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Abstract: The long-term periodicity and uncontrollable interface properties during the preparation
process for silicon carbide fiber reinforced silicon carbide-based composites (5iC¢/SiC CMC) make
it difficult to thoroughly investigate their mechanical damage behavior under complex loading
conditions. To delve deeper into the influence of the interface strength and toughness on the mechan-
ical response of microscopic representative volume element (RVE) models under complex loading
conditions, in this work, based on numerical simulation methods, a microscale representative volume
element (RVE) with periodic symmetric boundary conditions for the material is constructed. The
phase-field fracture theory and cohesive zone model are coupled to capture the brittle cracking of the
matrix and the debonding behavior at the fiber /matrix interface. Simulation analysis is conducted for
tensile, compressive, and shear loading as well as combined loading, and the validity of the model is
verified based on the Chamis theory. Further investigation is conducted into the mechanical response
behavior of the microscale RVE model under complex loading conditions in relation to the interface
strength and interface toughness. The results indicate that under uniaxial loading, increasing the
interface strength leads to a tighter bond between the fiber and matrix, suppressing crack initiation
and propagation, and significantly increasing the material’s fracture strength. However, compared to
the transverse compressive strength, increasing the interface strength does not continuously enhance
the strength under other loading conditions. Meanwhile, under the condition of strong interface
strength of 400 MPa, an increase in the interface toughness significantly increases the transverse
compressive strength of the material. When it increases from 2 J/m? to 20 J/m?, the transverse
compressive strength increases by 28.49%. Under biaxial combined loading, increasing the interface
strength significantly widens the failure envelope space under o»-773 combined loading; with the
transition from transverse compressive stress to tensile stress, the transverse shear strength shows a
trend of first increasing and then decreasing, and when the ratio of transverse shear displacement to
transverse tensile/compressive displacement is —1, it reaches the maximum. This study provides
strong numerical support for the investigation of the interface properties and mechanical behavior of
SiCy/SiC composites under complex loading conditions, offering important references for engineering

design and material performance optimization.
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1. Introduction

The continuous silicon carbide fiber-reinforced silicon carbide ceramic matrix compos-
ites (SiC¢/SiC CMC) possess the advantageous properties of SiC ceramics, including high
temperature resistance, corrosion resistance, oxidation resistance, and high specific strength.
Moreover, they effectively address the inherent brittleness and low toughness of pure ce-
ramic materials by exhibiting exceptional damage tolerance and impact resistance [1]. These
characteristics enable their widespread application in various fields, such as aerospace
thermal structure systems [2], high-speed aircraft thermal protection systems [3], and
high-speed braking [4]. Ceramic matrix composites are commonly manufactured through
weaving or winding processes to create fiber preforms. These preforms are subsequently
impregnated with a liquid precursor and cured to form composite preforms. Finally, the
ceramic matrix preforms undergo high-temperature pyrolysis, typically between 1000 °C
and 1200 °C, to attain the desired final material properties. However, the long period
required for preparation of the materials and the instability of the interface control limit
the in-depth understanding of their mechanical damage behavior under complex loads,
thereby affecting their further application and development. Introducing the concept of
symmetry as a means of simplified analysis can effectively assist us in understanding the
mechanical behavior inside the materials, improve the simulation efficiency, and thus better
guide the design and optimization of SiC¢/SiC CMCs.

In the field of composite materials, different interface bonding methods can lead to
different propagation paths of cracks [5]. Especially in ceramic matrix composites (CMCs),
the interface layer plays a crucial buffering role [6], effectively transferring loads from the
matrix to the fibers, thus playing a key role in the failure and fracture mechanisms of CMCs.
Researchers have conducted numerous significant experiments to explore the mechanical
properties of interface performance in the microstructure of ceramic matrix composites. For
example, Hu et al. [7] successfully prepared two toughened three-dimensional continuous
carbon fiber-reinforced ZrC-SiC composites by applying a PyC coating on the surface of the
carbon fibers as the interface between the fibers and matrix. The research results showed
that by introducing the PyC coating, the originally strong interface between the fibers and
matrix transformed into a weaker interface, allowing the fiber pull-out and bridging lengths
to exceed 50 um, which was more than twice that without the PyC coating, thus significantly
enhancing the fracture toughness of the composite material. Qin Lang et al. [8] controlled
the formation of different thicknesses of pyrolytic carbon (PyC) interface layers on the
surface of T300 carbon fibers by adjusting the time of the chemical vapor infiltration (CVI)
process, thereby preparing three-dimensional carbon fiber-reinforced SiC composites. It
was found that both too low and too high a thickness of the PyC interface layer would result
in a decrease in the bending strength of 3D-C¢/SiC composite materials. Liu Haitao et al. [9]
improved the interface strength of carbon fiber-reinforced ceramic matrix composites by
vacuum heat treatment of Toray T300 carbon fibers to form in situ carbon coatings on
their surface, thereby enhancing the toughness of the composite materials. Although
these experimental methods can directly measure the mechanical properties of composite
materials, challenges such as the long cycle, high cost, and uncontrollability of the sample
performance pose significant challenges to the safety, convenience, and repeatability of
such experiments.

