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Abstract: The present work was to assess the effect of thermoelastic behavior on interface debonding and nanoparticulate fracture in 

AA1100/titanium nitride nanoparticulate metal matrix composites. TiN is used for making of artificial limbs, biological materials and 

cutting tools. The RVE models were used to analyze thermo-elastic behavior. The stiffness of AA1100/titanium nitride nanoparticle met-

al matrix composites decreased with the increase of temperature. The debonding of interface/interphase between AA1100 alloy matrix 

and TiN nanoparticle was observed at temperatures ranging from 0oC to 200oC. Fracture of TiN nanoparticulates was witnessed above 

200oC heating of the composites. 
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1. Introduction 
 
For metal matrix composites comprising of nanoparticulates 
and metal matrix, thermal stability is very vital to judge the 
fitness of these materials in various applications [1, 2]. For 
matrix materials, aluminum alloys are appreciated because of 
their low density and high ductility. However, they are defi-
cient in strength and stiffness. Several reinforcing materials 
were tested to improve strength and stiffness. Important na-
noparticulates are silicon carbide [3-6], alumina [7-9], alu-
mina trihydrate [10], carbon [11, 12], silicon nitride [13, 15], 
boron carbide [16], titanium boride [17-18], etc. 
 
Titanium nitride (TiN) has high hardness, high-temperature 
chemical stability and excellent thermal conductivity.  TiN is 
used for making of artificial limbs, biological materials and 
cutting tools. AA1100 alloy is having excellent forming cha-
racteristics. It is broadly employed for manufacturing of fin 
stock, heat exchanger fins and cooking utensils. The impor-
tance of the present work was to combine the forming cha-
racteristics of AA1100 alloy and chemical stability and 
thermal conductivity of TiN nanoparticles.  
 
The present work was to explore the effect of thermoelastic 
behavior on interfacial debonding and particulate fracture in 
the nanoparticulate TiN/AA1100 alloy matrix composites. 
Finite element analysis (FEA) was executed to assess ther-
moelastic behavior of metal matrix composites using repre-
sentative volume element (RVE) subjected to hydrostatic and 
isothermal loading. 
 
2. Material and Methods 
 
The shear lag model [19] has been used to describe the build 
up and transfer of particle stress, σp from the point where the 
particle enters the matrix to some point along the particle 
axis where the tensile stress has decayed to zero. Failure of 
the particle/matrix interface occurs when the interfacial shear 
strength, max, is reached. 
 

The shear lag distribution of strain, along a fully bonded par-
ticle can be described by [19] 
 

eapp = ep
sibh  n Le−x r   

sinH (ns )
            (1) 

 
where eapp is the strain acting on the particle outside the ma-
trix, ep is the particle strain at a distance x inside the matrix, 
Le is the embedded length, r is the particle radius and s is the 
particle aspect ratio (Le/r). The n parameter used in this paper 
is based on the parameter [14, 15]: 
 

n2 =
2

Ep Em
 

Ep Vp +Em Vm

Vm  4Gp   +1  2Gm    1 Vm  ln 1 Vp  −1− Vm 2    
      (2) 

 
where Ep and GP ate the particle elastic and shear moduli, Em 
and Gm are the elastic and shear moduli of the matrix. Vp is 
the particle volume fraction and Vm is the volume fraction of 
matrix. The corresponding interfacial stress,  at a distance x 
along the interface, is given by 

τ =
n

2
Epeapp

cosh  n Le−x r  

sinh  ns  
        (3) 

is a maximum at the crack plane (x = 0). Since both the inter-
facial shear stress and the stress acting on the particle, are a 
maximum at the crack-plane then failure should be expected 
to initiate from this point. When x = 0, the Eq. (3) becomes: 
 

τ =
n

2
Epep              (4) 

 
If the particle deforms in an elastic manner (according to 
Hooke’s law) then, 

τ =
n

2
σp              (5) 

where σp is the particle stress. If particle fracture occurs 
when the stress in the particle reaches its ultimate tensile 
strength, σp,uts, then setting the boundary condition at 

σp= σp, uts                (6) 
and substituting into Eq.(5) gives a relationship between the 
strength of the particle and the interfacial shear stress such 
that if 

σP,uts <
2τ
n

           (7) 
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Then the particle will fracture. Similarly if interfacial de-
bonding/yielding is considered to occur when the interfacial 
shear stress reaches its shear strength 

 = max                   (8) 
Then by substituting Eq. (8) into Eq.(5) a boundary condition 
for particle/matrix interfacial fracture can be established 
whereby, 

τmax <
nσp

2
                (9) 

This approach suggests that the outcome of a matrix crack 
impinging on an embedded particle depends on the balance 
between the particle strength and the shear strength of the 
interface. 
 
