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Abstract: The present research intends to explore the progressive failure in the case of five-harness
SiCf/SiC satin-woven sheet composites consisting of twelve layers using a combination of numerical
and experimental methods. For derivation and characterization of the bending behavior, a three-
point bending procedure was used under conditions of atmospheric temperature. A charge-coupled
device (CCD) camera was used to monitor the initiation and evolution of the failures. Variations in
the strain fields were quantified following the digital image correlation (DIC) approach, whereas
the resultant failure markings were elucidated by conducting microscopic assessments. The 3D
finite element modeling (FEM) of the experiment was accomplished via ABAQUS/Explicit, thereby
reproducing the material performance. A 3D-modified theory of the Tsai-Wu failure initiation
was executed by exploiting the VUMAT subroutine. The evolutionary rule was used to study the
complementary failure. A cohesive zone element of the composite interlayer was utilized to mimic
the intra-deformation interfacial damage. The DIC-based experimental values of the strain fields
agreed favorably with the numerical computations and the strength value error was less than 10%.
An in-depth investigation was performed concerning the advantage of the 3D modeling approach to
study the applicability of the method for the foreseeable distribution of the complex field parameters
(e.g., progressive failure deposition and free edge effect) inside the critical specimen section.

Keywords: progressive damage; DIC; SiCf/SiC composite; bending test

1. Introduction

Satin weave silicon carbide fiber/silicon carbide (SiCf/SiC) composites play an impor-
tant part in the industries. These are better than metals in terms of lifecycles and mechanical
properties. In comparison, they are superior to traditional laminated composite structures
in terms of damage tolerance. These materials are characterized by varying loading con-
ditions, such as shock, vibration, and fatigue. Given the probable enhancements in the
strength and stiffness of composites through modification of the yarn structure, reinforce-
ment morphology, and volume faction, these materials offer developers a comparatively
large space for design to satisfy the specific usage requirements for specific applications.

Recently, woven composites have been well-received for their excellent mechanical
performance. Dalmaz [1–3] examined the mechanical performance of the C/SiC composite
via theoretical simulation plus experimentation. Wan [4] examined the applicability of
light-curable resin composites reinforced by glass fabrics in the orthotic settings. Hallal [5]
put forward the three-stage homogenization approach “3SHM” for the valid elasticity
assessment of woven composites. In the static loading scenario, Daggumati et al. [6]
accomplished local failure simulation for a satin-woven five-harness composite by utilizing
a meso-SFE model. The results demonstrated early failure at the weft yarn margins, whereas
during the later period, the damage was predicted by the free surface cells. Utilizing the
Murakami damage tensor, Zako et al. [7] exploited the constitutive principle, where the
anisotropic failure was taken into consideration. In the case of a four-directional 3D-
braided composite, Fang et al. [8] modeled the course of damage progression to observe
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the damage mode under the control of equivalent material displacement and fracture
energy. Huhne et al. [9] comparatively studied the constant versus continuous degradation
models for material constants. The results revealed that the results obtained using the latter
agreed well with the experimental results. Stereo-image correlation (SIC) was adopted for
evaluating the composite performance by conducting mechanical tests [10]. Experiments
in [11,12] explored various woven laminar composites loaded with quasi-static tension
to elucidate the failure mechanisms. Utilizing the SEM (scanning electron microscope),
Lisle et al. [13] probed into the damage evolution for a thin-woven laminar composite that
was loaded with tension. Such failure traits as the chief damage patterns and fiber cracks
of the samples were investigated. In the literature, experimental, analytical, and numerical
modeling techniques have been used to explore damage mechanisms in composites [14–18].

Extensive virtual support is possible for the design and realization of to-be-verified
large composite architectures under conditions of reinforced computational capacity. Thus,
through choreographed laboratory tests, high-fidelity numerical modeling technologies,
which can forecast different damage patterns and their interactions attributed to local 3D
layouts of stresses, should be developed to assess the structural intactness for the primary
engineered components of the composites. Compared to laboratory tests, major compound
components subjected to complicated operational loading conditions usually show more
sophisticated damage patterns, such as matrix cracking. There have been extensive reports
concerning the free edge effect in the laminar composites [19–21].

