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ARTICLE INFO ABSTRACT

The failure mechanisms of metal matrix composites (MMCs) under extreme environments

such as high temperature and high strain rates are key issues restricting their reliable
Keywords: application. This paper develops a thermo-mechanical-rate coupled phase field-cohesive zone
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model to simulate the synergistic failure behavior of their matrix and interface. By
introducing a temperature degree of freedom and rate-dependent functions, the model

achieves dynamic evolution of cohesive strength and fracture energy with temperature and
Thermo-mechanical

coupling
Rate-dependent damage

strain rate. The results show that the rate parameters (i and (. significantly affect the cohesive
strength and failure displacement, respectively, while the temperature parameters xr and ¢r
dominate the thermal softening effect and fracture energy degradation. Obvious competition
Failure mechanism among failure modes is observed under different working conditions: high strain rates
promote increased cohesive strength and particle fracture, while high temperatures lead to
strength softening and interface debonding dominance. This model provides an effective
analysis tool and theoretical basis for revealing the damage mechanisms of multiphase

materials under thermo-mechanical coupled loads.

1. Introduction

Metal Matrix Composites (MMCs) are widely used in high-end equipment fields such as aerospace, shipbuilding, and
wind power generation due to their high specific strength, good corrosion resistance, and excellent high-temperature
performance [1]. However, due to their multiphase heterogeneous microstructure, MMCs often exhibit various failure
modes during service, such as matrix cracking, reinforcement fracture, and interface debonding. These modes are often
coupled, significantly increasing the complexity of mechanical behavior prediction [2]. Traditional single failure models

struggle to comprehensively capture their damage evolution mechanisms. Therefore, developing numerical models that
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couple multiple physical fields and synergize multiple failure mechanisms is of great significance for enhancing the
reliability design and life prediction capabilities of MMCs.

In recent years, the combination of the Phase Field Method (PFM) and the Cohesive Zone Model (CZM) has proven
effective in simulating the entire process from microscopic damage initiation to macroscopic crack propagation [3].
However, most existing models are limited to room temperature and quasi-static conditions, seldom considering the
widespread strain rate effects and temperature influences present in actual working conditions. Therefore, this paper aims to
establish a thermo-mechanically coupled rate-dependent damage model, combining the ductile phase field method with
cohesive elements, to systematically study the multi-mode failure behavior of metal matrix composites under complex

loads.

2. Literature Review

Research on failure modeling of Metal Matrix Composites (MMCs) has gradually evolved from early
macroscopic phenomenological models to modern numerical methods based on microscopic physical
mechanisms. Despite significant progress, accurately capturing multiphase interface behavior,
thermo-mechanical-rate coupling effects, and the competition mechanisms among various failure modes
remains a challenge and focus of current research.

In early studies, Continuum Damage Mechanics (CDM) was widely used to simulate the progressive
failure process of composites. For instance, Ladeveze et al. [4] proposed an energy dissipation-based CDM
model that effectively predicted matrix cracking and fiber fracture in laminated composites. However, such
models often lack explicit interface characterization capabilities, making it difficult to accurately capture
interface debonding behavior. To address this, the eXtended Finite Element Method (XFEM) was
introduced to simulate discontinuous interfaces. The work of Belytschko et al. [5] showed that XFEM could
simulate crack growth without remeshing, but it still faces challenges in handling multiple crack interactions
and complex interface topologies.

To specifically address interface problems, the Cohesive Zone Model (CZM) has been widely used
since Needleman's pioneering work [6]. Traditional CZMs use traction-separation laws to describe interface
damage, but most are limited to room temperature and quasi-static conditions. In actual working conditions,
strain rate effects significantly influence interface mechanical behavior. In this regard, Rahul et al. [7]
developed a rate-dependent CZM. By introducing a strain rate sensitivity factor, they successfully predicted
the interface debonding process of composites under high strain rates. However, this model did not consider
the influence of temperature variation, limiting its application under thermomechanical loading conditions.