With the development of computer technology, numerical simulation techniques have
become a powerful tool to address the challenges of the long cycle and high cost in the
preparation of composite materials, making it more convenient and accurate to obtain
mechanical performance data of composite materials [10-12]. Researchers such as Wan Xi-
aopeng [13] constructed a micromechanical model of representative volume elements with
randomly arranged fibers using the random expansion algorithm, thereby predicting the
mechanical behavior and damage modes of unidirectional composite materials and explor-
ing the influence of the random fiber arrangement and interface strength on the transverse
compressive properties of the materials. Braginsky et al. [14] utilized the extended finite
element method to investigate the crack propagation and flexural behavior of ceramic ma-



Symmetry 2024, 16, 695

30f19

trix continuous fiber-reinforced composites with weak interface phases, analyzing how the
stiffness between the fibers, matrix, and interface, as well as the matrix/interface strength,
affect the crack initiation, flexure, and penetration of CMCs under different boundary
conditions. W. Tan et al. [15] established microscopic and mesoscopic models of unidirec-
tional resin-based composites through computer simulation, investigating the influence
of the interface properties of resin-based composites under different curing pressures on
their intra-layer and inter-layer shear failure. Danial et al. [16] examined how porosity
affects the transverse mechanical properties of unidirectional fiber-reinforced composite
materials and compared the failure trajectories of composite laminates under transverse
tension/compression and in-plane shear with the Puck failure criterion through microme-
chanical computational simulations. The findings demonstrated a significant decrease in
the strength of composite materials due to the presence of porosity. Feng Yajie et al. [17]
developed a micro-scale finite element model of SiC¢/SiC nuclear fuel cladding tubes and
performed mechanical performance simulations under transverse tension, compression,
and in-plane and out-of-plane shear. Despite the in-depth exploration of the mechanical
properties of composite materials at the microscopic scale through these finite element
numerical simulation techniques, there are relatively few research reports on the interface
properties of such materials and their deep-level damage evolution mechanisms.

In the study of the micromechanical behavior of SiC¢/SiC ceramic matrix composites
(CMCs), scholars have conducted in-depth explorations using methods such as mechanical
experiments, microscopic structure characterization, and finite element numerical simula-
tion, providing a theoretical basis for the structural design and application optimization
of CMCs. Nevertheless, research on the interface strength and toughness of the materials
remains relatively insufficient. Traditional experimental methods face challenges such as
the long cycles and unstable performance. These challenges limit the possibility of in-depth
analysis of complex failure mechanisms, thereby hindering the further development and
optimization of SiC¢/SiC CMCs and their extended structures. Hence, this study employs
numerical simulation methods to construct representative volume element (RVE) models
considering the principle of symmetry at the microscopic scale. The objective is to effi-
ciently and accurately analyze the influence of the interface strength and toughness on
the mechanical response behavior of the model under various loads. This will uncover
the synergistic mechanisms and failure evolution laws among the material components,
aiming to offer effective theoretical guidance and design optimization solutions for the
application of 5iC¢/SiC CMCs in engineering practice.

2. Materials and Methods
2.1. Construction of Microscopic Representative Volume Element

Due to the occasional inability of experimental methods to achieve the desired level of
interface performance in CMCs, hindering subsequent research, this work aims to establish
representative volume elements (RVEs) at the microscale using numerical simulation meth-
ods to set the parameters of the interface performance, thereby achieving controllability of
the model interface performance and providing a research direction for subsequent work.

According to the research by J.R. Brockenbrough et al. [18], the square cross-section
RVE model exhibits an excellent stress—strain response under transverse loading, which
supports the small deformation assumption of the RVE model in this paper. Therefore, the
square cross-section RVE model is chosen in this paper. Along the thickness direction of the
RVE model along the fiber axis, F. Naya et al. [19] used an RVE model with a thickness of
0.5 um to predict the mechanical properties of resin-based composites. Simulation results
showed that using this thickness can meet the requirements for calculating the transverse
mechanical properties of composite materials. Meanwhile, simulation experiments have
shown that the use of different thicknesses in the RVE model has little effect on the calcu-
lation results of the transverse properties because there is no deformation gradient along
the fiber axis direction during transverse loading. Therefore, in this paper, the thickness
direction of the RVE model is set to 0.5 pm, with the thickness direction being represented
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by a single element. Additionally, to enhance computational efficiency and ensure accuracy,
the cross-sectional dimensions of the RVE model in this study are set to 50 pm x 50 pm.

Thus, the discussion in this subsection is grounded on the framework of finite defor-
mation theory [20]. The RVE model, depicted in Figure 1a, comprises fiber and matrix
components, with the incorporation of the fiber /matrix interface. The fiber volume fraction
in the RVE model is set at 60%, with a fiber diameter of 10 um. The fiber /matrix interface
is represented by cohesive elements to exclude the influence of the interface strength. The
matrix is meshed using 8-node linear hexahedral elements (C3D8T), while the fibers are
meshed using 6-node linear wedge elements (C3D6). The interface between the fiber and
the matrix is meshed using 8-node 3-dimensional cohesive elements (COH3D8) to account
for the interface debonding effects. The converged finite element model comprises approx-
imately 11,145 solid elements, 1278 cohesive elements, and 15,274 nodes, representing a
sufficiently refined discretization. Additionally, the mesh size of the RVE model is set to
0.5, 0.7, and 1.0, and the convergence of the mesh is validated through simulations under
transverse tensile loading. Therefore, the grid size used in this article is 1.0 um, which
ensures convergence and high accuracy while further reducing the computational time cost
of the model.

( a ) | representative volume element composition ( b ) | Loading condition

Interfacial
strength

MPa

400/300/200

w@%

%

Interfacé Matrix Tension Compression
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Figure 1. Flow chart of the numerical simulation: (a) RVE model component composition; (b) four
loading conditions; and (c¢) parameter modification diagram.

