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Abstract: Aluminum−10% TiB master alloy was added in various proportions in 7178 Al alloy in order to examine the effect of TiB 
on grain refinement, wear and compressive deformation of the later one. Microstructural characterization reveals that TiB particles 
act as grain refiners for primary base alloy and result in globular dendrites. It was observed that the wear resistance and strength of 
the alloy decreased when the master alloy addition increased beyond 20%, even though the dendrites become much finer and almost 
spherical in nature. 
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1 Introduction 
 

Aluminum and its alloys have potential scope of 
applications in aerospace and automotive industry. 
However, a poor resistance to wear and compressive 
deformation is of serious concern for prolonging use of 
the component made of aluminum [1−5]. An important 
approach for improving wear resistance and high 
strength is to reinforce with ceramic particles such as SiC, 
Al2O3, TiB2 into the aluminum [6−12], which are termed 
as aluminum metal matrix composite. Among these, TiB 
has gained considerable importance because TiB2 is stiff, 
hard and does not react with aluminum to form reaction 
products at the interface of reinforcement and matrix. 
Grain structure is an important and readily observable 
feature in aluminum alloy casting. Grain refining is one 
of the predominant techniques in controlling the strength 
and toughness and also for subsequent secondary 
processing of castings. Grain refinement by addition of 
grain-refiners like titanium boride referred to as 
inoculation [13] is the most popular due to its simplicity. 
Several attempts have been made to produce TiB2 
particles in situ inside the melting which could act as 
grain refiner during solidification [14−16]. Sometimes a 
master alloy of Al−TiB is made and used subsequently 
for grain refining [17−21]. Grain refinement helps in 
improving metallurgical characteristics and mechanical 
properties of aluminum alloys. In this work, the effect of 

Al−TiB master alloy addition on the compressive and 
wear behavior of aluminum alloys was studied. 
 
2 Experimental 
 
2.1 Synthesis of composite 

The alloy was synthesized using stir-casting 
technique. Al−TiB master alloy containing 10% (mass 
fraction) TiB was used for grain refinement. 7178 alloy 
with nominal composition (mass fraction): Si 0.4%, Fe 
0.5%, Cu 1.75%, Mn 0.3%, Mg 2.5%, Cr 0.2%, Zn 6.3% 
was selected as the base material. In the process of 
synthesis, the 7178 alloy was heated to its molten state. 
Then Al−TiB master alloy in the form of small rods was 
added to the molten alloy and subsequently stirred (at 
melt temperature of 700 °C) well in order to distribute 
the TiB particles in the melt uniformly just prior to 
pouring in the mould. The melt was then poured in the 
preheated cast iron moulds to get castings in the form of 
cylinder (200 mm in length and 20 mm in diameter). 

All the synthesized alloys were characterized by 
scanning electron microscope (SEM) to find the size and 
distribution of TiB particles, the size and morphologies 
of dendrites. X-ray diffraction test was also carried out to 
confirm the presence of TiB phase in the cast alloys. 
 
2.2 Microstructural characterization 

The cast materials were microstructurally 
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characterized in terms of the grain size of matrix alloy, 
distribution of TiB particles and the interface between 
the particle and the matrix. For microstructural 
characterization, samples were cut from the cast 
cylinders, and then polished and etched using standard 
metallographic technique. The polished and etched 
samples were sputtered with gold prior to examining 
under SEM. 
 
2.3 Compressive deformation 

Compression tests of the alloys with varying 
composition of TiB were conducted using universal 
testing machine (Instron Model: 8801) at various strain 
rate (10−2−10 s−1) at room temperature. The faces of the 
cylindrical samples (10 mm in diameter and 15 mm in 
height) were polished and lubricated with molybdenum 
sulphide coating to reduce the friction between the 
specimen surface and compression test plates. The true 
stress—strain curves were analyzed for determination of 
different parameters. 
 
