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Abstract: In the present work, the AA1100-TiB2 metal matrix composites were manufactured at 10% and 30% volume fractions of TiB2.  The 

composites were wear tested at different levels of normal load, sliding speed and sliding distances. The microstructure of worn surfaces per-

taining to AA1100 alloy/ TiB2 composite reveals the detachment of TiB2 particles from the matrix. Power-law relationships were correlated 

with the results obtained from the Taguchi’s design of experimentation. 
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1. INTRODUCTION  

The aluminum-alloy-based metal matrix composites reinforced with ceramic particles are widely used in aerospace, military, 

and civil manufacturing industries, because of their high strength, modulus, wear resistance and fatigue resistance. The surface 

properties dictate the life span of components in several applications. A combination of high surface wear resistance and high 

toughness of the interior bulk material is required to prolong the life span [1-20].  In searching the literature for models and 

equations, over 300 equations were found for friction and wear. The controlling of wear should be considered cautiously on the 

basis of selecting the alloy composition, reinforcement and also the processing methods. The effect of process parameters and 

the addition of reinforcement on the dry sliding wear of the composites were investigated vastly and explained that incorpora-

tion of hard secondary constituent in the matrix significantly improves the wear resistance [21-27].  

 

The exposure on TiB2 particles reinforced aluminum composites was not that much in the present scenario. Accordingly, the 

current study was focused on the exploration on dry sliding wear behavior of the AA1100/ TiB2 composites through Taguchi’s 

statistical model [28, 29] and developing mathematical models to compute wear.  

2. MATERIALS METHODS 

AA1100 alloy/ TiB2 composites were fabricated by the stir casting process and low pressure casting technique with argon gas at 

3.0 bar. The reinforcement material was titanium boride (TiB2) nanoparticles of average size 100nm. The composite samples 

were given H18 heat treatment. The heat-treated samples were machined to get cylindrical specimens as per ASTM standards 

for the wear tests. The design of experiments for wear tests was carried out as per Taguchi techniques. The levels chosen for 

the controllable process parameters are summarized in Table 1. Each of the process parameters was deliberated at three levels.  

The orthogonal array, L9 (Table 2) was preferred to carry out experiments. A pin on disc type friction and wear monitor 

(ASTM G99) was employed to evaluate the friction and wear behavior of AA1100 alloy/TiB2 composites against hardened 

ground steel (En32) disc. 
Table 1: Control parameters and levels 

 
Factor Symbol Level–1 Level–2 Level–3 

Reinforcement, Vol.% A 10 20 30 

Load, N B 20 30 40 

Speed, m/s C 2 3 4 

Sliding distance, m D 500 1000 1500 

 

The microhardness was measured in terms of Knoop hardness number. The Knoop indenter is a diamond ground to pyramidal 

form that produces a diamond shaped indentation having approximate ratio between long and short diagonals of 7:1. The depth 

of indentation is about 1/30 of its length. When measuring the Knoop hardness, only the longest diagonal of the indentation 

was measured and this was used in the formula mentioned in Eq. (1) with the load used to calculate KHN.  The Knoop hard-

ness number KHN is the ratio of the load applied to the indenter, P (kgf) to the unrecovered projected area: 

 ��� = �
���            (1) 
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where, 

P = applied load in kgf 

L = measured length of long diagonal of indentation in mm 

C = 0.07028 = Constant of indenter relating projected area of the indentation to the square of the length of the long diagonal 

 
Table 2: Orthogonal array (L9) and control parameters 

 
Treat No. A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

 

The influence of sliding speed, contact time, normal pressure, and volume fraction of TiB2 on the wear rate was estimated. 

Scanning electron microscopy analysis was also carried out to find consequence of wear test AA1100/ TiB2 composite speci-

mens.  

 

Elastic modulus was estimated assuming the behavior of isotropic materials. The upper-bound equation is given by 

 
	

	�
= � ����/�

����/����
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        (2) 

 

The lower-bound equation is given by 

 
	

	�
= 1 + �����

� ����⁄ ���������/�
                                  (3) 

where, mp EEδ = . 

where, vv and vp are the volume fractions of voids/porosity and nanoparticles in the composite respectively and Em and Ep is 

elastic moduli of the matrix and the particle respectively. 

 

3. RESULTS AND DISCUSSION 

The stiffness and hardness properties of AA1100/TiB2 composites are shown in figure 1. The elastic stiffness and knoop hard-

ness were increased with volume fraction of TiB2. The effect of particle size and voids/porosity were not considered in the Rule 

of Mixture (ROM) criterion. The present criterion considers adhesion, formation of precipitates, particle size, agglomeration, 

voids/porosity, obstacles to the dislocation, and the interfacial reaction of the particle/matrix. The experimental results were 

within the upper and lower limits of the present model. 