Surface tractions, or stresses acting on an internal datum 
plane, are typically decomposed into three mutually ortho-
gonal components. One component is normal to the surface 
and represents direct stress. The other two components are 
tangential to the surface and represent shear stresses. The 
definition of the tractions in terms of stresses is shown in 
figure 1. 
 

 
Figure 1: The 2-D free-body diagram with tractions and 

stress components 
 
A linear stress–strain relation [14-18] at the macro level can 
be formulated as follows: 

σ = Cε                            (10) 
where σ  is macro stress, and ε   represents macro total strain 
and C  and is macro stiffness matrix. For plane strain condi-
tions, the macro stress- macro strain relation [3-12] is as fol-
lows: 

 

σx   
σy   

τxy    
 =  

C11
    C12

    0

C21
    C22

    0

0 0 C33
    

 ×  

εx 
εy 

γ
xy
    

       (11) 

 
The interfacial tractions can be obtained by transforming the 
micro stresses at the interface as given in Eq. (3): 

t =  

tz

tn

tt

 = Tσ                      (12) 

where, T =  
0 0 0

cos2θ sin2θ 2sinθcosθ
−sinθcosθ sinθcosθ cos2θ − sin2θ

  

 
The matrix material was AA1100 alloy. The reinforcement 
nanoparticulate was TiN of average size 100nm. The proper-
ties of materials used in the present work are given in table 1. 
The volume fractions of TiN nanoparticles were 10% and 
30%. In this paper, a square RVE (figure 2) was prepared to 
understand the thermoelastic behavior AA1100/ TiN nano-
composites. The PLANE183 element was used in the matrix 
and the nanoparticle in the RVE models. The interphase be-

tween nanoparticle and matrix was discretized with 
CONTACT172 element [20]. Both isothermal and hydrostat-
ic pressure loads were applied at the same time on the RVE 
models. 
 
Table 1: Mechanical properties of AA1100 matrix and TiN 

nanoparticles 

Property AA1100 TiN 
Density, g/cc 2.71 5.22 
Elastic modulus, GPa 68.9 251 
Ultimate tensile strength, MPa 110 - 
Poisson’s ratio 0.33 0.25 
CTE, µm/m-oC 21.8 9.35 
Thermal Conductivity, W/m-K 220.0 110 
Specific heat, J/kg-K 904 1960 
Density, g/cc 2.71 5.22 
Elastic modulus, GPa 68.9 251 

 

 
Figure 2: The RVE model 

 
3. Results and Discussion 
 
The finite element analysis (FEA) was carried out at 0oC to 
300oC at constant hydrostatic pressure load applied on RVE 
models.  
 
3.1 Micromechanics of thermoelastic behavior 

 
The increase of temperature increased the strains along x- 
and y- directions of applied load (figure 3). The strains along 
the load direction (x) were higher than those along the trans-
verse direction (y) of the applied load. This was because of 
additive effect of elastic (tensile) and thermal strains along 
load direction; subtraction of elastic strains (compressive) 
from thermal strains along transverse direction [21].  
 

 
Figure 3: Influence of temperature on thermoelastic strain. 
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Figure 4: Raster images of strains induced in 

AA1100/10%TiN composites: (a) εx and (b) εy. 
 

 
Figure 5: Raster images of strains induced in 

AA1100/30%TiN composites: (a) εx and (b) εy. 
 
For composites having low volume fraction (10%) of TIN 
nanoparticles, the matrix AA1100 alloy had exposed to large 
strains along x-direction as the temperature changed from 
0oC to 300oC temperature as showed in figure 4a. The same 
kind of trend was observed along y-direction except at 0oC 

(figure 4b) wherein the nanoparticle (TiN) experienced high 
strains. For composites comprising high volume fraction 
(30%) of TiN nanoparticles, large strains were induced either 
in nanoparticles or at the interphase as the temperature in-
creased from 100oC to 300oC (figure 5). 
 