Simultaneously, the fiber /matrix interface is considered a perfect interface, and the
RVE model is assumed to be free of porosity. Additionally, to characterize the overall
macroscopic properties of SiC¢/SiC composites using the RVE, the silicon carbide fibers
intersecting with the RVE boundary are cut along the boundary. The internal portion of
the boundary is retained, and the remaining portion is moved to the symmetric side to
ensure the periodicity [21] and symmetry of the model boundary. In numerical simulations,
the fiber is characterized by linear elasticity and isotropy, while the ceramic matrix is a
brittle material. After the model is constructed, the material parameters for each compo-
nent of SiC;/SiC composite materials are assigned. The specific parameters are listed in
Table 1. Meanwhile, based on the parameters in Figure 1, different interface strengths and
interface toughness are input for different loading conditions to explore their effects on
mechanical performance.
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Table 1. The mechanical parameters of the silicon carbide composite materials’ components [22-25].

Parameter Symbol Value
Young’s modulus of silicon carbide fibers Ef 380 GPa
Poisson’s ratio of silicon carbide fibers vf 0.17
Young’s modulus of silicon carbide matrix En 460 GPa
Poisson’s ratio of silicon carbide matrix Vi 0.21
Tensile strength of silicon carbide fibers 0'}: 2.8 GPa
Tensile strength of silicon carbide matrix ol 500 MPa
Compressive strength of silicon carbide matrix oS 4.2 GPa
Shear strength of silicon carbide matrix Tin 446.7 MPa
interfacial stiffness K 5 x 10° (N/mm)
Fracture toughness of silicon carbide matrix Gm 20]/m?

2.2. Periodic Symmetric Boundary Condition

In the structure of ceramic matrix composites, there are microscopic units known as
cells that can form the entire macroscopic structure solely through translation without any
rotation. The finite element method based on microscopic unit cells can yield stress—strain
distributions and damage characteristics at the microscopic level of the material. In the
microscopic mechanical analysis of composite materials, the RVE is a broader concept than
a unit cell. To represent a typical unit cell within the macroscopic composite material, an
RVE model should possess geometric periodic symmetry and satisfy the assumption of
small deformations [26,27].

Applying periodic symmetric boundary conditions [28] to the edges of the RVE model
ensures continuity and symmetry between adjacent unit cells, thus enabling the accurate
determination of the microscopic mechanical properties of the unit cell.

As shown in Figure 2, the periodic symmetric boundary conditions can be represented

— —
using displacement vectors related to the displacement U, and Us, as in Equations (1) and (2).

1(0,x3) — u (Lo, x3) = Us ey
1 (x2,0) — 14 (x2, Lo) = a3 ()

The combined uniaxial tension/compression along the x; axis and the plane shear out-

— —
of-plane are determined by Uy = (Ay, Ay3) and U3 = (u, u3) together, where the sign of A,
in the RVE model represents tension or compression, and A3 represents shear deformation.

A23

X A
L 2

Figure 2. Dimensions, loads and coordinate systems of the RVE model.

2.3. Ceramic Matrix Phase-Field Damage Model

Silicon carbide ceramics, being brittle materials, require a description of the crack
initiation and propagation during failure. Phase-field damage theory [29] achieves this by
introducing a scalar phase field (ranging from 0 to 1) to represent the extent of the fracture
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or damage from the intact to completely damaged states. This approach predicts the failure
process of the material and is often utilized to assess the overall extent of the material
degradation. This model can not only predict the failure of ceramic matrix composites but
also analyze the asymptotic evolution process of structural damage in concrete [30] and
organic glass [31].

The asymptotic phase-field damage method is founded upon Griffith’s thermody-
namic principles [32]. Griffith’s energy-based failure criterion can be expressed in vari-
ational form. Considering an arbitrary object I' with internal discontinuous boundaries
Q C IR"(n € [1,2,3]), the total potential energy of the object consists of strain energy ¥
and fracture energy G, as shown in Equation (3):

n(v) = /‘Y(e(ﬂ’))dVJrF/GCDS 3)

Q

where 1/ and & = (Vﬂ> + Vﬁ) /2, respectively, represent the displacement field and strain

field. The uncertainty surrounding the propagation of cracks in brittle materials hinders
the minimization of the Griffith’s energy functional in Equation (3) However, one can
introduce a continuously varying auxiliary phase-field variable ¢ to track the initiation
and propagation of cracks, regularizing sharp cracks inside the object into diffuse localized
bands with infinite support. ¢ is a damage parameter ranging from 0 to 1. It takes the value
of 0 in undamaged regions and 1 within the cracks, as illustrated in Figure 3.

s

Figure 3. Phase-field damage model: (a) internal sharp cracks; and (b) geometrically regularized cracks.

In accordance with continuum damage mechanics, the degradation function of the
strain energy ¥ is defined. This function g(¢) = (1 — ¢)* reduces the stiffness of the
material as the crack damage evolves and it possesses the following properties: when
¢ =0,¢=1;when ¢ =1, g =0. Therefore, the total potential energy can be reformulated as
Equation (4):

e (7,0) = [y ¥(e(%)) dV+/GC< IVoF )av @

QO

where “L” is the length scale parameter controlling the size of the fracture process region.

However, classical standard phase-field asymptotic damage models require pre-setting
the material’s characteristic crack length, treating it as a material property rather than a
numerical parameter. This renders the predictive results of the model susceptible to the
choice of the characteristic length value. Wu et al. [33-35] proposed a phase-field damage
model that does not rely on inputting characteristic crack length scales. In contrast to
existing phase-field damage models, this model requires only a small number of material
parameters to accurately describe the quasi-brittle/brittle fracture behavior of the object.
The model indicates that the crack length scale parameter, as a numerical factor, does
not impact the ultimate global response of the material but solely influences the visual
morphology of the crack. According to the work of Wu et al., the total potential energy of
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the phase-field damage model with insensitive crack length scale parameters is controlled
by the following two characteristic functions (5) and (6):

N 1-¢)° 4G,
) = g rme(_lp "~ L ®
.h2 .
Y(¢p, Ve, L) = 24’L¢ + w;rzv ¢ (6)

where E represents the modulus of the solid material, G, denotes the fracture energy of the
material (J/m?), and ¢ represents the cohesive strength.