Regarding thermo-mechanical coupling modeling, Rousseau et al. [8] made significant contributions.
They proposed a temperature-dependent cohesive law, describing the weakening effect of temperature on
interface strength by introducing a thermal softening coefficient. Specifically, their study showed that the
interface strength of SiC/Ti composites decreased by 15-20% in the range of 200°C to 400°C. Similarly, Lin

et al. [9], by considering residual stresses caused by thermal expansion mismatch, found that thermal cycling
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loads significantly accelerate the accumulation of interface damage. However, these models mostly focus on
the interface behavior itself and fail to effectively couple with the damage evolution of the matrix.

On the other hand, the Phase Field Method (PFM) has recently shown unique advantages in simulating
complex crack paths. The phase field fracture model established by Miehe et al. [10] can naturally describe
crack initiation, branching, and merging without(pre-defining) the crack path. Borden et al. [11] further
extended it to dynamic fracture problems, successfully simulating crack propagation patterns under impact
loads. However, the standard phase field method has shortcomings in handling material interfaces,
especially when the interface strength differs significantly from the matrix properties.

Recently, researchers have begun exploring the combination of PFM and CZM to leverage their
respective advantages. Teichtmeister et al. [12] first achieved the coupling of the phase field method and the
cohesive zone model, enabling simultaneous simulation of matrix cracking and interface debonding. Guo et
al. [13] further developed a phase field-cohesive model considering ductile damage and verified its
effectiveness through comparison with experiments. However, most of these studies are still limited to
isothermal conditions and fail to fully consider the thermo-mechanical-rate multi-field coupling effects
present in actual service environments.

It is noteworthy that under high temperature and high strain rate conditions, material interface behavior
exhibits complex competition mechanisms. On one hand, increasing temperature leads to decreased interface
strength (thermal softening effect); on the other hand, increasing strain rate causes increased strength (strain
rate hardening effect). Accurately describing this coupling effect remains a gap in current research.
Furthermore, most existing models are insufficient in describing the interactions among multiple particle
reinforcements, especially when considering randomly distributed and morphologically diverse
reinforcements.

In summary, although existing research has made significant progress in MMC failure modeling, the
following limitations remain: (1) Lack of a unified framework to simultaneously describe the thermal-rate
dependent failure of the matrix and interface; (2) Most models fail to fully consider the influence of
temperature on fracture energy; (3) The interaction mechanisms between multiple particle reinforcements
and their impact on failure paths are still unclear; (4) Model parameters lack systematic experimental
calibration, especially under extreme environmental conditions. This work aims to address these
shortcomings by establishing a numerical model that comprehensively describes the failure behavior of

metal matrix composites under multi-field coupled conditions.

3. Research Methods
3.1 Thermo-Mechanically Coupled Cohesive Zone Model

A cohesive element has eight nodes, each with three degrees of freedom corresponding to the normal
and two tangential displacements. u =[ufl,uf ,ué] ,where i = 1, 2 ,..., 8, i represents the node number. To

establish a thermo-mechanically coupled CZM, an additional degree of freedom is introduced to describe the
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temperature effect , meaning each node has four degrees of freedom u=[ui,uf ,u;,T ‘1, where T is
temperature. Compared to previous CZMs, this study introduces a temperature degree of freedom based on
the traditional eight-node cohesive element, establishing an element form with four degrees of freedom
(three displacements, one temperature). Global and local displacements are transformed using an extended
rotation matrix R.

First, the relationship between global node displacements and local node displacements satisfies:

u=Ru (3-1)
The rotation matrix R is modified to:
n' n® n’ 0
e o
R= 3-2
st s s 0 (3-2)
0 0 0 1
The opening displacement can be obtained from the local node displacements, with the relationship:
A=Lu (3-3)
Where , A is the nodal opening displacement vector , and L = [-Ligas  lLig«glis the local

displacement-separation matrix.Thus, the global opening displacement Aof the cohesive element can be

written as:
A=NLRu (3-4)

Based on the above equations, the force vector of the cohesive element can still be written as:
1 pl
Felem = IO JO BTR Ttlocal Jdédn (3_5)