 

 
 

Figure 1: Mechanical Properties of AA1100/TiB2 composites. 
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3.1 Effect of volume fraction, Normal Load, Sliding Speed, Sliding distance on Wear Rate 

For the analysis of variance (ANOVA), all parameters qualify Fisher’s test at 90% confidence level. In Table 3, the percent 

contribution indicates that the parameter A contributes 43.8% of variation in the wear rate. The normal load (B) adds 21.58% 

of variation in the wear rate. The speed (C) tenders 15.17% of variation in the wear rate. The sliding distance (D) presents 

19.45% of variation in the wear rate. All the parameters are significant in controlling the wear rate of AA1100/TiB2 compo-

sites. 
Table 3: ANOVA summary of the effective stress 

 

Source Sum 1 Sum 2 Sum 3 SS v V F P 

A 19.90000 17.74000 15.91000 2.65940 1 2.6594 1.87E+14 43.8 

B 16.34000 18.10000 19.11000 1.31007 1 1.3100667 9.22E+13 21.58 

C 18.28000 18.75000 16.52000 0.92127 1 0.9212667 6.48E+13 15.17 

D 17.21000 95.88053 53.55000 1.18087 1 1.1808667 8.31E+13 19.45 

e    0.00000 4 0.0000 1.00E+00 0 

T 71.73000 150.47053 105.09000 6.07160 8   100 

Note: SS is the sum of square, v is the degrees of freedom, V is the variance, F is the Fisher’s ratio, P is the percentage of contribution and T is the sum 

squares due to total variation. 

 

 
Figure 2: Influence of process parameters on wear rate. 

 

The wear rate was decreased with increase in volume fraction of TiB2 in AA1100 alloy matrix (figure 2a). This is owing to high 

hardness of TiB2 as compared to soft AA1100 alloy matrix. The wear rate was increased with load regardless of composition of 

the composites as shown in figure 2b. The wear rate was decreased with increase of sliding speed (figure 2c).  Increasing the 

sliding speed made it increasingly difficult for surface damage by plastic deformation. From figure 2d it is observed that the 

wear rate was increased with the sliding distance. As the sliding distance increases the time of contact between the surfaces 
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were also increased. Hence more volume loss will be there. The mathematical relations between wear and volume fraction of 

reinforcement, normal load, sliding speed and sliding distance are given by 

 

  !" = 5.817 × ()�*.          (4) 

 

  !) = 5.042 × .*.*/          (5) 

 

  !0 = 7.37 ×	��*.*          (6) 

 

  !3 = 5.769	 × 6*.*78          (7) 

where, 

Wrp is the wear rate due to vol.% of reinforcement (vf), g/m 

Wrf is the wear rate due to normal load (F), g/m 

Wrn is the wear rate due to speed (N), g/m 

Wrd is the wear rate sliding distance (d), g/m. 

 

The R-squared values, which are attributable to volume fraction of reinforcement, normal load, sliding speed and sliding dis-

tance, are 0.971, 0.940, 0.634 and 0.860, respectively. This trend is similar to the percent contributions of process parameters 

obtained from Taguchi techniques. The mean values obtained by the Taguchi techniques are within the range of curve fitting as 

seen in figure 3. Therefore, R-squared values represent not only the fitness of curve but also the strength of process variables. 

The accuracy of these models depends on the magnitude of penetration during wear tests. The wear depth was correlated with 

power-law relationship better than the linear one [30]. 
 

 
Figure 3: Harness of AA1100/ TiB2 composites after wear test. 

 

 
Figure 4: Images of worn surfaces of AA1100/TiB2 composites: (a) 10 vol.% TiB2 (b) 20 vol.% TiB2 and (c) 30 vol.% TiB2. 

 

3.2 Consequence of Wear in AA1100/TiB2 Composites 

The amount of metal loss depends upon the strength of the variables. It is necessary to distinguish the consequence of wear in 

AA1100/TiB2 composites. The hardness values increase after wear test as shown in figure 3. The increase in hardness in the 

worn specimens may be attributed to the strain hardening mainly due to influence of volume fraction of TiB2. The microstruc-
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tures of worn specimens are revealed in figure 4. In the composites having 10% TiB2, adhesive wear was found between surfac-

es during frictional contact and unwanted displacement and attachment of wear debris and matrix material from pin surface to 

disc surface due to plastic deformation. Abrasive wear was occurred in case of composites having 20% 0r 30%TiB2. The com-

mon analogy is that of material being removed or displaced by a plowing operation. When the reinforcement increased from 10 

to 30 vol.% the scratches were also increased due to dragging of detached TiB2 nanoparticles on the surface.   
 

3. CONCLUSION 
The mathematical models established in the present work can predict the same kind of trend as estimated by the Taguchi’s de-

sign of experiments. The abrasive wear was predominant in the composites having high volume fraction of TiB2. 
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