2.4. Fiber/Matrix Cohesive Model

Modeling the fiber/matrix interface is a crucial component of establishing the micro-
scopic RVE model. Since Barenblatt [36] and Dugdale [37] proposed the cohesive zone
model (CZM) theory to address the problem of elastoplastic fracture in ductile metal materi-
als, scholars [38,39] have refined and developed this theory. Currently, this theory is widely
applied in the study of the damage mechanisms in composite materials. In this section, the
inherent CZM is applied to the debonding behavior at the fiber/matrix interface in CMCs.
The stiffness degradation of zero-thickness cohesive elements is utilized to simulate the
propagation of cracks at the fiber/matrix interface. When the interface is undamaged, the
traction-displacement response on both sides of the interface exhibits linearly increasing
behavior. The quadratic interaction criterion defines the form of the damage evolution at

the interface. It is defined as:
2 2 2
ty ts t
<t2 > <t2> <t2> 7

where t,, t;, and t;, represent the normal stress and the two shear stresses acting on the
interface, and ), 1Y, and #) are the corresponding strength values of the stress components.
When the state of the interface layer element results in the value on the left-hand side of
the equation being equal to 1, it is considered that damage has occurred at the interface.

3. Results and Discussion
3.1. Validation of the RVE Model Effectiveness

To validate the effectiveness of the RVE model in predicting the failure behavior of
ceramic matrix composites under load, comparisons are performed between the results
obtained from the Chamis formula [40] and those from the RVE model’s loading. The
predictions of the Chamis model for the tensile strength Y7, compressive strength Y,
longitudinal shear strength S1, and transverse shear strength S,3 of composite materials
are given by Equations (8), (9), (10) and (11), respectively:

Yr = 1—(@—%)(1—%)10% ®)
Y= 1—(@—%)(1—2)}0& ©)
512 = 1—(@—%)(1—2’;) T (10)

S» = S12 (11)

where the subscripts f and m denote the fiber and matrix, respectively, V is the fiber
volume fraction, E;; and Gy, represent the elastic modulus and shear modulus of the
matrix, Ef and Gf represent the elastic modulus and shear modulus of the fiber, and Uan,
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S, and T, represent the tensile strength, compressive strength, and shear strength of the
matrix, respectively.

In Tables 2 and 3, RVE-1, RVE-2, and RVE-3 represent RVE models with different
fiber distributions. The finite element method was utilized to predict the equivalent elastic
and strength properties of single-layer ceramic matrix composite RVE models with three
different fiber distributions. These results were then compared with the numerical an-
alytical solutions obtained from the Chamis model, and the outcomes are presented in
Tables 2 and 3. The results indicate that the random distribution of fibers has almost no
impact on the elastic properties but can lead to some differences in the strength. This is pri-
marily because changes in the fiber distribution alter the crack propagation paths, resulting
in differences in the final strength. In predicting the elastic properties, the RVE model is
nearly consistent with the Chamis model, with the errors within 5%. This indicates the relia-
bility of the RVE model in predicting the mechanical properties of single-layer composites.

Table 2. Comparison of the RVE model and Chamis model in the prediction of the elastic properties
of single-layer composites.

El (GPa) E2 (GPa) G12 (GPa) G23 (GPa) V12 023
Chamis model 420.000 395.504 167.906 167.906 0.186 0.178
RVE-1 412.247 404.780 172.078 170.923 0.184 0.184
RVE-2 412.578 404.905 172.105 171.021 0.184 0.184
RVE-3 412.875 404.897 172.101 171.010 0.184 0.184

Table 3. Comparison of the RVE model and Chamis model in the prediction of the strength properties
of single-layer composites.

Yr (MPa) Yc (MPa) S>3 (MPa) S12 (MPa)
Chamis model 518.379 4354.380 459.993 459.993
RVE-1 468.536 3584.020 426.844 427.388
RVE-2 465.612 3588.000 428.288 425.496
RVE-3 468.880 3589.940 427.060 426.856

In conclusion, the finite element RVE model established in this section can be utilized
for further studies on the mechanical properties of single-layer ceramic matrix composites
in subsequent sections.

3.2. Impact of Interfacial Strength on Mechanical Behavior under Uniaxial Loading

To investigate the influence of the interfacial strength on the failure behavior of UD-
CMCs, this investigation established six distinct groups of interfacial strengths through
numerical simulation techniques, namely, the perfect interface, 400 MPa, 300 MPa, 200 MPa,
100 MPa, and 50 MPa. Additionally, the UD-CMC RVE model underwent transverse
tension, compression, and transverse/longitudinal shear loading.

Figure 4a—f depict the numerical simulation stress—strain curves and damage strain
contours for the RVE models with different interfacial strengths under transverse tensile
and compressive loads. Under transverse tensile load, the stress—strain curve exhibits three
mechanical response phases: the linear elastic phase, the damage accumulation phase, and
the fracture failure phase. The three mechanical response stages derived from the numerical
simulations closely align with the damage and failure mechanisms observed in experiments
conducted by Liu et al. [41] for SiC;/SiC ceramic matrix composites. Comparing Figure 4a,d
leads to the conclusion that the interfacial strength does not affect the stress—strain response
trend of UD-CMCs, but the ultimate failure strength is influenced by the interfacial strength.
This aligns well with the research conducted by Pu et al. [42] on the influence of the
interfacial strength on the transverse tensile behavior of RVE models.
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Figure 4. The influence of different interface strengths on the transverse tensile and compressive
behavior of the RVE models.(a) Stress-strain curve of the model under lateral tension; (b) Failure
cloud map of 50MPa interface strength model under lateral tensile load (A: Initial destruction cloud
map; B: Final destruction cloud map); (c) The failure cloud map of the ideal interface strength model
under lateral tensile load (C: Final destruction cloud map); (d) Stress-strain curve of the model
under lateral compression; (e) Failure Cloud Map of 50MPa Interface Strength Model under Lateral
Compression Load (A: Initial destruction cloud map; B: Final destruction cloud map); (f) The failure
cloud map of the ideal interface strength model under lateral compressive load (C: Final destruction
cloud map).

