘@l
C.. = ViV )E33 ;C _ Vi t+Viavar )Ess :
3 1—"12‘/21—V23V32—V13V31—2‘/12‘/2%"31 3 1=viava =Va3 V3 —Vi3 V31 —2Vip Va3 V3 (26)
Cp=C;= L iCus = G35Css = G315Cg6 = Gip;

1=vip vy =Vy3V3—Vi3V3 =2V 5 Vo3 V3
where El-j, Gij and v denote the elastic modulus, shear modulus, and Poisson’s ratio of the
elements in different directions, respectively.

4.4 Periodic Boundary Conditions

To ensure the coordination of displacements and continuity of stress transfer at the unit-cell
boundary, periodic boundary conditions need to be imposed on the unit-cell boundary. The
displacement and force periodic boundary conditions can be expressed as [15]:

Ui(Ly) = U0) = g4L;, . . _
{ 2 ((L}]) —o=0, BI=HRD @n
where L; denotes the length of the unit-cell in different directions; U,(L;) denotes the dis-
placement of Lj in the i-direction; ai(Lj) denotes the stress of Lj in the i-direction; and &
denotes the strain in the jj-direction.

On the basis that the unit-cell features periodic meshes, Eq. (27) can be transformed into
periodic boundary conditions for the nodes in the finite element model, and the specific for-
mula can be found in the literature [51].

5 Unit-Cell Models of 2.5D-THT-WR-WC

5.1 Geometric Models

As shown in Fig. 11, in this work, six unit-cell models are parametrically established and
the basic modeling parameters are shown in Table 3. The six developed models are charac-

terized by different weft yarn arrangement densities, M, and the smaller the My, the larger
the length of the model in the warp direction; but in the thickness direction and in the weft
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direction, all the models are consistent. The specific differences between the six models are
described below:

®

(i)

(iii)

@iv)

When Mp="T7tow/cm (see Fig. 11(a)), in the whole yarn system, there is not a smooth
transition between the curved and straight sections of the binder yarns, the transition
angle is less than 6, with the transition point located at the corner of the weft yarn
cross-section. Additionally, there is an extrusion between the upper and lower binder
yarns of the SCLS section.

When M =6tow/cm (see Fig. 11(b)), in the SCLS section, there is not a smooth
transition between the curved and straight sections of the binder yarns, the transition
angle is less than 6, with the transition point located at the corner of the weft yarn
cross-section; the upper and lower binder yarns are still extruded from each other.
In the SSLS section, there is a smooth transition between the curved and straight
sections of the binder yarns, with the transition point located at the corner point of
the weft yarn cross-section.

When Mp=5.63tow/cm (see Fig. 11(c)), in the SCLS section, there is not a smooth
transition between the curved and straight sections of the binder yarns, the transition
angle is equal to 6, with the transition point located at the corner of the weft yarn
cross-section; the upper and lower binder yarns are attached to each other, but there
is no compression between them. In the SSLS section, there is a smooth transition
between the curved and straight sections of the binder yarns, with the transition point
located on the profile line of the weft yarn cross-section.

When My =5tow/cm (see Fig. 11(d)), in the SCLS section, there is not a smooth
transition between the curved and straight sections of the binder yarns, the transition
angle is equal to 8, with the transition point located at the corner of the weft yarn
cross-section; the upper and lower binder yarns are not in contact with each other.

Fig. 11 Geometric relationship of yarns in weft cross-sections under different weft yarn arrangement densi-
ties: a 7 tow/cm, b 6 tow/cm, ¢ 5.63 tow/cm, d 5 tow/cm, e 4 tow/cm, and f 3 tow/cm

@ Springer



Applied Composite Materials (2024) 31:669-708 687

)

(vi)

In the SSLS section, there is a smooth transition between the curved and straight
sections of the binder yarns, with the transition point located on the profile line of
the weft yarn cross-section.

When My =4tow/cm (see Fig. 11(e)), in the SCLS section, there is a smooth transi-
tion between the curved and straight sections of the binder yarns, the transition angle
is equal to @, with the transition point located at the corner of the weft yarn cross-
section; the upper and lower binder yarns are not in contact with each other. In the
SSLS section, there is a smooth transition between the curved and straight sections
of the binder yarns, with the transition point located on the profile line of the weft
yarn cross-section.

When My =3tow/cm (see Fig. 11(f)), in the SCLS section, there is a smooth transi-
tion between the curved and straight sections of the binder yarns, the transition angle
is equal to O, with the transition point located on the profile line of the weft yarn
cross-section; the upper and lower binder yarns are not in contact with each other.
In the SSLS section, there is a smooth transition between the curved and straight
sections of the binder yarns, with the transition point located on the profile line of
the weft yarn cross-section.