In recent decades, multiple failure theories for the prediction of damage initiation
have been proposed for various composites to identify complicated damage mechanisms.
Such theories of progressive damage have been reported by Tsai-Wu [22], Hashin [23,24],
Puch [25], as well as Chang-Chang [26], which have been used for predicting complicated
damage behavior under practical application situations.

To study the initiation of damage and its progression in satin-woven sheet composites,
the DIC approach was used. Meanwhile, the dynamic full-field strain contour lines were
formed. We performed a detailed microscopic examination of the fracture site to determine
the failure mode. To understand the behavior of the composite specimens under loading,
the 3D FE modeling was accomplished. The innovations of the paper mainly include: the
model was based on the 3D Tsai-Wu criterion within an appropriate damage evolution law,
where a VUMAT subroutine was exploited, the cohesive elements were used to model the
delamination between layers, and this work is helpful in practical applications, including
calculating the strength of composite materials and improving the preparation process
of composites.

2. Materials and Experiment
2.1. Processing of the 5-Harness 12-Layer SiCf/PyC/SiC Satin-Woven Sheet Composites

Fabrication of the pyrolytic carbon (PyC) interfaced SiCf/SiC composites was accomplished
via CVI (chemical vapor infiltration) and subsequent PIP (precursor infiltration pyrolysis).

In the first step, a 2D preform with approximately 30% fiber volume fractions was
prepared following the 2D paving procedure, where the continuous five-satin-weave SiC
fibers were utilized as the reinforcements.

Then, on the fiber surface of the preform, the C3H6 (propylene) was used to coat a
PyC interfacial film following the chemical vapor deposition (CVD) method at 850 ◦C.

The last step involved the PIP-based fabrication of the SiC matrix, where the diluent
was analytical-grade xylene, and the precursor was polycarbosilane. Following the vacuum
impregnation with polycarbosilane (PCS)/xylene buffer (50 wt.%), the preforms were
subjected to 1 h of pyrolysis at 1000 ◦C. Repeated impregnation–pyrolysis cycles were
performed until the gain of mass per cycle of densification was lower than 1%.

The specimens (39.9 mm L × 5.9 mm W × 2.9 mm T) used in the three-point bending
procedure were severed from a big SiCf/PyC/SiC sheet composite with warp and weft
lines aligned. The morphological description of the SiCf/PyC/SiC composite surfaces is
presented in Figure 1.
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Figure 1. The flowchart of the material preparation.

2.2. Experimental Setup and Procedure

A universal electronic tester was used to implement the three-point bending procedure
for the specimens (Figure 2). The tester was sufficiently qualified to provide accuracies of
0.1% for displacement control and 0.5% for force control. The rates of deformation loading
in the tension experimentation were 0.4 mm/min.

Figure 2. Experiment schematic.

The intra-experimental strain layout and displacement behavior of the SiCf/PyC/SiC
composites were studied. The specimen surface displacements and strain fields were
examined following the 2D DIC scheme. Before the experiments were conducted, the
surfaces of the specimens were sprayed with speckles. Subsequently, an imaging system
was deployed at the specimen front by making the spot surface perpendicular to the
camera’s optical axis (Figure 3).
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Figure 3. Strain measurement methods.

The photographing method was accomplished at a 1 Hz frequency using a CCD camera
(resolution: 2592 × 1944) with an industrial telephoto lens (focal length: 75 mm). The Vic-
2D 2009 program (Correlated Solutions, Irmo, SC, USA) was used for the experiments, and
the pre-deformation and post-deformation spot images were subjected to the DIC-based
evaluation process under subset and step sizes of 29 and 5 pixels, respectively.

