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Fig. S1. Schematic procedures for processing the as-cast (AC) MEA, the primary phase recrystallization (PPR) 

MEA and the fully recrystallization (FR) MEA. 

 

 

Fig. S2. EDS analyses of worn surface after wear tests at 113 K of (a) the AC, (b) the PPR, and (c) the FR MEAs. 

 



 

Fig. S3. EDS analyses of counterbody after wear tests at 113 K with (a) the AC, (b) the PPR, and (c) the FR 

MEAs. 

 

1. Mechanical analysis of FEM 

The choice of an appropriate constitutive model is critical for accurate numerical 

simulation of composite behavior. In general, a constitutive model consists of two 

main components: a hardening law and a failure criterion. The hardening law 

describes the stress–strain relationship in the plastic regime, while the failure criterion 

defines damage evolution and predicts the onset of material failure. Different 

materials exhibit distinct mechanical responses under load, necessitating tailored 

constitutive models for each case. Accurate finite element simulations can only be 

achieved by selecting a constitutive model that captures the material’s behavior 

including damage. Therefore, a key aspect of this study is identifying suitable 

damage-inclusive constitutive models for both the composite material and the layer 

interfaces. 



In the description of the constitutive model, the elastic deformation phase is 

governed by Hooke’s Law. The plastic hardening phase, however, is more complex 

and can be described in various ways within ABAQUS. In this study, the Ludwik flow 

criterion is employed to characterize the plastic hardening behavior [5]: 
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where   is the flow stress, 
0  is the yield stress, 

p

  is the equivalent plastic 

strain, K  and n  is the hardening parameters. During the material hardening phase, 

plastic strain accumulates continuously. The ductile damage of the FCC matrix was 

taken into consideration, and the stiffness degradation rate was used to describe the 

damage evolution behavior of the matrix. A damage factor (0 1)D D   was 

introduced to express the decay process of the material, where 0 means no damage 

and 1 means a complete damage and failure. In this study, when the total accumulated 

strain reaches a critical value, as defined by Eq. (2), material damage initiates: 
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Other parameters of this model were approximately set as shown in Fig. S4. 

 



Fig. S4. Models and parameters for finite element simulations. The origin of the data selection can be found in 

[1-4]. 

In this study, element-based cohesive approach was adopted to predict the 

traction-separation behavior of the interface. The elastic phase of the cohesive model 

is linear elastic, while the stiffness degradation phase can adopt either linear or 

exponential forms. This study employs linear degradation to depicts the damage 

evolution process of the cohesive element, as shown in Fig. S5. The properties of the 

cohesive model are defined by the cohesive element stiffness k, maximum stress t, 

fracture energy G, and failure criteria. The tension-displacement relationship of the 

cohesive model is described by the following equations 
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In Eq. (3) and (4), 
n  represents the normal strain, 

n  denotes the normal crack 

opening displacement, 
s  is the shear strain, and 

s  is the shear crack opening 

displacement, with 
0T  being the initial thickness of the cohesive element. In Eq. (5), 

nnK and 
ssK represent the normal and shear stiffness, respectively, and t  is the 

stress tensor. 

 



 

Fig. S5. Traction-separation model. 

 

By introducing the damage variable 
1D  to express the damage evolution of the 

interface, the evolution of the damage variable in ABAQUS is expressed as: 
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where 
0

m  indicates the displacement as the damage initiates, 
f

m  means the 

displacement as the damage complete, and 
max

m  means the maximum displacement. 

 

 

 

 

 

 

 

 

  



 

 

Fig. S6. The references for Fig. 4(c) are indicated and listed below. It should be noted that due to the differences in 

test environment conditions, the comparison conducted here is an approximate assessment of the material's wear 

performance. 

 

 

 

 

 

 

 

 



 

Fig. S7. Stress Distribution (S/Mises) and damage of different samples in the FEM. 
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