5.2 Finite Element Models

To explore the mechanical behavior of 2.5D-THT-WR-WC with different My, corre-
sponding finite element models are established for each of the six established unit-cell
geometrical models, as shown in Fig. 12. The meshes of all unit-cell finite element mod-
els in all three directions (x, y, z) exhibit periodicity, i.e. the other two coordinates of the
two nodes on the opposite side are the same in a certain direction, thus guaranteeing the
imposition of periodic boundary conditions. Considering the strong interfacial proper-
ties of carbon-fiber-reinforced resin-matrix composites, the finite element models of dif-
ferent components are connected by means of common nodes. The element type of all
meshes is SOLID185 in ANSYS software, which is a hexahedral eight-node element that
can also be degenerated into trigonal six-node element, pyramidal five-node element,

Fig. 12 Finite element models of unit-cells (removing the mesh of pure matrix) of 2.5D-THT-WR-WC with
different weft yarn arrangement densities: a 7 tow/cm, b 6 tow/cm, ¢ 5.63 tow/cm, d 5 tow/cm, e 4 tow/cm,
and f 3 tow/cm
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and tetrahedral four-node element, and is commonly used to simulate the deformation
behavior of solids.

Table 4 presents statistics on the elemental counts of all unit-cell models and their
components. Obviously, as the My decreases, the larger the length of the unit-cell finite
element model in warp direction, the larger the number of elements, and the longer the
computation time required. The finite element models contain only hexahedral eight-node
elements and trigonal hexahedral elements, in which the hexahedral eight-node elements
account for the majority of them, with a ratio of more than 70%, in other words, the unit-
cell finite element models developed in this work are of high quality. In addition, the ele-
ment size of all unit-cell finite element models is set to 0.06 mm, and from the sensitivity
validation of the mesh density done in the literature [15], it can be seen that when the
element size is 0.06 mm, the maximum relative error is only 2.8%, and more accurate cal-
culation results can be obtained.

5.3 Yarn Properties with Different fiber Volume Fractions in Unit-Cell Models

In different unit-cell models, the fiber volume fraction of different yarns is different, and
even the fiber volume fraction of yarns in different regions is variable due to the inter-
nal extrusion. Eq. (28) gives the calculation of fiber volume fraction of yarns in different
regions:

T,
yarn __ e
Vi = To00p,Aven < 100%, 28)

where V ™ is the fiber volume fraction of yarn; 7, is the linear density of the fiber, and the
linear density of T800 carbon fiber is 445 g/1000 m; p; is the density of the fiber, and the
density of T800 carbon fiber is 1.8 g/cm?; AY*™ is the cross-sectional area of different yarns
in different regions.

Furthermore, the stiffness and strength of the yarn in different regions also differ due
to the difference in the fiber volume fraction of the yarn in different regions. The specific
formula for the mechanical properties of the yarn is given in Table 5, and according to
which the mechanical properties of the yarn in different regions can be calculated.

Table 4 Statistics on the element

number of different unit-cell My Pure matrix Warp yarn Binder yarn Weftyarn Total

finite element models 3 84672 43488 45792 20736 194688
56160 30816 33408 20736 141120
49344 28512 33312 23040 134208
5.63 32640 22464 26688 21312 103104
28224 19584 23616 20736 92160
23232 17856 21696 20736 83520
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Table 5 Mechanical properties of yarn [15]

Mechanical properties Calculation formula

Longitudinal modulus ET‘I"“ = V;E;y, + (1 — Vf) E,

Transverse modulus EY" = (EqEin (Ve +0.661(1 = Vi) /(Ep Vs +0.661E;y, (1 - V;))
In-plane off-axis modulus B = % +0.062(V;Eyy + (1= V;)E,)

Longitudinal strength X0 =0.736(VeXey e + (1= Vi) X)) (k="T",'C')

Transverse strength X3 = '673.82(1 - (3.05\/7f - 2.322\4))' (1= £ )X (k=T )
In-plane shear strength S{;'" =107.483(1 + 0.942V;)

In-plane Poisson’s ratio Vit = Veve + (1= Vi) vy,

In-plane Poisson’s ratio vt =B v, /BN

In-plane shear modulus Gﬁm _ ( % _ # _ # . zpvi;m )—1

6 Results and Discussions
6.1 Mechanical Properties Prediction and Validation

Table 6 provides a comparison of the experimental data with predicted values for the
modulus and strength of 2.5D-THT-WR-WC with My =6tow/cm. In general, the maximum
error in modulus is 6.3%, which occurs in the weft modulus prediction, and the maximum
error in strength is 11.7%, which occurs in the warp strength prediction. Therefore, the
established unit-cell model combined with the developed progressive damage model in this
work can reasonably predict the mechanical properties of 2.5D-THT-WR-WC.

Figure 13 shows the trend of modulus and strength of 2.5D-THT-WR-WC with different
M. it can be seen that both the modulus and strength in warp direction decrease with the
increase of My, while both properties in weft direction increase with the increase of M, and
the variation magnitude of both properties in warp direction is significantly smaller than
that in weft direction. The reason for this is that the yarn cross-section and thickness are
kept constant for all unit-cell models in this work, so that as the My, increases, the volume
percentage of the warp yarn remains constant, the volume percentage and the inclination
angle of the binder yarn increase, and the volume percentage of the weft yarn increases.
Under warp-loading, the warp yarn plays the main load-bearing role, and the binder yarn
plays the secondary load-bearing role. In the case of the constant volume percentage of the
warp yarn, the inclination angle of the binder yarn increases with the increase of the My,
leading to the decrease of the warp-load that it can share, and then leads to the decrease of
the mechanical properties in warp direction. Under weft-loading, the weft yarn plays the
main load-bearing role, and the weft yarn volume percentage increases with the increase of
MG, thus the mechanical properties in weft direction are improved.

