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ABSTRACT 

Thermal residual stress (TRS) in Al/ B4C particulate metal matrix composite is investigated 

using finite element micromechanical models. Thermal residual stress is calculated on the 

assumption of elastic plastic behavior for composites. Moreover, formation and distribution of 

RS are investigated. Results show that state of stresses are compressive within the matrix and 

have maximum value in the region neighboring particle. Results reveal that residual stress is high 

enough to yield aluminum matrix during fabrication process. It is illustrated that plastic 

deformation of the matrix initiates in the region neighboring the particle. Different shapes of 

particle are considered in the analysis i.e. cylindrical, cubic, and spherical. Largest zones of 

yielded matrix are related to the model containing cubic and cylindrical inclusion, respectively. 

 

Keywords: Al matrix composites; B4C nanoparticles; Micromechanics; Thermal residual stress. 

 

Corresponding Author: A. Alizadeh 

 

 

INTRODUCTION 

Metal matrix composites (MMCs) have recently found enormous applications in the aerospace, 

automotive and military industries, due to their high strength-to-density ratio and excellent wear 

resistances [1-4]. Main concern about MMCs is related to relatively high states of residual stress. 

During cooling down from manufacturing temperature to room temperature, due to mismatch 

between the coefficients of thermal expansion (CTE) of the matrix and particles, residual stresses 
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are produced that affect the mechanical behavior of MMCs [5, 6]. Micromechanical analysis 

provides better understanding of formation and distribution of TRS within the MMCs. Several 

parameters such as inclusion shape, particles volume fraction, cooling rate during manufacturing 

process, fabrication temperature affect TRS distribution in the MMCs. A spherical symmetric 

model was used by suery et al. [7] to calculate thermal residual stresses in Al/SiC particulate 

metal matrix composite. The analysis was carried out for different particulate volume fraction 

and the results revealed that residual stresses within the matrix increase by increasing particulate 

volume fraction. Hu and Weng [8] studied the effect of volume fraction and aspect ratio of the 

inclusion on TRS in SiC/Al metal matrix composites. Results revealed that for a higher 

temperature drop of -50°C plastic deformation will be generated in the matrix. Meijer et al. [9] 

studied the effects of inclusion shape on residual stress of Al2O3 particulate reinforced 6061 Al. 

results revealed that most of matrix yields during fabrication process. The micromechanical 

models are also used to determine stress-strain behavior of the composite. The effects of aspect 

ratio and particle volume fraction on TRS were investigated by Liu and Sun [10]. Their results 

showed that plastic flow is very difficult to occur in spherical inclusion. The abovementioned 

papers have presented valuable results regarding the TRS in MMCs however, a need is felt to 

investigate the formation and effects of different inclusion shape on TRS.  

In this paper formation and distribution of TRS in Al/ B4C metal matrix composites has been 

studied by using micromechanical models. The models consist of B4C nanoparticle surrounded 

by Al matrix. Three different shapes of inclusion are considered in the analysis; cylindrical, 

cubic and spherical. Micromechanical finite element models can also be developed to determine 

mechanical behavior of the composite in tension and compression. 

 

THEORETICAL ANALYSIS 

MATERIAL PROPERTIES 

The B4C inclusion was treated as an isotropic perfectly elastic material following the generalized 

Hooke’s law. The particle properties were based on commonly accepted values: E=460 GPa, 

ν=0.2, and α=4×10
-6

°C
-1 

[11, 12]. The mechanical and thermal properties of aluminum matrix 

are E=72.4 GPa, ν=0.3, and α=2.47×10
-5

° C
-1

. The Matrix behavior is assumed to be elastic-
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prefect plastic and follow the Von-mises criterion with a yield stress of 75 MPa. These properties 

of the composite constituents were assumed to be constant over the entire temperature range. 

 

FINITE ELEMENT MODEL AND BOUNDARY CONDITION 

In a typical particulate composite, particles are normally distributed randomly within the matrix. 