Under transverse tensile loading, the failure contour of the 50 MPa weak interface
model exhibits multiple irregular fracture cracks; in contrast, the failure contour of the
perfect interface model displays a single through crack perpendicular to the direction of the
tensile loading. The stress—strain curve shown in Figure 4a and the failure map depicted
in Figure 4c demonstrate good alignment with the research findings of Peng et al. [43],
thus indicating consistency. Moreover, the transverse tensile strength of the 50 MPa weak
interface model decreased by 85.32% compared to that of the perfect interface model.
The primary reason for the aforementioned phenomenon is that the presence of a weak
interface acts as a defect in the ceramic matrix composites, accelerating the propagation
of microcracks. When a transverse tensile load is applied to the RVE model, the weaker
interface bond strength is the first to undergo debonding damage and failure. Conversely,
a stronger interface bond strength can effectively withstand the transverse tensile load,
thereby enhancing the material’s transverse tensile strength. Feng et al. [17] examined
the impact of weak interfaces on the material failure, damage, and crack propagation
in their investigation of the failure modes in unidirectional ceramic matrix composites
across diverse loading conditions. This study can provide literature validation for the
current research.

Under transverse compressive loading, the stress—strain curves all exhibit an approxi-
mately linear ascending process. When the transverse compressive strain reaches a certain
value, the transverse compressive stress suddenly drops vertically from its maximum
to 0 MPa, demonstrating the typical brittle failure mode of ceramic matrix composites.
The influence of different interfacial strengths on the mode of failure under transverse
compressive loading is manifested in the damage contour maps as variations in the angles
of fracture cracks: When the interface is perfect, the direction of the fracture cracks exhibits
a 45-degree failure angle relative to the direction of the transverse compressive loading,
whereas with a weak interface, the angle of the fracture cracks relative to the direction
of the transverse compressive loading is greater than 45 degrees. The aforementioned
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phenomenon arises because when ceramic matrix composites are subjected to transverse
compressive loading, the weak interfaces are compromised, resulting in fiber slippage
within the material. This causes the cracks to deflect, altering the crack propagation path
and subsequently affecting the angle of the cracks in the material. Wan et al. [13] exam-
ined the impact of the interface strength on the transverse compressive performance of
randomly arranged fiber configurations in RVE models. By comparing the stress—strain
curve and failure map derived from our RVE model under transverse compression loading
with Wan et al.’s research findings, we observed a significant alignment. This observation
underscores the reliability and applicability of the results presented in our study.

Figure 5a-h depict the stress—strain curves and damage strain cloud maps of single
cells under different interface strengths subjected to transverse shearing and longitudinal
shearing, respectively. It is apparent that as the interface strength gradually increases, the
relative growth rate of the transverse shearing strength progressively diminishes, with
values of 97.97%, 94.60%, 33.18%, 6.97%, and 0.66% in sequence. Similarly, the relative
growth rate of the longitudinal shearing strength also decreases gradually, with values of
97.76%, 96.86%, 40.55%, 15.20%, and 0.37% in sequence. The declining relative growth rates
of the transverse and longitudinal shearing strengths indicate that increasing the interface
strength does not sustainably enhance the transverse and longitudinal shearing strengths.
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Figure 5. The influence of different interface strengths on the transverse shearing and longitudinal
shearing of the RVE models. (a) Stress-strain curve of the model under transverse shearing; (b) Failure
cloud map of 50 MPa interface strength model under transverse shear load; (c) Failure cloud map
of 200 MPa interface strength model under transverse shear load; (d) Failure cloud map of ideal
interface strength model under transverse shear load; (e) Stress-strain curve of the model under
longitudinal shearing; (f) Failure cloud map of 50 MPa interface strength model under longitudinal
shear load; (g) Failure cloud map of 200 MPa interface strength model under longitudinal shear load;
(h) Failure cloud map of ideal interface strength model under longitudinal shear load.

From Figure 5a,e, it can be inferred that the RVE model exhibits earlier crack initiation
and crack propagation failure under weak interface conditions compared to strong interface
conditions. The stress—strain curve also enters the nonlinear response stage earlier. At an
interface strength of 50 MPa, the RVE model exhibits crack initiation at a transverse shearing
strain of 0.032%. In contrast, under an interface strength of 400 MPa, the RVE model shows
crack initiation at a transverse shearing strain of 0.24%. The difference in the shearing strain
at which crack initiation occurs between these two interface strength conditions is 7.5 times.
The main reason for the observed phenomenon is that when transverse/longitudinal
shearing loads are applied to the RVE model, the interface layer with weaker strength
experiences adhesive damage failure first, leading to crack initiation. Conversely, the
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interface layer with stronger strength can withstand transverse/longitudinal shearing
loads well, thus delaying the onset of crack initiation.

Figures 5b, 5c and 5d, respectively, depict the equivalent strain cloud maps of RVE
models with different fiber/matrix interface strengths under transverse shearing loads
when they experience final failure. Under weak interface conditions, the transverse shearing
section failure angle of the RVE model is greater than 45°, and multiple fracture cracks
are present. Under strong interface conditions, the transverse shearing section of the RVE
model exhibits a failure angle of 45°, with only one fracture crack penetrating the model.
From Figure 5f-h, it can be observed that the interface strength has little influence on
the final failure morphology of the RVE model under longitudinal shearing. Both weak
and strong interface conditions show an equivalent strain cloud map with a vertical crack
penetrating the model during the final longitudinal shearing failure, and the weak interface
model exhibits crack fracture positions and morphologies identical to those of the strong
interface model.