6.2 Initial Stress Field Analysis

Figures 14 and 15 show the initial first principal stress clouds (S11) under warp-loading
and weft-loading, respectively, both loaded at a strain of 0.1%. Overall, under warp-loading,
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Fig. 13 Variation of the mechanical properties of 2.5D-THT-WR-WC with different weft yarn arrangement
densities: a modulus and b strength

the stress of the warp yarn is the largest, followed by the binder yarn, and the stresses of
the weft yarn and the matrix are similar; under weft-loading, the stress of the weft yarn is
the largest, and the stresses of the other components are similar. Moreover, the stresses of
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Fig. 14 First principal stress nephograms for different unit-cell models with initial warp-loading strain of

0.1%
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Total Yarn Warp yarn Binder yarn Weft yarn Matrix
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Fig. 15 First principal stress nephograms for different unit-cell models with initial weft-loading strain of
0.1%

unit-cell can be characterized by periodicity under both warp-loading and weft-loading,
indicating that the periodic boundary conditions imposed in this work are effective.

From Fig. 14, it can be seen that under warp-loading, the stresses in the whole unit
cell, the binder yarn, and the pure matrix show a decreasing trend with the increase of
My, which is due to the increase of the inclination angle of the binder yarn. However, the
stresses in the yarn system, warp yarn, and weft yarn show a tendency to increase first and
then decrease. Investigate its reason, the point of maximum stress occurs at the transition
point where the binder yarn contacts the warp and weft yarn, which is due to the fact that
the binder yarn is gradually stretched out under warp-loading, and shear stresses are formed
on the warp and weft yarn. When the My, is smaller, the adjacent layers of the binder yarns
are farther apart, and the interference effect cannot occur at the two stress concentration
sites; when the My is greater, the adjacent layers of the binder yarns are squeezed each
other, and there is only one stress concentration site; When My =>5tow/cm, the two stress
concentration sites are close to each other and the interference effect of stress concentration
occurs, causing the stress concentration effect to be more significant.

From Fig. 15, it can be seen that under weft-loading, the stress of the whole unit-cell
as well as each component does not change significantly with the increase of Mg, and the
stress of the weft yarn is significantly higher than that of other components. This is due to
the fact that under weft-loading, the weft yarn is in the longitudinal loading state, the other
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yarns are in the transverse loading state. And there is almost no shear stress between the
binder yarn and the other yarns, which is similar to the axial-loading of the fiber bundle,
and the distribution of the overall stress field is relatively simple.

6.3 Stress-Strain Response Analysis

Figure 16 presents the experimental validation of the stress-strain response of 2.5D-THT-
WR-WC under warp-loading and weft-loading, as well as the comparison of the stress-
strain curves with different M.

From Fig. 16(a), it can be seen that the experimental curves are slightly lower than the
predicted curves under warp-loading, which satisfies the accuracy requirement within the
engineering error. When the loading strain is about 0.7%, the curve begins to show nonlin-
earity, indicating that damage is beginning to occur within the material, when damage is
generally dominated by matrix cracking and transverse damage to the yarns [12]. When the
loading strain is about 1.4%, the material begins to lose its load-bearing capacity, indicat-
ing that yarn breaks are occurring within the material, especially the warp yarn.

From Fig. 16(b), it can be seen that the stress-strain curve decreases with the increase
of Mg under warp-loading. When My, is smaller, the stress-strain curve changes with My
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Fig. 16 Stress-strain response of 2.5D-THT-WR-WC: a variation of the warp-loading stress-strain curves,
b warp-loading stress-strain curves with different weft yarn arrangement densities, ¢ variation of the weft-
loading stress-strain curves, and d weft-loading stress-strain curves with different weft yarn arrangement
densities
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in a larger magnitude, and the overall curve nonlinearity is weaker; when Mg, is larger, the
stress-strain curve changes with M in a smaller magnitude, and the curve nonlinearity is
stronger. Investigate its reason, when the My, is smaller, the inclination angle of the binder
yarn is smaller, which tends to be linear, and the internal damage mode is relatively simple
and tends to be characterized by elastic-brittle fracture during the loading process. Con-
versely, when My, is larger, the inclination angle of the binder yarn is larger, and the shear
effect between the binder yarn and other components is more significant during the loading
process, and the internal damage mode is more complicated, which tends to be elastic-
plastic fracture characteristics.

From Fig. 16(c), it can be seen that under weft-loading, the experimental curve is in
good agreement with the predicted curve. When the loading strain is about 1.6%, the slope
of the curve decreases and fatal damage begins to appear inside the material, when the
damage is generally manifested as localized fracture of the weft yarn. When the loading
strain is about 1.8%, the material begins to lose the load-bearing capacity, indicating that
the weft yarns are completely fractured.

From Fig. 16(d), it can be seen that under weft-loading, the stress-strain curves increase
with the increase of My, and the nonlinearities are basically the same between different
curves except for the difference of slopes. The reason for this is that under weft-loading,
the overall fiber volume fraction increases [54, 55], especially the volume percentage of
weft yarn improves, with the increase of My, thus making the stiffness and strength in weft
direction increase. Besides, there is no shear effect of the binder yarn with other compo-
nents inside the material, and the damage mode is relatively simple, which is similar to the
0° loading of unidirectional composites, showing significant brittle fracture characteristics.
And the brittle fracture characteristics are more significant under weft-loading than those
under warp-loading.