3. Numerical Modeling
3.1. FE Model for Bending Test

As illustrated in Figure 4, for the five-harness SiCf/PyC/SiC satin-woven sheet com-
posites consisting of twelve layers, the three-point bending procedure was modeled using
3D FEA. The quasi-static simulations were executed via ABAQUS FEA under an explicit
scheme for temporal integration. The dimensions of the FE model were 39.9× 5.9× 2.9 mm.
The meshing of the laminates was accomplished using eight-node C3D8R solid elements
under conditions of hourglass control and reduced integration. The scant impact of the
initial thickness on the interfacial mechanical performance was studied. We mimicked
the failure behavior of the composite interface with the COH3D8 cohesive elements (zero
thickness). The optimum size was finalized as 0.2 mm during the meshing analysis after
considering the trade-off between computational duration and outcome accuracy. Eight-
node solid elements containing complete/simplified integration and hourglass control
were used.

Figure 4. The 3D FE model of the 3-point bending test for 5-harness satin weave composite plates
consisting of 12 layers.

Figure 4 shows the boundary situations in the case of the FE model, which can be
fixed through contact between the indenter under conditions of a constant speed and the
fixed-base mesh using a coarse mesh. It is restricted as a rigid body to promote computation
efficiency. Additionally, a smaller friction coefficient is taken into consideration to accelerate
the process of calculation convergence. The failure mechanical properties of the composite
were mimicked with the progressive failure model by following the 3D Tsai-Wu criterion.
The process of delamination on interfaces was mimicked through the modeling of the
cohesive zone.

3.2. Damage Model of the Satin Weave Composites

The satin weave composite fracture under conditions of bending load shows pseudo-
plasticity. This is accompanied by yarn breakage and interface delamination. Simultane-



Coatings 2022, 12, 780 5 of 16

ously, some damage mechanisms in satin weave composites are integrated. Usually, every
failure mechanism can be decomposed into the criterion of failure initiation and the law of
failure progression.

Insignificant differences were noted between the mechanical properties in-plane (X-
and Y-directions, as seen from Figure 5), and this could be attributed to the structural
properties of the composites. The thickness direction (Z-direction) properties differed
significantly from the in-plane properties.

Figure 5. Five-harness satin weave composites structure.

The stress components in every direction are considered in the 3D Tsai-Wu criterion, a
common scholarly practice for the damage description in the 3D interwoven composites.
The Tsai-Wu criterion can be used for defining the damage initiation of the composites
as follows:

FTsai = F1σ1 + F2σ2 + F3σ3 + F11σ2
1 + F22σ2

2 + F33σ2
3 + 2F12σ1σ2

+2F23σ2σ3 + 2F31σ3σ1 + F44σ2
4 + F55σ2

5 + F66σ2
6 = 1

, (1)

where F1 = 1/Zt − 1/Zc, F2 = 1/Xt − 1/Xc, F3 = 1/Yt − 1/Yc, F11 = 1/(ZtZc),
F22 = 1/(XtXc), F33 = 1/(YtYc), F44 = 1/(S23)

2, F55 = 1/(S13)
2, F66 = 1/(S12)

2,
F12 = − 1

2
√

F11F22, F23 = − 1
2
√

F22F33, and F31 = − 1
2
√

F33F11. To allow for the steady
simulations, we converted the stress, σi (i = 1, 2, 3, 4, 5, 6), in Formula (1) into strain, εi, in
accordance with the constitutive relationships, presented as follows:

σi = Cijε j (i, j = 1, 2, 3, 4, 5, 6) (2)

Regarding the orthotropic materials, the expression for the strain-based Tsai-Wu
criterion is as follows:

FTsai = F1(C11ε1 + C12ε2 + C13ε3) + F2(C21ε1 + C22ε2 + C23ε3)
+F3(C31ε1 + C32ε2 + C33ε3)+

F11(C11ε1 + C12ε2 + C13ε3)
2 + F22(C21ε1 + C22ε2 + C23ε3)

2

+F33(C31ε1 + C32ε2 + C33ε3)
2+

2F12(C11ε1 + C12ε2 + C13ε3)(C21ε1 + C22ε2 + C23ε3)
+2F23(C21ε1 + C22ε2 + C23ε3)(C31ε1 + C32ε2 + C33ε3)

+2F31(C31ε1 +C32ε2 + C33ε3)(C11ε1 + C12ε2 + C13ε3) + F44C2
44ε2

4 + F55C2
55ε2

5
+F66C2

66ε2
6 = 1

(3)