Zhou et al. [44] conducted a study on the mechanical response and damage evolution
process of microscale single-cell in-plane and out-of-plane shear in ceramic matrix compos-
ites. Their findings revealed a notable similarity in the equivalent stress—strain curves for
both in-plane and out-of-plane shear, along with comparable strengths. Our investigation
into the mechanical response and damage evolution of in-plane and out-of-plane shear
in ceramic matrix composite RVE models shows excellent consistency with Zhou et al.’s
research findings. This demonstrates that the simulation approach employed in this study
serves as a robust tool for studying the mechanical behavior of ceramic matrix composites
under both in-plane and out-of-plane shear.

3.3. Impact of Interfacial Toughness on Mechanical Behavior under Uniaxial Loading

To delve deeper into the impact of mesoscopic parameters on the failure characteristics
of UD-CMCs, this study developed three representative volume element (RVE) models
incorporating different interface toughness values (2 J/m?, 20 J/m?, and 200 ] /m?) across
five distinct groups of interface strengths (50 MPa, 100 MPa, 200 MPa, 300 MPa, and
400 MPa). The UD-CMCs were subjected to transverse uniaxial tension, transverse uniaxial
compression, transverse shear, and longitudinal shear loading conditions. The strength
at failure was then extracted, as depicted in Figure 6. The increase in the interfacial
fracture energy has a minimal impact on the transverse tensile, transverse shear, and
longitudinal shear failure strength of the ceramic matrix composite at a consistent interfacial
strength. The primary determinant of the mechanical strength in ceramic matrix composites
is the interface strength, making it crucial for the overall performance. Even a weak
interface with a strength of 50 MPa significantly influences the mechanical properties of
the composite more than a high toughness interface. Therefore, under the same interface
strength condition, increasing the interface toughness from low to high has nearly no effect
on the failure strength of the transverse tensile, transverse shear, and longitudinal shear of
the ceramic matrix composite.

Upon further analysis of Figure 6b, it becomes evident that the compressive strength
during failure under transverse compressive loading is significantly influenced by the
interface toughness. Under conditions of weak interfacial strength, increasing the interfacial
toughness has a minimal effect on the ultimate failure stress of transverse compression of
CMCS. In conditions of strong interface strength (300 MPa and 400 MPa), the transverse
compression strength increases significantly with the rise in the interface toughness from
27J/m? to 20 J/m?2. For instance, under the 400 MPa interface strength condition, when the
interface toughness increases from 2 J/m? to 20 J/m?, the compression strength increases
by 28.49%. However, with further increases in the interfacial toughness from 20 J/m? to
200 J/m?, the transverse compressive ultimate failure stress stabilizes. This observation
suggests that strong bonding at the fiber/matrix interface increases the sensitivity of
the ceramic matrix composite to changes in the interface toughness under transverse
compression loading.
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Figure 6. Effects of different interface toughness on the mechanical properties of the RVE model:
(a) transverse tension; (b) transverse compression; (c) transverse shear; and (d) longitudinal shear.

Figure 7 shows the equivalent strain cloud diagram of the RVE model under transverse
compressive loading at final failure, highlighting the influence of the interface toughness
for two different interfacial strength conditions (50 MPa and 400 MPa). From Figure 7a—c, it
is evident that increasing the interface toughness has no discernible effect on the damage
failure cloud diagram of the RVE model with a weak interface strength of 50 MPa under
transverse compressive loading. The failure cloud maps corresponding to all the surface
toughness values (2 J/m?, 20 J/m?, and 200 J/m?) exhibit similar damage morphology
characteristics, where the main crack direction aligns at approximately a 30° angle relative
to the direction of transverse loading. The observed phenomenon from the failure cloud
diagram perspective suggests that increasing the interface toughness has no effect on the
damage evolution process of transverse compression loading in the RVE model under weak
interface conditions. Under strong interface conditions, increasing the interface toughness
will indeed have an impact on the model’s failure strain cloud map under transverse
compressive loading. In the failure strain cloud map under low interface toughness, three
distinct failure cracks can be observed. These include an irregular-shaped main crack
running through the center of the model, with the direction of this main crack roughly
oriented at an angle of approximately 30° relative to the transverse loading direction. As
the interface toughness increases to 20 J/m? and 200 J/m?, the failure strain cloud map
undergoes changes; however, the morphology of the failure cloud maps corresponding
to 20 J/m? and 200 J/m? interface toughness is roughly similar. In the equivalent failure
strain cloud images for both 20 J/m? and 200 ] /m? interface toughness, two failure cracks
are observed. These include a regular-shaped main crack that does not traverse the model,
appearing consistently in the upper left corner of both cloud images at an approximate
angle of 45° with the transverse loading direction. Additionally, an irregular small crack is
present at the same position in the lower right corner of both cloud images. The observed
phenomenon from the perspective of the failure cloud diagram indicates that increasing the
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interface toughness has a significant impact on the damage evolution and failure process of
transverse compression loading in the RVE model with strong interface strength. However,
the impact is relatively small in the models with weak interface strength.
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Figure 7. The effect of interface toughness on the final equivalent strain cloud of the transverse
compression of the RVE models with different interface strengths: (a) 50 MPa, 79 =2]/ m?Z; (b) 50 MPa,
Tg =20 ]/m?; (c) 50 MPa, 7 = 200 J/m?; (d) 400 MPa, Ty = 2 J/m?; (e) 400 MPa, Ty = 20 ] /m?; and
(f) 400 MPa, T = 200 ] /m?.