6.4 Failure Mechanism and Ultimate Damage Nephograms Analysis
6.4.1 Ultimate Damage under Warp-Loading

Figure 17 shows the comparison between the experimental fracture and the ultimate dam-
age nephograms under warp-loading. Therein, Fig. 17(a-d) presents the experimental frac-
ture at different scales, and Fig. 17(e-k) presents the final damage nephograms of the unit-
cell obtained by simulation.

From Fig. 17(a-d), the following characteristics can be observed:

(i) Macroscopically, the overall fracture is relatively flat, with many warp yarns and
binder yarns pulling out (see Fig. 17(a)).
(ii)) Mesoscopically, the damage mode mainly consists of longitudinal breakage and
transverse cracking of warp and binder yarns, with significant weft yarns debonding,
and matrix fragments attached to the debonded weft yarns (see Fig. 17(b-c)).
(iii) Microscopically, the fibers on the fracture of the binder yarns showed an exploded
shape with matrix fragments attached (see Fig. 17(d)).

As can be seen from Fig. 17(e-k), in general, the damage locations and modes shown in

the ultimate damage nephograms of each component can be consistent with the actual frac-
ture to a certain extent, which is mainly reflected in the following aspects:
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Fig. 17 Comparison of experimental fracture with ultimate damage nephograms under warp-loading, where
a~d are the experimental results: a Macroscopic fracture, b and ¢ mesoscopic fracture, and (d) micro-
scopic fracture; e~k are the simulation results: e matrix damage (MD), f warp yarn longitudinal damage
(WPLD), g warp yarn transverse damage (WPTD), h binder yarn longitudinal damage (BILD), i binder
yarn transverse damage (BITD), j weft yarn longitudinal damage (WFLD), and g weft yarn transverse dam-
age (WFTD)

(i) As shown in Fig. 17(e), the matrix damage (MD) is mainly divided into two parts,
the first part is mainly the matrix between adjacent layers of the binder yarns, which
is mainly due to their shearing, and the second part is mainly the matrix around the
weft yarns, which is mainly due to the weft yarns debonding. Both of parts can cor-
respond to the actual fracture.

(i) As shown in Fig. 17(f-g), warp yarns longitudinal damage (WPLD) almost extends
laterally through each warp yarn, while warp yarns transverse damage (WPTD)
occurs mainly at their edges. Observing the warp yarn fracture in Fig. 17(b), it can be
found that the warp yarn fracture is relatively flat, and only their edges are cracked,
while their inner part is almost not cracked. Therefore, the simulated damage pattern
is consistent with the actual fracture.

(iii) As shown in Fig. 17(h-i), the binder yarns longitudinal damage (BILD) mainly
occurs at the edges of their curved-straight junction area, while the binder yarns
transverse damage (BITD) can be divided into two parts, the first one is the squeez-
ing part of their adjacent layers, and the second part is their curved-straight junction
area. Among them, the first part of the BITD is mainly caused by their straighten-
ing effect during the tensile process, which leads to the mutual separation between
their adjacent layers; the second part of the BITD is mainly caused by the squeezing
and shearing effect between the binder yarns and other components. Observing the
fracture of the binder yarns in Fig. 17(c), it can be noticed that they have very severe
transverse cracking, which is consistent with the BITD damage cloud. It is worth
noting that the pull-out phenomenon of the binder yarn is formed after the warp yarn
breaks and the tester rips it off at the final stage, and is not a break formed during
the normal loading process, as evidenced by the fact that the fiber monofilaments
show a blown-up shape in Fig. 17(d).

(iv) Asshown in Fig. 17(j-k), the two modes of weft yarns longitudinal damage (WFLD)
and weft yarns transverse damage (WFTD) almost do not occur. Observation of
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Fig. 17(b-c) shows that the weft yarns in the fracture are mainly debonded, and
almost no breakage or cracking occurs, which is consistent with the simulation
results.

Therefore, the established unit-cell finite element model combined with the developed
progressive damage model can reasonably simulate the failure mode of 2.5D-THT-WR-WC
under warp-loading.

Figure 18 illustrates the comparison of the ultimate damage patterns of each component
with different My under warp-loading. As the My, increases, the damage of each component
exhibits the following characteristics:

(1) The overall degree of MD decreases, complete MD (C_MD), i.e. MD =1, changes
from contiguous to segmented areas, the overall damage area decreases, and the
area of incomplete MD, i.e. MD < 1, increases, indicating a decrease in the damage
degree of weft yarns debonding.

(ii) WPLD gradually changes from inclined through the warp yarns to lateral through
them, and the damage area becomes more concentrated; while WPTD gradually
changes from lateral through the warp yarns to occur only at their edge, with fewer
damage area and lower damage degree.