Equation (3) presents the exact expression for the criterion, an intricate formula. The
stress–strain correlations in the course of the strain-based Hashin criteria derivation can be
expressed as



Coatings 2022, 12, 780 6 of 16

σi = Cijε j(i, j = 1, 2, 3, 4, 5, 6). This is a simplified version. As a result, Equation (4)
can be written as follows:

FTsai = Fε
1ε1 + Fε

2ε2 + Fε
3ε3 + Fε

11ε2
1 + Fε

22ε2
2 + Fε

33ε2
3 + 2Fε

12ε1ε2 + 2Fε
23ε2ε3

+2Fε
31ε3ε1 + Fε

44ε2
4 + Fε

55ε2
5 + Fε

66ε2
6 = 1

, (4)


ε

y
1t =

Zy
t

Cy
11

, ε
y
1c =

Zy
c

Cy
11

ε
y
2t = ε

y
3t =

Xy
t

Cy
22

, ε
y
2c = ε

y
3t =

Xy
c

Cy
22

γ
y
ij =

Sy
ij

Gy
ij
(i, j = 1, 2, 3)

, (5)

where Fε
1 = 1/ε1t − 1/ε1c, Fε

2 = 1/ε2t − 1/ε2c, Fε
3 = 1/ε3t − 1/ε3c, Fε

11 = 1/(ε1tε1c),
Fε

22 = 1/(ε2tε2c), Fε
33 = 1/(ε3tε3c), Fε

44 = 1/(γ23)
2, Fε

55 = 1/(γ31)
2, Fε

66 = 1/(γ12)
2,

Fε
12 = − 1

2
√

Fε
11Fε

22, Fε
23 = − 1

2
√

Fε
22Fε

33, and Fε
31 = − 1

2
√

Fε
33Fε

11. Parameters ε1t, ε1c, ε2t, ε2c, ε3t,
ε3c, γ23, γ31, and γ12 are the damage strains for the interwoven composites, which are deriv-
able by Equation (5).

Equation (4) can generate similar results to Equation (3). The form is similar to the form
obtained using the Tsai-Wu criterion and in line with the stress value. Hence, Equation (4)
was used for the analysis.

The Tsai-Wu criterion cannot be used to differentiate between the failure modes,
increasing the difficulty of driving the damaged stiffness matrix. We have defined the three
damage mode factors expressed as M1, M2, and M3 for determining the failure mode. This
can be indicated as follows: 

M1 = Fε
1ε1 + Fε

11ε2
1

M2 = Fε
2ε2 + Fε

22ε2
2

M3 = Fε
3ε3 + Fε

33ε2
3

(6)

When Equation (4) is fulfilled (FTsai > 1), the damage pattern will be identified by
utilizing relevant parameters in Equation (6). As an example, in case the absolute M1 value
is the maximum of the three parameters, the failure direction of the material will be along X.
Besides, the damage variable can be acquired based on the exponential damage evolution
law (Table 1). In Table 1, Gc is the fracture energy of the braided composites.

Table 1. Damage model of the satin weave composites.

Damage Mode Maximum Damage
Mode Factor Murakami’s Damage Tensor

X-direction M1 = Fε
1ε1 + Fε

11ε2
1

d1 = 1− 1
FTsai

e−Ztε1 Lc(FTsai−1)/Gc (ε1 > 0) or
d1 = 1− 1

FTsai
e−Zcε1c Lc(FTsai −1)/Gc (ε1 < 0)

d2 = d3 = 0
.

Y-direction M2 = Fε
2ε2 + Fε

22ε2
2

d2 = 1− 1
FTsai

e−Xtε2t Lc(FTsai−1)/Gc (ε2 > 0) or
d2 = 1− 1

FTsai
e−Xcε2c Lc(FTsai −1)/Gc (ε2 < 0)

d1 = d3 = 0

Z-direction M3 = Fε
3ε3 + Fε

33ε2
3

d3 = 1− 1
FTsai

e−Ytε3t Lc(FTsai−1)/Gc (ε3 > 0) or
d3 = 1− 1

FTsai
e−Ycε3c Lc(FTsai−1)/Gc (ε3 < 0),
d1 = d2 = 0

.