Where B = NL, and the superscript T denotes the transpose operation. Considering the free energy per unit

area Y(A, d) can be expressed as follows :
1 T-T
T(A,d):z(l—d_/)K_,Af exp[—KT T—fj (3-6)
ref

Where xris a temperature-dependent coefficient. The cohesive traction can be determined from the above
equation:

- _0¥(Ad)

T-T
] A :(l —dj )KjAj exp(—KT T—refj (3-7)
ref

Equation (3-7) shows the influence of temperature on the cohesive traction. When 7' = T, this equation
reduces to the traditional bilinear CZM. Furthermore, considering heat transfer in the cohesive zone, the heat

flux per unit area is:
qce = hceAT (3'8)

Where g.. is the heat flux per unit area crossing the cohesive element, and AT =T"—T" is the temperature

difference between the upper and lower surfaces of the cohesive element. 4. is the thermal conductivity of
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the cohesive element, composed of the bond conductivity 4>, the surface contact conductivity A<™

and the air conductivity A"

ce 2

expressed as follows :

n

bond contac air bond air <An > contac
h, =h)>" + B+ B =(1- d)h.™ +d, [hce R + A3 t(—An>j (3-9)

Note in Equation (3-9) that the contact conductivity and air conductivity only come into effect when the
cohesive element is damaged. Additionally, when the cohesive element is under tension, the damaged
surfaces are not in contact, so the contact conductivity does not appear; when under shear loading, the air
conductivity is not considered; the air conductivity 4" is generally taken as 2.0 W/(mm?K).

When materials are loaded under force in high-temperature environments, their stress decreases with
increasing temperature, and the failure strain/displacement also changes with temperature [14, 15].
Therefore, to more accurately characterize the mechanical response of materials, besides considering the
influence of temperature on stress, it is also necessary to consider the influence of temperature on failure
strain/displacement. This analysis helps to more comprehensively understand the failure behavior of

materials under high-temperature conditions.

3.2 Rate- and Temperature-Dependent Cohesive Zone Model

Based on previous CZMs, it is further extended to include strain rate and temperature effects. First,

from Equation (3-7), it is known that when damage initiation occurs, the cohesive traction equals the

cohesive strength t_jo , which can be written as:

_ T-T
1’ =(-d)K A exp (—K‘T T—refJ (3-10)
ref

Note that this equation explicitly describes the influence of temperature on cohesive strength. Related
research [16, 17] indicates that the fracture toughness of metallic materials decreases with increasing
temperature. Therefore, the rate- and temperature-dependent cohesive strength and critical fracture energy

can be further modified as:

(1-d; )K./AJ%XP(_KT %] E5 <y
ZIO (éce’T) — T re]fw (3_11)
(1-d)K jA](.)eXp(—KT —; el ][H fl(g'“’)] E€>¢E
ref
T-T
(GC )ref exp[_gT T = } éce < éref
G.(¢%.T) = * (3-12)

r-T, -.ce Lo -
(Gc)ref exp(_gT T ref][1+.f‘2(€ )} & >gref

ref



Where ¢ris a temperature-dependent coefficient. For convenience, this chapter takes f,(¢*)and f,(£%)as

two simple linear functions, rewritten as:

(1-d)K,Alexp [—KT ﬂj EC<E
— . ce ref
£°(6%,T) = i (3-13)
(1-d K, Alexp| —x; ; ref j{l +¢,In (S—ﬂ EC>E,
ref ref
T-T e -
(Gc )ref exp(_gT T = j S gref
G.(6%,T)= . ; (3-14)
— 1 & Lo -
(GC )ref exp(_gT Tref L j|:1 + gz ln [gj:| & >8ref

4. Research Results

The reference strain rate £ in this paper is selected as 1.0 s™'. Next, the rate- and temperature-dependent
CZM is implemented in ABAQUS/Explicit, and its characteristics are briefly illustrated through an element
test. First, a three-dimensional cohesive element is still used and subjected to a tensile test to explore the
influence of cohesive model parameters. In this example, it is assumed that the fracture energy, cohesive
strength, and cohesive stiffness are the same in the normal and tangential directions. The material properties

of the cohesive element are listed in Table 4-1 ['% 151 and the numerical simulation results are shown in