3.4. The Impact of the Interfacial Strength on the Failure Envelope under Biaxial Loading

Due to challenges in controlling the interfaces, the failure behavior of UD-CMCs
is frequently studied by constructing a failure envelope. This involves extracting the
shear, tensile, or compressive stresses at the point of failure to characterize the material’s
behavior under different loading conditions. In this study, numerical simulations were
conducted under biaxial loading conditions involving transverse tension/compression
and transverse shear. The different loading modes were characterized by the ratio of
transverse shear displacement (Ap3) to transverse tension/compression displacement (A;),
where A; represents displacement with positive and negative signs. Specifically, when the
displacement corresponds to transverse tension, A; is positive; when the displacement
corresponds to transverse compression, A; is negative. The loading conditions were
defined based on the relative magnitudes and signs of these displacements, providing
distinct scenarios for evaluating the mechanical response and behavior of the material
under different biaxial loading configurations.

Figure 8 illustrates the equivalent strain contour map of the stress damage (02-723)
in a two-dimensional space under the condition where the ratio of transverse shear dis-
placement (e53) to transverse compression displacement (¢;) is y = —1. This contour map
represents different strengths of the fiber/matrix interface (50 MPa, 100 MPa, 200 MPa,
300 MPa, 400 MPa, and a perfect interface) in the RVE model. From Figure 8, it is apparent
that the failure strain cloud diagram of the weak interface model differs from that of the
strong interface model. Under biaxial loading (¢2-723) conditions in the weak interface
strength models, the fracture mode differs from pure transverse compression loading and
transverse shear fracture modes under load. Specifically, in the weak interface models
(50 MPa, 100 MPa, and 200 MPa), the model’s failure in the strain cloud diagram exhibits
cracks that propagate throughout the model, with the crack directions parallel to the load-
ing direction and transverse compression. The failure cloud image of the strong interface
models (300 MPa, 400 MPa, and perfect interface) exhibits similarities to the failure cloud
image observed under pure transverse compression loading. In these cases, the crack
direction shows an angle of approximately 45° with the direction of transverse compression
loading, and small cracks are visible at the edges of the model. This indicates consistent
fracture behavior under biaxial loading conditions for the models with strong interface
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strengths. Therefore, it can be concluded that under biaxial loading (0-7123) conditions
with strong interface strength, damage primarily occurs within the matrix under external
loading. This results in a damage model for strong interface strength that resembles pure
transverse shear, exhibiting the typical brittle shear failure characteristics.

i»l

—

200MPa

Ideal

300MPa interface—

X

Figure 8. The effect of different interface strengths on the failure strain cloud diagram of an RVE
model under combined transverse compression and shear loading: (a) joint loading mode; (b) 50 MPa;
(c) 100 MPa; (d) 200 MPa; (e) 300 MPa; (f) 400 MPa; and (g) perfect interface. The ratio of the transverse
shear displacement ¢;3 to the transverse compression displacement ¢, is defined by vy = ep3 /e = —1.

Figure 9 depicts the transverse shear displacement (e3) and the ratio of transverse
tensile displacement () with y = 1 under various strengths of the fiber/matrix interface
(50 MPa, 100 MPa, 200 MPa, 300 MPa, 400 MPa, and a perfect interface) in an RVE model.
The equivalent strain contour map of the stress damage (02-723) is shown in the space for
these different interface strength conditions. From the figure, it is evident that the failure
strain cloud diagram of the weak interface model (50 MPa, 100 MPa, and 200 MPa) differs
from that of the strong interface model. In the failure cloud images of the weak interface
models, several irregular cracks are observed.

2
4

100MPa 200MBe

300MPa ‘400MPa Ideal
~ interface

Figure 9. The effect of different interface strengths on the failure strain cloud diagram of an RVE
model under combined transverse tension and shear loading: (a) joint loading mode; (b) 50 MPa;
(c) 100 MPa; (d) 200 MPa; (e) 300 MPa; (f) 400 MPa; and (g) ideal interface. The ratio of the transverse
shear displacement ¢33 to the transverse compression displacement ¢, is defined by y = ep3/¢e5 = 1.

Under biaxial loading ¢,-T»3 in a model with weak interface strength, the fracture
characteristics and forms observed can be similar to those seen in a pure transverse tensile
loading scenario. In the failure cloud images of the strong interface models (300 MPa,
400 MPa, and perfect interface), a distinct fracture behavior is observed where only one
crack runs through the model. Importantly, the direction of this crack is perpendicular
to the direction of transverse tensile loading. Therefore, it can be concluded that under
biaxial loading o»-T73, the models characterized by a strong fiber /matrix interface bonding
strength exhibit a brittle fracture form. In contrast, the weak interfacial strength model
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exhibits a form of “pseudo-plasticity” attributed to the weak bond strength between the
fiber and matrix. In this scenario, the weak interface acts as a site for crack deflection
and energy dissipation within the material. The low bond strength allows for greater
deformation and energy absorption, leading to a more ductile response compared to the
models with stronger interfaces.

The 03-793 stress failure envelope is shown in Figure 10. The data points on the
envelope are the maximum strength of UD-CMCs under a biaxial load (transverse tension
or compression and transverse shear) when failure occurs, which is determined by the
ultimate failure stress of UD-CMCs under transverse tension or compression and transverse
shear loads at the same time. When the transverse tension or compression stress and the
transverse shear stress begin to decrease with the increase in the transverse tension or
compression displacement and the transverse shear displacement, this point is determined
as the data point on the envelope. The specific conditions for identifying these data
points occur when both the transverse tension or compression stress and the transverse
shear stress start to decrease as the transverse tension or compression displacement and
transverse shear displacement increase. This intersection, where stresses begin to decrease
under increasing displacement, signifies a critical point of failure for the material under
biaxial loading.
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Figure 10. Effect of different interfacial strengths on the failure envelope of the RVE model under
combined transverse tensile/compressive and transverse shear loading.