The damaged stiffness matrix is deduced based on the Murakami damage model [27].
Murakami’s damage tensor, D, is expressed as follows:

D = ∑ dini ⊗ ni, (i = 1, 2, 3), (7)
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where di is the damage parameter and ni stands for a principal unit vector matching the
damage tensor. Subsequently, the valid stress tensor, σ, was incorporated. Meanwhile, the
variable linked to σ is as follows:

σ =
1
2

[
(I−D)−1 ·σ+σ · (I−D)−1

]
= M(D) : σ (8)

where I refers to the second-order unit tensor and M(D) denotes a fourth-order tensor,
which can be deduced in matrix form as follows:

M(D) = diag


1

1−d1
, 1

1−d2
, 1

1−d3
, (1−d1)+(1−d2)

2(1−d1)(1−d2)
,

(1−d3)+(1−d2)
2(1−d3)(1−d2)

, (1−d1)+(1−d3)
2(1−d1)(1−d3)

 (9)

In accordance with the Cordebois–Sidoroff hypothesis of energy, we express the
equivalence strain energy, Wd, for the failed material as shown below:

Wd =
1
2
(σ)T : C−1 : σ =

1
2

σT : MT(D) : C−1 : M(D) : σ =
1
2

σT : C−1
d : σ (10)

The damage stiffness matrix can be expressed as follows:

Cd = M−1(D) : C : MT,−1(D) (11)

As shown in the matrix form, Cd is expressed as follows:

Cd =



b2
1C11 b1b2C12 b1b3C13

b2
2C22 b2b3C23

b2
3C33

b23C44
sym b13C55

b12C66

, (12)

where b1 = 1− d1, b2 = 1− d2, b3 = 1− d3, b23 = (2(1− d2)(1− d3)/(2− d2 − d3))
2,

b13 = (2(1− d1)(1− d3)/(2− d1 − d3))
2, and b12 = (2(1− d1)(1− d2)/(2− d1 − d2))

2.
Through alteration of the damage parameters into those in Equation (12), a reduc-

tion of stiffness in the 3D interwoven composites is possible. The properties presented
in Tables 2 and 3 were used for modeling the behavior of the five-harness satin weave
SiCf/SiC composites used in the simulations.

Table 2. Mechanical properties of the SiCf/SiC composites [28].

EX (GPa) EY (GPa) EZ (GPa) vXY vXZ = vYZ GXY (GPz) GXZ = GYZ (GPz)

51.031 50.751 10.53 0.31 0.42 4.36 3.048

Table 3. Strength and damage data corresponding to the SiCf/SiC composites.

Strength XT (MPa) YT (MPa) SXY (MPa) SYZ (MPa)

[29] XC (MPa) YC (MPa) SXZ (MPa)
754 734 56 56
618 621 56

Damage [30] GXt = GYt (N/mm) GXc = GYc (N/mm) GZt (N/mm) GZc (N/mm)
8 1.5 0.632 0.306

3.3. The Traction–Separation Damage Law

The interface debonding in the five-harness satin weave composite plates is an im-
portant damage mode, and the interfacial simulation is accomplished with the cohesive
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element, whose failure behavior is elucidated often by the bilinear pattern (Figure 5). In
the model, there are three interfacial failure modes, with Mode N representing the tensile
failure, whereas Modes S and T represent the shear failure.

As presented in Figure 6, ti (i = N, S, T) denotes the traction stress, δi refers to the
separation displacement, while t0

i and δ0
i separately denote the initial damage stress and

displacement. These parameters are expressed as follows:

δ0
i =

t0
i

ki
(i = N, S, T), (13)

where ki indicates the stiffness of the interface in the i direction.

Figure 6. Delamination mode of the cohesive model.