(iii) BILD gradually changes from lateral through the binder yarns to occurring only at
their edges, with fewer damage area and lower damage degree. Conversely, BITD

| Under warp-loading
0.0 0.10.2 0.3 0.4 0.5 0:6 07 0.8 0.9 1.0

Mr 3tow/cm 4tow/cm 5tow/cm 5.63tow/cm 6tow/cm 7tow/cm
> 2

MD

WPLD

WPTD

Fig. 18 Comparison of ultimate damage nephograms of various components with different weft yarn
arrangement densities under warp-loading
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increases from occurring only at the edge of the binder yarns to lateral through the
entire binder yarns, with more damage area and higher damage degree.

(iv) Both WFLD and WFTD gradually change from lateral through weft yarns to only
sporadic damage and then to almost no damage.

The reason for the above characteristics is that, as M increases, the inclination angle
of the binder yarn increases, the percentage of load shared by binder yarn and warp yarn
decreases and increases under warp-loading, respectively, resulting in a more significant
brittle fracture features of the warp yarn, i.e. the damage area is reduced and concentrated.
Further, due to the decrease in the percentage of load shared by binder yarns, the force
between the binder yarns, matrix, and weft yarns decreases, resulting in a decrease in the
overall damage degree of the matrix and weft yarns. In the literatures [56—58], the authors
investigated the effect of binder yarn binding pattern on the overall material mechanical
properties and gave similar conclusions, which justify the findings of this work.

6.4.2 Ultimate Damage under Weft-Loading

Figure 19 demonstrates the comparison of experimental fracture and final damage clouds

under weft-loading. Therein, Fig. 19(a-d) gives the experimental fracture at different scales

and Fig. 19(e-k) gives the final damage clouds of the unit-cell obtained by simulation.
From Fig. 19(a-d), the following features can be observed:

(1) Macroscopically, the fracture (see Fig. 19(a)) shows significant warp yarn debonding
and weft yarn pull-out, the overall fracture is not flat enough, and there is a significant
zoning phenomenon, i.e. one part has warp yarn debonding as the main failure pattern,
and the other part has weft yarn pull-out as the main failure pattern.

(i) Mesoscopically, significant transverse cracking is observed in the warp yarns and the
binder yarns, and some fragmented matrix is adhered to the warp yarns near the frac-
tures (see Fig. 19(b)).
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Fig. 19 Comparison of experimental fracture with ultimate damage nephograms under weft-loading:
a Macroscopic fracture, b and ¢ mesoscopic fracture, and d microscopic fracture; e MD, f WPLD,
g WPTD, h BILD, i BITD, j WFLD, and g WFTD
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(iii)) Mesoscopically, significant longitudinal breakage of the weft yarns occurs, and trans-
verse cracking is present at the fractures of the external weft yarns but not the internal
weft yarns, due to the internal weft yarns being constrained by the surrounding com-
ponents (see Fig. 19(b)).

(iv) A few longitudinal breaks exist on the transversely cracked knotting yarn (see
Fig. 19(c)), which is caused by the stress concentration inside the binder yarn when
the binder yarn is transversely cracked which cuts off the fibers locally.

(v) Microscopically, there are more matrix fragments adhering to the fracture of the binder
yarns (see Fig. 19(d)), indicating a more significant brittle fracture of the material
under weft-loading.

As can be seen from Fig. 19(e-k), the damage locations and modes shown in the ulti-
mate damage nephograms of each component can be consistent with the actual fracture
to a certain extent generally, which is mainly reflected in the following aspects:

(1) Asshown in Fig. 19(e), the MD exhibits the phenomenon of alternate damage, i.e. the
matrix alongside the binder yarns is lightly damaged (MD < 0.4), while the matrix
alongside the warp yarns is severely damaged (MD > 0.8). Observation of the breaks
in Fig. 19(b) shows that there are blocks of matrix adhering to the warp yarn breaks,
whereas only matrix fragments are present on the binder yarns, thus explaining the
reasonableness of the simulation. The reason for this is that the binder yarns and
weft yarns are bound, and the strain energy of the binder yarns can be effectively
transferred to the weft yarns, which ensures that the degree of BITD is much smaller
than that of WPTD. Accordingly, the damage to the matrix, which is alongside the
knotting yarns, is weakened.

(i) As shown in Fig. 19(f-g), WPLD almost does not occur, while WPTD almost com-
pletely covers the entire warp yarns, only a small area at their edge is undamaged.
Observation of the warp yarn breaks in Fig. 19(b) shows that transverse cracking
occurs almost as a whole, but its longitudinal breakage is almost not observed.

(iii) As shown in Fig. 19(h-i), similar to WPLD, BILD almost does not occur, but BITD is
very pronounced in the extruded region of the adjacent layers of binder yarns and in
the curved-straight junction area, which can be easily observed from the test fracture
in Fig. 19(b-c). The reason for this is that the binder yarns and the weft yarns are
bound to each other so that the binder yarns are not damaged due to the restriction
of the weft yarns in the spatial position.

(iv) Asshown in Fig. 19(j-k), the WFLD is similar to the MD, with a significant alternat-
ing damage phenomenon, for reasons similar to those in (i) above, which will not be
repeated here. In addition, WFTD almost does not occur, which is more similar to the
internal weft breaks shown in Fig. 19(b and c), further illustrating the reasonableness
of the simulation.

Consequently, the established unit-cell finite element model combined with the
developed progressive damage model can reasonably simulate the failure mode of
2.5D-THT-WR-WC under weft-loading.