In the case where the abscissa value in Figure 10 exceeds zero, the transverse tensile
stress and transverse shear stress combine under biaxial loading conditions. Specifically,
when o, > 0, these stresses act synergistically to contribute to the material failure and
destruction. It is evident that as the interface strength increases gradually from 50 MPa
toward that of a perfect interface, the material’s failure envelope consistently approaches
that of the perfect interface. Specifically, when the interface strength reaches 400 MPa, the
failure envelope of the material closely aligns with that of the perfect interface, almost
coinciding. The transverse tensile strength and transverse shear strength of the composite
material approach equivalence within the range of interface strengths from 400 MPa up to a
perfect interface. This suggests that once the interface between the fiber and matrix achieves
a certain strength in the biaxial loading scenario of transverse tensile and transverse shear,
further enhancements in the transverse mechanical properties through increased interface
strength become unfeasible.

In Figure 10, the portion of the abscissa greater than zero represents biaxial loading
with both transverse tension and transverse shear. When o3 > 0, the combined effect of
the transverse tension and transverse shear causes material failure. It can be observed
that as the interface strength gradually increases from 50 MPa to the perfect interface, the
failure envelope of the material continuously approaches the failure envelope of the perfect
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interface. When the interface strength is 400 MPa and at the perfect interface, the two failure
envelopes almost coincide. The transverse tensile strength and transverse shear strength
of the composite material within the range of 400 MPa interface strength and the perfect
interface are nearly the same, indicating that when the interface strength between the fiber
and matrix reaches a certain level in the biaxial loading space of transverse tension and
transverse shear, it is not possible to further enhance the transverse mechanical properties
of the material by increasing the interface strength. In Figure 10, the portion of the abscissa
less than zero represents biaxial loading with both transverse compression and transverse
shear. When o, < 0, transverse compression loading suppresses transverse shear failure,
and the transverse shear stress at the material failure shows a trend of first increasing and
then decreasing as the transverse compression stress gradually increases. It can be observed
that with the increase in the interface strength, the failure envelope of UD-CMCs shows
a continuously diverging state. The values of the failure envelope at 400 MPa are much
smaller than those of the ideal failure envelope. This is mainly due to the dominance of the
strength generated by the friction effect of transverse compression in the failure envelope
of UD-CMCs under biaxial loading conditions of transverse compression and shear.

From Figure 10, it can be seen that as the interface strength gradually increases from
50 MPa to the perfect interface, the failure envelope ranges corresponding to each model
show a gradual expansion phenomenon, indicating that ceramic matrix composites un-
der strong interfaces have higher bearing capacity. Although the failure envelope spaces
covered by each failure envelope line vary in size, all the lines exhibit a trend of increas-
ing transverse shear stress followed by a decrease as the abscissa shifts from transverse
compression stress to transverse tension stress. Additionally, the lines demonstrate good
symmetry, and the transverse shear stress of each envelope line reaches its maximum
when the ratio of transverse shear displacement &3 to transverse tensile/compressive
displacement ¢; is —1.

4. Conclusions

The mechanical behavior of UD-CMCs under uniaxial and biaxial loading conditions
of tensile, compressive, and transverse/longitudinal shear, as influenced by the interface
strength, was analyzed using computational micromechanics methods. Accordingly, a
representative volume element (RVE) model with symmetric boundaries and random fiber
distribution was constructed, incorporating composite material interfaces, to investigate
the mechanical behavior of CMCs within a finite element framework while validating
the model’s effectiveness based on the Chamis theory. The main research findings are
as follows.

(1) By analyzing the influence of the interface strength on various loading conditions
of the RVE model, it was found that the interface strength significantly increases the
failure strength of the RVE model under multiple loads. However, compared to the
compressive strength, increasing the interface strength does not consistently increase the
strength under other loading conditions. Meanwhile, the increase in the interface strength
tightens the bonding between the fibers and matrix, thereby suppressing the generation
and propagation of cracks.

(2) By analyzing the effect of the interface toughness on various loading conditions of
the RVE model, it was found that under strong interface conditions (400 MPa), the interface
toughness significantly affects the transverse compressive strength of the material. As the
interface toughness increases from 2 J/ m? to 20 ]/ m?, the transverse compressive strength
shows an increase of 28.49%, while the angle between the cracks and the loading direction
changes from 30° to 45°. As the interface toughness continues to increase to 200 J/m?, the
growth plateaus, essentially stabilizing.

(3) Under biaxial combined loading, the increase in the interface strength significantly
widens the failure envelope range in the 0,-Tp3 stress space and can effectively predict the
failure behavior of UD-CMCs under combined stresses. As the transverse compressive
stress transitions to tensile stress, the transverse shear strength exhibits a trend of first
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increasing and then decreasing, and it reaches its maximum when the ratio of transverse
shear displacement to transverse tensile/compressive displacement is —1.

This paper examines the influence of the interfacial properties on the mechanical
behavior of ceramic matrix composites through the finite element method. However, it
does not consider the impact of the interfacial properties on the mechanical behavior of
ceramic matrix composites under high-temperature conditions. Given that ceramic matrix
composites are utilized as high-temperature-resistant structural and functional materi-
als, their interfaces undergo substantial alterations at extreme operating temperatures,
consequently affecting their mechanical response. The subsequent phase of this research
will entail investigating the interfacial properties of ceramic matrix composites under
high-temperature conditions.
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