2.4 Sliding wear tests 

Sliding wear tests of the alloys with varying 
composition of TiB were conducted using a pin-on-disc 
machine by sliding a cylindrical pin specimen of length 
28 mm and diameter 8 mm against the surface of 
hardened steel disc under dry condition. The wear tests 
were carried out at a varying load of 19.6, 29.4 and 49 N, 
respectively, for a total sliding distance up to 2000 m. 
The disc surface is regularly and thoroughly cleaned with 
acetone prior to and after each test. The sliding speed 
was varied to 294, 441 and 588 r/min which correspond 
to linear speed of 2, 3 and 4 m/s, respectively. The 
friction force was monitored continuously from the 
digital display interfaced with the test apparatus. 
Coefficient of friction was computed from the recorded 
frictional force and applied load. The samples were 
weighed using an electronic balance up to 0.001 mg 
accuracy prior to and after each test. The mass loss 
during the wear test was converted into the wear rate 
(volume loss per unit sliding distance) and expressed in 
m3/m. 
 
3 Results and discussion 
 
3.1 Materials and microstructures 

The microstructures of the alloy modified with 
Al−TiB master alloy addition in various proportion (i.e. 
10%, 20%, 30%, 40%) are shown in Figs. 1(a), (b), (c) 
and (d), respectively. It is evident from these figures that 
grains are becoming finer and more spherical with 
increase in TiB content. It is further observed from  
Figs. 1(e) and (f) that relatively coarse TiB particles are 
within the grain body (Fig. 1(e)) and finer TiB particles 

along the grain boundaries (Fig. 1(f)). Figure 1(g) shows 
the sharp interface between TiB and matrix at the grain 
body. This demonstrates that the coarser TiB particles act 
as nucleating agent for solidification and finer particles 
shift towards the last freezing zone along with other 
intermetallic phases. These particles also resist the grain 
growth. Fine precipitates of AlTi are also within the 
grain boundary (as marked arrows in Fig. 1(h)) which is 
confirmed by XRD (Fig. 2). 

The X-ray diffraction patterns of 7178 alloy, 7178 
alloy+10% Al−TiB and 7178 alloy+30% Al−TiB are 
shown in Figs. 2(a), (b) and (c) respectively. It is evident 
from these figures that the diffraction pattern of 7178 
alloy without master alloy addition is significantly 
different from those of the alloy with master alloy 
addition. The virgin alloy shows the presence of several 
intermetallic phases like Mg2Zn3, Mg2Zn11and Al3Mg2. 
The peaks corresponding to these intermetallic phases 
become very weak while one mix master alloy with this 
virgin alloy. The peaks corresponding to Al and TiB 
become very prominent, while the peaks corresponding 
to Al3Ti, Mg2Zn3 and Mg2Zn11 become weaker (Figs. 2(b) 
and (c)). This clearly indicates the matrix alloy get 
diluted due to the addition of master alloy. The master 
alloy was received in the form of Al−TiB in which TiB 
content was 10%. As this was used at the end of melting 
(prior to casting) it did not get sufficient time for major 
chemical reaction. Only minor quantity of Al3Ti was 
formed. TiB remained almost unchanged.  These 
intermetallic phases are very fine and primarily 
distributed within the grain. 

The average grain (globular dendrite) size of the 
above mentioned alloys as a function of Al−TiB master 
alloy addition is shown in Fig. 3. The average grain size 
of the virgin alloy reduced considerably due to the 
addition of 10% Al−TiB master alloy. Further increase in 
Al−TiB master alloy reduced the grain size but at a 
slower rate. The grain size of the virgin alloy reduced 
from 140 μm to ~55 μm due to the addition of 10% 
Al−TiB master alloy. When the master alloy addition 
increased to 40%, the grain size became almost spherical 
and its size reduced to ~23 μm. The aspect ratio of grains 
was also calculated for different alloys and its variation 
with Al−TiB master alloy addition is shown in Fig. 4. It 
is noted that the aspect ratio also decreased considerably 
with increase in Al−TiB content. The aspect ratio of the 
alloy containing 20% or more master alloy was closed to 
1.0. 