Figure 20 shows the comparison of the ultimate damage modes of each component
with different My under weft-loading. It should be noted that the three damage modes,
WPLD, BILD, and WFTD, do not appear for all unit-cells under weft-loading, which
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are not shown here. As the My increases, the overall fiber volume fraction improves, the
damage of each component exhibits the following characteristics:

(i) The general degree of MD increases, and the complete MD (C_MD) gradually shifts
from the plane where the center axis of the warp yarns is located to the plane where
their two sides are located, indicating an increase in the degree of the warp yarns
debonding.

(i) The overall degree of WPTD is increased, mainly reflecting the reduction of undam-
aged regions, as illustrated by the regional shift in C_MD described above.

(iii) The overall degree of BITD is reduced, mainly reflecting the gradual change from
complete BITD (C_BITD) throughout the entire length of the binder yarn to occur-
ring only in the middle of the curved portion of the binder yarn.

(iv) WEFLD almost does not change with the variation of M.

To investigate the reason, as the My increases, the inclination angle of the binder
yarns increases, and the bundling effect between the binder yarns and weft yarns
increases under weft-loading, which restricts the occurrence of BITD, allowing the
strain energy transfer to the matrix and the warp yarns, which in turn improves the
degree of MD and WPTD.

6.5 Progressive Damage Process Analysis
6.5.1 Damage Process under Warp-Loading

Figure 21 illustrates the propagation process of different damaged elements under warp-
loading. Among them, Fig. 21(a and b) shows the comparison between the percentages
of damaged elements and complete damaged elements of each component with different
My, at the failure stage. Figure 21(c-i) shows the specific propagation process of damaged
elements of MD, WPLD, BILD, WFLD, WPTD, BITD, and WFTD with different My. In

[___ | Under weft-loading
0.0 0.10.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mr 3tow/cm 4tow/cm Stow/cm 5.63tow/cm 6tow/cm 7tow/cm

MD

WPTD

BITD

Fig.20 Comparison of ultimate damage nephograms of various components with different weft yarn
arrangement densities under weft-loading
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Fig.21 Comparison of the percentage of different a damaged elements and b complete damaged elements
with different weft yarn arrangement densities; relationship between the percentage of different dam-
aged elements with the warp-loading process: ¢ MD, d WPLD, e BILD, f WFLD, g WPTD, h BITD, and
i WFTD

general, the extension curves of different damaged elements with different My show the
trend of “slow-fast-slow”, which is consistent with the damage behavior of different com-
ponents in the literature [53]. Nevertheless, there are still significant differences in the
damage propagation process with different Mp.

As shown in Fig. 21(a and b), with the increase of My, both MD and C_MD show an
increasing trend; WPLD shows an increasing trend, but C_WPLD does not show a sig-
nificant trend; and the rest of the damage elements (WPTD, BILD, BITD, WFLD, and
WFTD) and their corresponding complete damage elements (C_WPTD, C_BILD, C_
BITD, C_WFLD, and C_WFTD) all show a decreasing trend. The reasons for these trends
have been described above and will not be repeated here. Overall, the completely damaged
elements are about 30% of the damaged elements, which is consistent with the results in
the literature [53].

To further investigate the damage mechanism of 2.5D-THT-WR-WC under warp-
loading, the propagation process of each damage mode with different My, is specifically
analyzed in the following:

(i) From Fig. 21(c), it can be seen that when &/e;<0.75, the MD propagation process with

different M is similar, and the overall propagation rate is small. After the period, the
MD propagation with different My, is divided into two parts, the first part is the MD
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(ii)

(iii)
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when M > Stow/cm, which has a significantly higher propagation rate, and the second
part is the MD when Mg < 5tow/cm, which almost has a constant propagation rate. The
reason for this is that when the Mg < Stow/cm, there is no contact between adjacent
layers of binder yarns, and their inclination angle is smaller, which can share more
loads, thus leading to no significant increase in the MD propagation rate. For similar
reasons, the BITD (see Fig. 21(h)) also exhibits similar propagation patterns.

From Fig. 21(d), it can be seen that the WPLD propagation with different My can
be categorized into three stages. When &/e;<0.75, the relationship between My and
damage propagation rate is basically irrelevant, and the overall propagation rate in
this stage is low. When 0.75 < &/e;< 0.9, the larger My is, the slower the damage
propagation is, and the overall propagation rate in this stage is rapidly increasing.
When e/e;> 0.9, the larger M is, the faster the damage propagation is, but the overall
propagation rate in this stage is decreasing.

From Fig. 21(e), it can be seen that the overall propagation rate of BILD decreases
with the increase of M, which is mainly due to the difference in the inclination angle
of the binder yarns resulting in their different load sharing. It is worth noting that
the BILD propagation at M= Stow/cm is slightly slower than that at M= 5.63tow/
cm, due to the fact that the adjacent layers of the binder yarns are touch each other
when Mp=5.63tow/cm, promoting the BILD propagation.

From Fig. 21(f), it can be seen that the overall propagation rate of WFLD decreases
with the increase of My, which is mainly due to the increase of load carried by the
binder yarns at high MF, resulting in the increase of shear load on the weft yarns.
For such reasons, similar propagation laws also exist for WPTD (see Fig. 21(g)) and
WFTD (see Fig. 21(1)).