In Figure 5, δ
f
i indicates the deformation for full debonding, whereas GC

i stands for
the fracture energy. The following equation can be obtained based on the definition of

GC
i =

∫ δ
f
i

0 tidδi:

δ
f
i =

2GC
i

ti
0

(i = N, S, T) (14)

When traction displacement, δi, reaches δ0
i , the damage propagates. The damage

variable can be expressed as follows:

din
i =

δ
f
i
(
δi − δ0

i
)

δi

(
δ

f
i − δ0

i

) , 0 6 din
i 6 1(i = N, S, T), (15)

where the superscript ‘in’ denotes the interface. The expression for the failed interfacial
constitutive model is shown below:

ti =
(

1− din
i

)
kiδi, δ0

i 6 δi 6 δ
f
i (i = N, S, T), (16)

where it is assumed that Mode N and Mode T share an identical stiffness coefficient, fracture
energy, as well as damage initiation [31]. Moreover, Mode N shares an identical stiffness
coefficient with the other two Modes, i.e., t0

S = t0
T , GC

S = GC
T and kS = kT = kN = K.
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Based on the above discussion, it can be hypothesized that the failure model is based on
a unitary mode. Under real scenarios, the mode of failure will probably be hybrid. Besides,
the expression for separation deformation of the combinatory mode, δm, is shown below:

δm =
√
〈δ1〉2 + δ2

2 + δ2
3 =

√
〈δ1〉2 + δ2

shear , (17)

where δshear refers to the norm of the vector defining the tangential relative displacement.
We can deduce the 〈·〉 operator as follows:

〈x〉 =
{

0, x 6 0
x, x > 0

(18)

The initial failure for the combinatory mode is validated by utilizing the criterion of
quadratic nominal stress. The expression is as follows:(

〈tN〉
t0

N

)2

+

(
〈tS〉
t0
S

)2

+

(
〈tT〉
t0
T

)2

= 1 (19)

By substituting Equations (14) and (17) into (19) and solving for δm, we obtain
Equation (20) as follows:

δ0
m =

δ0
Nδ0

shear

√
1+β2

(δ0
shear )

2
+(βδ0

shear )
2 , δN > 0

δ0
shear , δN 6 0

, (20)

where β indicates the ratio between the tensile and shear deformations (i.e., β = δshear/δN
and δ0

shear = δ0
S = δ0

T).

The failure deformation for the combinatory mode, δ
f
m, is expressed from the B-K criterion:

δ
f
m =


2

Kδ0
m

[
GC

N +
(
GC

S − GC
N
)( β2

1+β2

)η
]

, δN > 0√(
δ

f
S

)2
+
(

δ
f
T

)2
, δN 6 0

(21)

In addition, Equations (15) and (16) can separately serve as the governing equations
for the failure evolution and constitutive model of the combinatory mode (the i–tobm
modification of subscripts in these two equations is necessary).

Table 4 summarizes the material parameters used for the analysis.

Table 4. Interface properties of the five-harness SiCf/PyC/SiC satin weave composites [32].

t0
N (MPa) 45 t0

S = t0
T (MPa) 35

GC
N (N/mm) 0.3 GC

S = GC
T (N/mm) 1.0

Besides, the mass scaling factor was assigned as 103 by consulting [33], so that the
computation was more efficient while ensuring the accuracy.

3.4. Mesh Convergence Validation

Mesh quality is an essential factor in forecasting accuracy. The mesh was selected by
consulting the refinement analysis outcomes. The model’s normalized bending moduli of
elasticity were considered, and divided by the effective model moduli with an approxi-
mately 0.4 mm size of elements. The size of the elements was 0.4, 0.3, 0.2, and 0.15 mm,
respectively. Figure 7 shows the restricted changes (less than 2%) of the normalized mod-
uli for different meshes. The local diagrams exhibit the changes in the meshed models
with changes in the element size. No significant change in the trends and outcomes was
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found as the meshes were further refined. Consistent results were obtained. The computa-
tional duration increased significantly with a decrease in the mesh size. The element size
was finally set at 0.2 mm following a trade-off between the calculation accuracy and the
computational cost.

Figure 7. Normalized moduli and computing time as a function of element number.

4. Results and Discussion

In the following section, the failure mechanisms will be explored for the SiCf/PyC/SiC
satin weave composite plates. During the material behavior assessment, we utilized the
numerically and experimentally generated load–displacement graphs, damage variable
fields corresponding to the model, electron microscopic view of composite fracture, and
surface strain fields of the samples.