The grain size reduced and became more and more 
spherical with increase in Al−TiB content. This is 
attributed to increase in nucleating sites and also to 
increased resistance against grain growth with increase in 
Al−TiB content. A fraction of TiB (especially coarser 
one) acts as nucleating agent. The rest (relatively finer 
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Fig. 1 Microstructures of alloys: (a) 10% Al−TiB alloy; (b) 20% Al−TiB alloy; (c) 30% Al−TiB alloy; (d) 40% Al−TiB alloy; (e) 
Showing coarser TiB particles; (f) Showing finer TiB particles; (g) Showing sharp interface between TiB and matrix; (h) Showing 
finer precipitates of AlTi 
 

one) is not effective as nucleating agent but provides 
resistance against grain growth. As a result, more 
significant reduction in grain size is noted. It is further 
noted that the coarser particles act as nucleating agent 
and the finer particles provide resistance to grain growth. 
One set of alloy was made using 40% Al−TiB master 
alloy where the virgin alloy chemistry was maintained, 
and the microstructure of this alloy is shown in Fig. 5. It 
is evident that the grain structure with and without 

control of virgin alloy chemistry is almost the same. 
 
3.2 True stress and true strain analysis 

The true stress—strain curve is determined from the 
recorded load displacement data using standard 
procedure. Typical true stress — strain curves for 
aluminum alloys with varying Al−TiB master alloy 
content at a strain rate of 10−2 s−1 are shown in Fig. 6. 
From these plots, the flow stress and yield stress were  
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Fig. 2 XRD patterns of 7178 alloy (a), 7178 alloy+10% 
Al−TiB (b) and 7178 alloy+30% Al−TiB (c) 
 

 
Fig. 3 Variation of grain size as function of Al−TiB master 
alloy addition 

 

 
Fig. 4 Variation of aspect ratio as function of Al−TiB master 
alloy addition 
 

 

Fig. 5 Microstructure of 40% Al−TiB master alloy where 
virgin alloy chemistry was maintained 
 
determined using standard methodology for all the alloys 
at different strain rates as given in Table 1. It could be 
noted from Fig. 6 that the flow curves do not show any 
sharp yield point irrespective of the alloy composition. It 
is further noted that the flow stress of alloys remains 
almost unchanged with increase in Al−TiB master alloy 
content up to 30%. But the yield stress decreases when 
the Al−TiB master alloy addition increases to 40% 
(Table 1). This is attributed to softening of matrix alloy 
due to dilution in alloy chemistry. During Al−TiB master 
alloy addition no attempt was made to maintain the 
matrix alloy chemistry. The master alloy contains about 
90% Al. Thus, with increase in Al−TiB addition, the 
matrix alloy composition gets more diluted. But, it is 
interesting to note that the flow stress of 40% Al−TiB 
added alloy with the maintenance of alloy chemistry is 
around 30% higher than that of the 7178 alloy (Table 1). 
It is further noted that the flow stress and yield stress of 
40% Al−TiB added alloy with maintenance of alloy 
chemistry are only 20% higher than those of the one 
without maintenance of alloy chemistry. It may be 
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Table 1 Yield stress, flow stress and fracture strain of different materials at different strain rates 

Flow stress at different strain, σf/MPa 
Material Strain rate/s−1 Yield stress, σY/MPa 

0.04 0.08 0.12 0.16 
Fracture strain, εf 

0.01 315 351 446 527  0.15 

0.10 306 351 446 527  0.16 

1.00 303 315 424 511 581 0.16 

Adding 10% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 301 335 433 517  0.16 

0.01 340 311 413 510 591 0.14 

0.10 328 334 438 528 609 0.18 

1.00 336 309 412 499 568 0.18 

Adding 20% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 330 341 442 528 609 0.22 

0.01 310 339 442 531 613 0.14 

0.10 308 338 435 523 604 0.23 

1.00 314 339 442 531 614 0.22 

Adding 30% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 312 338 441 530 613 0.21 