To further explore the damage positions and their propagation mechanisms of
2.5D-THT-WR-WC under warp-loading, the damage propagation process of different com-
ponents when M= 66tow/cm is presented in Fig. 22, which is analyzed as follows:

®

(i)

(iii)

The initial MD positions are near the regions where the adjacent layers of the binder
yarns are squeezed each other, and then the MD extends to the regions near the warp
yarns on both sides. As loading continues, the MD of each part gradually forms a
penetration until the C_MD connects into a whole region and the material fails.
The initial WPLD appears in the part of the warp yarn close to the extruded area of
the adjacent layers of the binder yarns, and then gradually extends to the inside of
the warp yarn until the C_WPLD can penetrate into each other and the material loses
its load-bearing capacity. The initial WPTD appears almost simultaneously with the
WPLD, but the WPTD does not extend to the inside of the warp yarns, but only the
damage degree increases at their edge region.

The initial BILD appears at the curved-straight junctions of the binder yarn and
does not extend to the interior of the binder yarn, besides an increase in the damage
degree. The initial BITD appears at the extruded areas of the adjacent layers of the
binder yarns, then the BITD also develops at their curved-straight junctions, and both
parts of the BITD expand into the inner part of the binder yarns until the material
fails.
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Fig.22 Progressive damage propagation process of 2.5D-THT-WR-WC with M=6tow/cm under warp-
loading

Throughout the damage propagation process under warp-loading, the BITD and MD in
its vicinity appear firstly due to the stress concentration at the extrusion areas of adjacent
layers of the binder yarns, followed by the WPLD and WPTD. As loading proceeds, the
WPLD extends to the interior of the warp yarns, with the incidental extension of the MD
and the BITD, until the C_WPLD penetrates through the entire warp yarns, and the mate-
rial failure occurs.

6.5.2 Damage Process under Weft-Loading

Figure 23 illustrates the propagation process of different damaged elements under weft-
loading. Among them, Fig. 23(a and b) shows the comparison between the percentages
of damaged elements and complete damaged elements of each component with different
My at the failure stage. Figure 23(c-f) shows the specific propagation process of damaged
elements of MD, WPTD, BITD, and WFLD with different M. In general, the expansion
curves of each damaged element display a “slow-fast-slow” trend, which is similar to that
under weft-loading.

As shown in Fig. 23(a and b), the percentage of MD, WPTD, C_WPTD, and WFLD is
almost close to 100%; the percentage of C_MD and C_BITD increases and decreases with
the increase of My, respectively; and the percentage of C_WFLD almost unchanged with
the change of M. Obviously, the effect of My on the damage pattern under weft-loading is
relatively small, and it is only the slightly different stress concentration effects produced by
the binder yarns with different My, that lead to a slight difference in the percentage of dam-
age elements of each component. It should be noted that under weft-loading, the binder
yarn is in transverse tension, while under warp-loading, the binder yarn is in longitudinal
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Fig.23 Comparison of the percentage of different a damaged elements and b complete damaged elements
with different weft yarn arrangement densities; relationship between the percentage of different damaged
elements with the weft-loading process: ¢ MD, d WPTD, e BITD, and f WFLD

tension, so the stress concentration effect produced by the binder yarn under weft-loading
is much smaller than that under warp-loading.

To further investigate the damage mechanism of 2.5D-THT-WR-WC under weft-
loading, the propagation process of each damage mode with different My, is specifically
analyzed in the following:

®

(i)

(iii)

@iv)

From Fig. 23(c), it can be seen that when &/e;=0.55, MD at different M begin to
sprout and propagate rapidly, in which the higher the My, the greater the overall
damage propagation rate. It is worth noting that at M =35 tow/cm, the MD damage
propagation rate is significantly smaller than that in other conditions because stress
concentration effect of the binder yarns is more significant, resulting in the binder
yarns absorbing most of the strain energy, thus making a weaker MD. When , the
damage propagation rate of MD decreases until the material fails.

From Fig. 23(d), it can be seen that when &/e;=0.65, WPTD begins to sprout with
different Mg, and the larger the My, is, the larger the WPTD propagation rate is; when
ele;=0.8, the WPTD damage propagation rate decreases until the material fails. Dur-
ing the whole process, the load on the warp yarns is similar to the transverse tension
of unidirectional composites, so the contact area between the warp yarns and the
binder yarns determines the WPTD propagation rate, and the larger the contact area
is, the larger the WPTD propagation rate is.

From Fig. 23(e), it can be seen that the BITD propagation shows a complementary
trend with the MD propagation, which is mainly reflected in the fact that the BITD
propagation rate when Mp=5 tow/cm is significantly higher than the other condi-
tions, the reason for which has already been described above and will not be repeated
here.

From Fig. 23(f), it can be seen that the WFLD propagation rate is almost independent
of the M, and when e/e;=0.8, i.e. when the propagation rate of other damage modes
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begins to slow down, the percentage of WFLD elements undergoes an explosion,
which is characterized by brittle fracture.

To further explore the damage positions and their propagation mechanisms of
2.5D-THT-WR-WC under weft-loading, the damage propagation process of different com-
ponents when M= 6 6tow/cm is presented in Fig. 24, which is analyzed as follows:

(i) The initial MD positions are mainly distributed at the boundary between the warp
yarns and binder yarns, and then expand to the warp and weft directions simultane-
ously. As the loading continues, the damage degree increases until the C_MD forms
a continuous region at the boundary until material failure occurs.