Figure 4-1.
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Figure 4-1 The impact of parameters on unit testing
From Figure 4-1(a), it can be seen that changes in the parameter C; affect the magnitude of the cohesive
strength; the larger its value, the greater the cohesive strength. Conversely, the larger the value of (,, the
larger the failure displacement. In Figure 4-1(b), as the value of kr increases, the cohesive strength gradually
decreases, meaning the thermal softening effect of temperature on cohesive strength becomes more
pronounced. A larger value of Gr results in a smaller failure displacement, indirectly reflecting the influence
of temperature on fracture energy. In summary, the strain rate and temperature-dependent parameters

determine the degree of strengthening or softening of the cohesive strength and fracture energy.
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Table 4-1 Material properties of the cohesive element!'4 1%

Continuum Element Cohesive Element

Elastic Modulus E=/ GPa 109 Density p/kg-m3 4430

Poisson's Ratio v 0.34 Fracture Energy(Ghetcsc)ret/ N-mm! 30
Density p/kg-m™ 4430 Cohesive Strength 7)., /MPa 1000
Specific Heat cr/J-(kg-K)! 611 Cohesive Stiffness Kns:/N-mm 1x10°

Thermal Conductivity ./ o
W-(mK)! 6.8 Bond Conductivity Avona/ W+(m-K)! 45
Contact Conductivity Acontact/ W-(m-K)! 100
Air Conductivity Aair/ W-(m-K)™! 2

Additionally, taking the rate and temperature-dependent parameters C;= 0.01, (= 0.005,xr = 0.05, ¢r=
0.1 as an example, the strain rate and temperature effect characteristics of the proposed model are elucidated.

The numerical results are shown in Figure 4-2.
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Figure 4-2 Thermo-mechanically coupled cohesive law

From Figure 4-2(a), it can be seen that as the strain rate increases, the cohesive strength also increases,
but the change in failure displacement is small. This result means that under these circumstances, the
influence of strain rate on fracture energy is minimal. However, in Figure 4-2(b), an increase in temperature
leads to a gradual decrease in cohesive strength and an increase in failure displacement, showing the
significant influence of temperature on both cohesive strength and fracture energy. Note that Figure 4-2(b)
shows numerical results at a strain rate of 1000 s™'. Overall, the current model can effectively characterize
interface failure behavior under different strain rate and temperature conditions. Figure 4-2(b) indicates that
temperature increase leads to decreased cohesive strength and increased failure displacement, suggesting
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that higher temperatures promote the early initiation and propagation of interface damage. This result is

consistent with the experimental phenomena reported in references [16, 17].

5. Summary and Outlook

This paper systematically studied the failure behavior of metal matrix composites under multi-field
loads by establishing a thermo-mechanical-rate coupled phase field-cohesive zone model. The model
successfully characterized the coupled effects of strain rate and temperature on cohesive strength and
fracture energy, revealing the cross-scale failure mechanism from microscopic damage initiation to
macroscopic crack propagation. The research results indicate that particle fracture dominates failure under
high strain rates, while high temperature significantly promotes interface debonding. The
thermo-mechanical coupling effect induces complex mixed-mode failure. This model provides an effective
numerical tool for understanding and predicting the failure behavior of composite materials in extreme
environments.

However, the current model parameters still rely on values from the literature, lacking direct
experimental calibration for high-temperature and high-strain-rate interface behavior, and also not
considering thermomechanical fatigue processes. The next steps will involve conducting dynamic
thermomechanical experiments combined with in-situ observations to calibrate key model parameters;
developing a fatigue damage submodel incorporating cyclic loading; and simultaneously combining
multi-scale computation and machine learning methods to achieve a full-chain design from microstructure
optimization to component performance prediction, significantly enhancing the service reliability of

composite materials in aerospace engines and high thermal load structures.
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