According to the experimental standard [34]. Figure 8 presents the load–deformation
graphs derived both numerically and experimentally. The curves were generated by
conducting the three-point bending tests with the SiCf/PyC/SiC composites. As the
constitutive law explained nonlinearity effects, the predictions based on the established
numerical model were favorably consistent with the outcomes of experimentation. Since
the composite material possesses outstanding mechanical properties, the sample could
bear the load at larger displacements. The nonlinearity in the woven material features the
relative reorientation of warp and weft lines. The PyC interface layer helps hinder the
development of main cracks, which are generated from the microcracks from the matrix.
The fiber fracture of the SiCf/SiC composite was observed, and the continuous evolution of
such damage subjected to loading stresses caused delamination. Such behavior is assumed
to be of the ‘ductile nonlinear’ type.

Figure 9 presents the SEM images of the SiCf/PyC/SiC composites. According to
Figure 9A, there exists an obvious PyC interface between the fibers and matrix, and no
obvious gap was observed between the two. In the load process of the composite, the
cracks originating from the current micropores of the composite material subsequently
formed large cracks. Due to the laminar structure on the PyC interface, the deflection
effect occurred on the cracks, and the cracks then expanded on the interface. Under these
conditions, a certain amount of strain energy was dissipated, and the formation of fiber
fracture was delayed. Figure 9B,C show that the fiber was obviously pulled out at the
fracture of the composite material, which indicates that fiber fracture is the main failure
mode of the material.
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Figure 8. Experimental and numerical force–displacement curves.

Figure 9. SEM images of the SiCf/PyC/SiC composites. (A) Interface, (B) fracture morphology, and
(C) fiber pulling out.

The extraction of the strain distributions on the surface of specimens was completed
using the recorded images. Figure 10 presents the full-field εxx, εyy, and εxy strain contours
subjected to forces of magnitude 135, 181, 227, 272, 323, 280, and 64 N. These correspond
to letters a–g, as seen in Figure 8. Figure 10 presents the regular change in the strain
distributions on the satin-woven composite surface. Since the value of εxx exceeds that of
εyy and εxy in strain distribution acquired by DIC, x-directional tensile damage dominates
the damage mode in the specimen. For composites under the damage extension mode,
the x-directional tensile strain at the bottom of the specimen propagated rapidly until
complete failure of the material was achieved. Microcracks appeared and propagated on
the composite surface, and this can be attributed to the low-strength and high matrix strain,
as displayed in Figure 10. The cracks of the matrix also indicate the yarn micro-failure of the
composites. Affected by reduced load capacity in failed yarns and transfer of loads to the
neighboring matrix, the stress in the matrix was increased, initiating the formation of the
cracks. Under the load of approximately 270 N, the cracks occurred at different matrix sites
and then spread, resulting in the generation of a primary crack and sample fractures. As the
load intensified, a main crack was generated from minor cracks (nucleation of cracks). Fiber
fracturing should appear when stress approaches the strength. Under conditions of stress
less than 230 N, no significant cracks were found to form on the surface. In the presence of
the interface, the process of fiber damage proceeds over multiple steps instead of a sudden
fracture step. This results in the generation of pseudoplastic traits in the composites.
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Figure 10. Evolution of the full-field strains under the forces of 135, 181, 227, 272, 323, 280, and 64 N:
(A) εxx, (B) εyy, and (C) εxy.

Figure 11 presents the specimen surface distribution of εxx (SDV10 represents εxx).
This can be acquired from FE simulations. The lower side of the specimen was exposed
to tensile strain, and the upper side was exposed to compressive strain attributable to
the three-point bending mode associated with the composite. Based on the mappings,
large-area deformation on the material surface was determined. The results agree well
with the strain distribution determined following the DIC approach (Figure 10). Due to
the presence of the PyC interface layer, the strains on the specimen surface should be
centralized within a limited range. This suggests that a PyC interface characterized by
proper stiffness can limit deformation in a small scope. A satisfactory connection between
the tested and expected failure locations may be obtained.

Figure 11. The εxx on the sample surface.