(i) The initial WPTD sprouts near the extrusion areas of the adjacent layers of the binder
yarns, and then expands toward the interior of the warp yarns until the C_WPTD
penetrates through the entire warp yarn cross-section. Subsequently, the WPTD
continues to expand in the weft direction until the C_WPTD is connected throughout
the entire warp yarns.

(iii) The initial BITD also sprouts at the extrusion areas of the adjacent layers of the
binder yarns, and then extends to the inner part of the binder yarns, but does not
extend in the weft direction due to the constraining effect of the weft yarns.

(iv) The WFLD propagation exhibits a global character, i.e. almost all elements of the
weft yarn are damaged at the same time, and the damage degree increases simultane-
ously until the C_WFLD is penetrating through the entire weft yarns cross-section
and the material loses its load-carrying capacity.

Throughout the damage propagation process under weft-loading, the WPTD and its neigh-
boring regions of MD and BITD appear firstly due to the stress concentration at the extrusion
areas of the adjacent layers of the binder yarns. As the loading continues, these three damage
modes propagate until the weft yarns are difficult to carry alone, making the WFLD propa-
gate rapidly and the material failure occurs.

Under weft—loading (MF = 6 tow/cm)

i\ 3
'}ﬁﬁ

0.0 0.10.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig.24 Progressive damage propagation process of 2.5D-THT-WR-WC with Mp=6tow/cm under weft-
loading
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7 Conclusions

In this work, a new structure, 2.5D-THT-WR-WC, formed by the compounding of SCLS
structure and SSLS structure, is investigated. First, assumptions are made about different
yarn cross-sections and orientations, and on this basis, a variety of geometric relationships
for the yarn system of 2.5D-THT-WR-WC are discussed and expressions for the geometric
relationships are derived. Subsequently, considering the effect of weft yarn arrangement
density Mg on the mesoscopic structure of the yarn system, six unit-cell models with dif-
ferent mesoscopic features and their corresponding finite element models are established.
Lastly, the mechanical properties and failure mechanism of the material are analyzed by
combining the results of the warp/weft static-load experiments of the 2.5D-THT-WR-WC
specimens, and the following results with engineering value are obtained:

(i)  Under either warp-loading or weft-loading, the maximum prediction errors for modulus
and strength are 6.3% and 11.7%, respectively; there is good agreement between the
predicted and experimental stress-strain curves, especially under weft-loading; the
physical fracture is similar to the ultimate simulated damage morphology in many key
features, such as the damage position and damage degree of the warp yarns and binder
yarns. The consistency of these three comparisons demonstrates that the established
unit-cell model combined with the developed progressive damage model can effectively
predict the mechanical properties and failure behavior of 2.5D-THT-WR-WC.

(i) As Mg increases under warp-loading, both modulus and strength show a nonlinear
decreasing trend with decreasing variation rate, the overall stress level decreases under
the same load, and the nonlinearity of the stress-strain curves increases, which is mainly
attributed to the changes in the inclination angle of the binder yarns and the changes
in the extrusion effect between adjacent layers of the binder yarns.

(iii) As My increases under weft-loading, both modulus and strength increase linearly, the
overall stress level under the same load is almost constant, and the stress-strain curves
show the similar change trend, which is mainly attributed to the changes in the volume
percentage of the weft yarns and the weakening of the bundling effect of the binder yarns.

(iv) In the warp-loading damage process, due to the stress concentration at the extrusion
areas of adjacent layers of the binder yarns, BITD and MD in the nearby area appear
firstly, and then WPLD and WPTD begin to sprout, as well as the propagation of
WPLD into the interior of the warp yarns, with the incidental propagation of MD and
BITD, until the C_WPLD penetrates through the entire warp yarns, the failure of the
material occurs. Furthermore, as My increases, the damage degree of BITD increases,
while that of other damage modes decreases, owing to the increase in the inclination
angle of the binder yarn, which has a more obvious straightening effect during the
loading process.

(v) In the weft-loading damage process, since the stress concentration at the extrusion
areas of adjacent layers of the binder yarns, BITD and its nearby region of WPTD and
MD appear firstly, and then these three damage modes keep expanding until the weft
yarns are difficult to carry alone, the WFLD propagates rapidly, and the material failure
occurs. Moreover, as My increases, the damage degree of BITD decreases, while that
of other damage modes increases, owing to the increase in the inclination angle of the
binder yarn, which makes the bundling effect of the binder yarns with the weft yarns
more significant.
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In summary, the mechanical properties of 2.5D-THT-WR-WC are analyzed by con-
structing unit-cell models with different My in this work. It is worth noting that the con-
structed unit-cell model is only applicable to the resin-based materials formed using the
RTM process, but is not limited to the type of fiber reinforcement. In future, with the
increasing theoretical and engineering requirements, researchers can consider the changes
occurring in the molding process of 2.5D-THT-WR-WC, such as surface extrusion defor-
mation, internal porosity, etc., to establish a unit-cell model that is more consistent with
the actual material, and thus predict the mechanical behavior more accurately, based on the
present work.
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