Considering this geometry of constituents, it is difficult to simulate the composite behavior. In 

order to implement a micromechanical approach, the composite should be idealized with regular 

distribution of particles. This idealization can be obtained with a regular array of identical 

particles distributed in homogeneous matrix. The unit cell/finite element analysis method has 

been used to investigate the development of residual stresses. The two-dimensional axisymmetric 

unit cell containing cylindrical shape inclusion and three-dimensional cube shaped unit cell 

containing spherical and cubic shape are used in the analysis. Finite element mesh is shown in 

Fig. 1. Two-dimensional axisymmetric (CAX4T) and three dimensional couple displacement and 

temperature elements (C3D8T) in ABAQUS STANDARD finite element code [13] are used to 

construct the geometry of the RVE.  

 

Fig 1: finite element model for different types of inclusion: a) cylindrical b) spherical c) cubic 

 

Due to stress concentration, greater mesh density is applied in the vicinity of particle/matrix 

interface. The appropriate periodic boundary conditions should be considered to keep edges of 
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the RVEs parallel to their primary position by using constraints for nodes on the different sides 

of the RVE to have equal displacement in their normal directions.  

RESULTS AND DISCUSSION 

Presented micromechanical models are used to investigate thermal residual stress in Al/B4C 

metal matrix composites. To consider the effects of thermal residual stresses model is cooled 

down from fabrication temperature 500ºC to room temperature 20ºC.  

For all cases FVF is 4%. First step is to study formation and distribution of residual stress in the 

MMC. Two-dimensional micromechanical model containing cylindrical inclusion is used in this 

step and the results are illustrated in Figs. 2 and 3. Cylindrical coordinate system is applied 

according to the shape of the micromechanical model. Due to axisymmetric condition, τrθ will 

not be generated in the model.  

  

Hoop stress, σθ Radial stress, σr 

 
Axial stress, σz 

Fig 2: residual stress distribution in Aluminum matrix for cylindrical shape of inclusion (unit: 

MPa). 
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The maximum component is related to radial stress which is -136.1MPa. Evidently, maximum 

value of the stresses is created in the region neighboring inclusion. During cooling down 

process due to lower coefficient of thermal expansion of the particle, large compressive stresses 

are created in this region. Maximum variation of stress components related to axial stress which 

varies from +70.1 MPa to 131.5MPa. Formation of the local residual stress at point M during 

cooling down step is shown in Fig. 3.   

 

 

Fig 3: formation of thermal residual stress during cooling down from manufacturing temperature to room 

temperature 

  

As can be seen, decreasing temperature from manufacturing (500°C) to room temperature 

(20°C) residual stresses induce gradually. Maximum value of the stress components related to 

hoop stress. This component increases in an approximately linear manner during cooling down 

step. Decreasing temperature from 500°C to 300°C leads to linear increases of radial and axial 

stresses. At temperatures below 300°C there is no significant increase in these components.  
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The next step is studying the effect of inclusion shape on TRS. Due to high states of residual 

stress, plastic deformation is expected. During cooling down process plastic deformation of the 

matrix initiate at region near the inclusion and propagate within the matrix. Plastic deformation 

in the matrix for different shape of the inclusion is shown in Fig. 4.  

 

Fig 4: Equivalent strain distribution after a 480°C temperature drop in models containing: (a) cylindrical, 

(b) sphere and (c) cube inclusions. 
 

As can be seen, in all the cases most of the matrix is yielded. Results show the unit cell 

containing a cube and cylindrical inclusion have largest zones of yielded matrix, respectively.  

 

CONCLUSIONS 

Thermal residual stresses in Al/B4C metal matrix composite was studied by using 

micromechanical models. The models contain matrix and inclusion. Formation and distribution 

of RS was investigated. Results revealed maximum stress are compressive and induced in the 

region neighboring inclusion, this is the place which plastic deformation of the matrix initiate. 

Effect of inclusion shape was studied; Results showed inclusion shape have significant influence 

on plastic defamation of the matrix. Results suggest that the unit cell containing a cubic and 

cylindrical inclusion have largest zones of yielded matrix, respectively.  
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