 
Figure 6: Influence of temperature on strength. 

 
The stresses induced in the composites increased with the 
increase of temperature as shown in figure 6. This indicates 
the softening of composites due to increase of temperature 
even though the hydrostatic pressure unchanged. The stress 
induced along x-direction was higher than that induced along 
y-direction of hydrostatic pressure loading.  
 

 
Figure 7: Raster images of stresses induced in AA1100/10% 

TiN composites. 
 
Figures 7 and 8 show raster images of stresses induced in the 
composites having 10% and 30% TiN nanoparticles. The 
stress was very high either in TiN nanoparticles or at the 
interphase. The AA1100 matrix experienced the low stress 
due to its high ductility. This indicates that the load was 
transferred matrix to nanoparticle as the temperature in-
creased from 0oC to 300oC. Different color bands across the 
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nanoparticles indicate the occurrence of local stress variation 
within them. 
 

 
Figure 8: Raster images of stresses induced in AA1100/30% 

TiN composites. 
 

 
Figure 9: Influence of temperature on elastic modulus: (a) 

Ex and (b) Ey. 
 

 
Figure 10: Influence of temperature on major Poisson’s ra-

tio. 
 
The tensile elastic modulus decreased with the increase of 
temperature (figure 9). The elastic modulus was higher along 
x-direction (load direction) than that along transverse (y) 

direction of hydrostatic loading. Even though strains devel-
oped along y-direction were low, the elastic modulus along 
y-direction was low owing to very low stress (numerator 
component of elastic modulus formula i.e. stress/strain) de-
veloped. The major Poisson’s ratio increased with increase 
of temperature (figure 10). Poisson's ratio is bounded by the 
ratio of Young's moduli E as mentioned in figure 10. 
 

 
Figure 11: Interfacial tractions due to tensile loading: (a) 

normal and (b) tangential. 
 

 
Figure 12: Influence of temperature on von Mises stress. 

 
3.2 Interfacial debonding and particulate fracture 

 
Figure 11 depicts the interfacial normal and tangential trac-
tions developed in the composites. The normal and tangential 
tractions were increased with the increase of temperature, but 
they decreased with the increase of volume fraction of TiN in 
the composites. Figures 12 and 13 express the von Mises 
stress induced in the composites. The von Mises stress in-
creased with the increase of temperature from 0oC to 300oC 
on account of increased softening. The interfacial debonding 
has occurred in the composites subjected to temperature in 
the range 0o to 200oC (figure 12). The shear stress to cause 
the interface debonding was lower than the stress induced in 
the TIN nanoparticulates below 200oC. But, the TiN particu-
late fracture was observed in the composites heated above 
200oC (figure 14). The particulate strength was lower than 
that of the interface above 200oC. This is owing to CTE 
(coefficient of thermal expansion) mismatch between TiN 
nanoparticulate and AA1100 alloy matrix. In all the compo-
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sites, the interphase was fractured. TiN nanoparticles were 
subjected to high stresses as illustrated in figure 14. The 
scanning electron microscope (SEM) images (figure 15) 
demonstrate the same kind of phenomenon in the composites 
comprising of 30% of TiN. The interface/interphase fracture 
(A) around the TiN nanoparticles was clearly observed. At 
300oC, narrow tear bands (B) were revealed in the TiN na-
noparticles. 

 

 
Figure 13: Raster images of von Mises stress of 

AA1100/TiN composites: (a) 10% TiNand (b) 30% TiN. 
 

 
Figure 14: Fracture criteria of: (a) particulate and (b) inter-

face. 

 
Figure 13: SEM images illustrating rupture of interphase (A) 

and stress or tear bands (B) in nanoparticles: (a) 100oC, (b) 
200oC   and (c) 300oC. 

 
4. Conclusions 
 
The thermoelastic strains and stresses induced in the 
AA1100/TiN composites were directly proportional to tem-
perature. The elastic moduli decreased with increase of tem-
perature. The debonding of interface/interphase between 
AA1100 alloy matrix and TiN nanoparticle was observed in 
the composites heated below 200oC. TiN nanoparticles were 
fractured when the composites were heated above 200oC. 
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