Figure 12 presents the distribution of the damage mode factors on the sample surface
obtained from FE simulations (SDV8 represents damage mode factors). The damage mode
factors can determine the damage mode of the FE model during the loading process. The
lower and upper sides of the specimen were both reflected by the X-directional damage
model. The three-point bending rule can be applied to the sample. The mappings are
consistent with the strain distribution determined using the DIC approach (Figure 10). The
distribution of εxx on the sample surface is presented in Figure 11.
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Figure 12. Damage mode factors on the sample surface.

The distribution of the compressive and tensile composite failures on the specimen
is illustrated in Figure 13 (SDV1 and SDV2 represent tensile and compression damage).
Tensile damage was the predominant mode of material failure on the lower side, while
compressive damage was the predominant mode of failure on the upper side. The former
is ascribed to the tensile strain imposed primarily on the lower side, whereas the latter is
ascribed to the compressive strain imposed primarily on the upper portion of the specimen.
As evident from the local plots, during the crossing of varying layups, the degrees of
compressive and tensile damage significantly decreased. This can be attributed to the
certain impedance of damage propagation by the PyC interfacial layer. The minor cracks
(that caused fiber disruption) associated with the primary mechanism were deflected by
adequate interfacial strength. This pushed the major cracks backward, and the material
failure process was postponed, resulting in pseudoplasticity.

Figure 13. Distribution of the damage variable fields. (A) Tension damage and (B) compression damage.

According to Figure 14, due to the free edge effect, the damages of the interface first
appeared at the edge of the specimen. Subsequently, the interfacial damage continued to
progress until the interface delaminated. In the general stress state, the composite laminate
presents a certain free edge impact, which is usually denoted as the stress concentration.
This makes the delamination damage appear in the composite, the strength of which is
significantly lower than the service strength. This results in the early failure of the composite.
Consequently, the damage value of the interface at the free edge is the maximum under
these conditions. Nevertheless, the cracks were deflected due to the effect of the PyC
interface with the proper interface stiffness and strength. This can delay the process of
formation of the primary cracks. It can also enhance the damage tolerance of the specimens.
Thus, it was observed that the SiCf/PyC/SiC satin weave composite plates presented
specific pseudoplastic characteristics. Delamination was proven as the efficient toughening
mechanism in which the fracture energy can dissipate at the cost of cracking.
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Figure 14. Distribution of damage variable fields on the PyC interface.

5. Conclusions

In this three-point bending test-based study, we explored the failure behavior of five-
harness SiCf/PyC/SiC satin-woven sheet composites consisting of twelve layers using a
combination of numerical and experimental methods. For the interpretation of damage
initiation and progression in these composites, the DIC approach was adopted. Conclusions
were drawn as follows:

1. The three-point bending procedure was implemented on the five-harness satin-woven
SiCf/PyC/SiC composite for later application into the developed FE model. The
material behavior was mimicked based on the modified 3D Tsai-Wu theory that was
executed following the VUMAT subroutine. A favorable agreement was found be-
tween the simulation and experimental results in terms of both the load–deformation
graphs and the strain fields (the strength value error was less than 10%). Compared
with [35], the force–displacement curve of the composite became smoother as the
number of layers increased.

2. The duration of failure accumulation prior to the generation of full composite damage
was prolonged due to the presence of the PyC interface. This also prolonged the
duration of the material failure warning, enhanced the safety of composite application,
and broadened its application scope.

3. In an intricate stress state, a certain free edge effect was observed in the presence of
an interfacial layer. Even though different layers of the composite exhibited similar
mechanical performance, enrichment of stresses was also observed. Due to the effect
of the free edge, the composite will undergo delamination failure, and its bearing
potential will be compromised, resulting in premature composite damage.

4. Compared with the Hashin criterion in [35], the failure mode factors were more
accurately suggestive of the chief mode of composite damage in a 3D stress state. In
the case of the satin-woven composite studied here, the failure mechanism involved
fiber pulling out and matrix cracking.

5. Each layer of the five-harness, twelve-layer satin-woven composite material is consid-
ered homogeneous and anisotropic, so it was hard to obtain the effect of the meso-
structure on the composite; therefore, mesoscopic models can be further exploited to
quantify the effect.
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