0.01 265 343 455 546 632 0.15 

0.10 282 304 414 506 588 0.21 

1.00 268 339 437 527 609 0.22 

Adding 40% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 280 284 389 479 565 0.26 

0.01 318 349 448 538 638 0.15 

0.10 322 314 409 496 575 0.14 

1.00 308 342 442 518 613 0.15 

Adding 40% Al−TiB 
(alloy chemistry 

checked) 
10.0 319 278 378 482 572 0.16 

 

 
Fig. 6 Variation of true stress vs true strain of alloys with 
varying alloy composition at strain rate of 0.01 s−1 

 
further noted that the flow stress of 40% Al−TiB added 
alloy is ~10% less than that of 20% Al−TiB added alloy 
without maintenance of alloy chemistry. This signifies 
that the addition of more TiB (generally >20%) is not 
advantageous. Almost similar kind of trend is noted at 
strain rate of 10−1, 1 and 10 s−1. 

The true stress—strain curve of Al alloy with 10% 
Al−TiB master alloy addition at different strain rates is 
shown in Fig. 7. It may be noted that the yield stress does  

 
Fig. 7 Variation of true stress vs true strain of 7178 alloy added 
with 10% Al−TiB master alloy at different strain rates 
 
not follow any specific trend with strain rate. It is 
observed that yield stress varies within 15% of variation 
and it could be considered that it is almost invariant to 
the strain rate. On overall observation, the stress varies in 
a narrow band with change in strain rate. The fracture 
strain marginally increases with increase in master alloy 
addition. It may be attributed to the softening of alloy 
due to reduction in alloying element and finer grain 
sizes. 
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3.3 Strain hardening exponent 
    The strain hardening exponent, elastic limit stress 
and plastic strengthening coefficient are measured from 
the ln σ vs ln ε plots (Fig. 8) using the methodology as 
described elsewhere [22] . 
 
σ=Kεn 

 
The measured values of strain hardening exponent 

(n) and plastic strengthening coefficient (K) from ln σ vs 
ln ε plots are reported in Table 2. Table 2 shows that the 
strain hardening exponent increases with increase in 
Al−TiB content. This is attributed to the fact that the 
matrix becomes more plastically constrained due to the 
presence of more TiB particles and Al3Ti precipitate. On 
the other hand, elastic stress limit decreases with increase 
in Al−TiB content. This is due to the dilution of matrix 
chemistry which makes the matrix softer. The plastic 
strengthening coefficient also increases marginally with 
increase in Al−TiB content. This is also due to the same 
reason as mentioned above. 
 
3.4 Strain rate sensitivity 

The strain rate sensitivity (m) was calculated from 
the slope of linear fit between ln σy and ln ε&  for 
different materials as shown in Fig. 9, where σy is the 
elastic limit stress and ε&  is the strain rate. The value of 

 

 
Fig. 8 Variation of ln σ vs ln ε of 7178 alloy added with 10% 
Al−TiB master alloy at different strain rates 
 

‘m’ was noted to be varying in the range −0.006 to 0.003. 
The effect of TiB addition on strain rate sensitivity is 
shown in Fig. 10. It is evident from this figure that the 
value of ‘m’ is least for 40% Al−TiB addition. 

It is evident from Tables 1 and 2 that the yield stress 
and elastic limit stress increase widely with increase in 
Al−TiB content and reach the maximum at 20% Al−TiB 
content. Further increase of Al−TiB content leads to 
reduction in elastic limit stress and flow stress. This is 

 
Table 2 Strain hardening exponent, strengthening coefficient and elastic limit stress for different materials at different strain rates 

Material Strain rate/s−1 Elastic limit stress, σe/MPa Strain hardening exponent, n Strengthening coefficient, K/MPa

0.01 288.00 0.381 1154.24 

0.10 282.18 0.374 1156.09 

1.00 294.93 0.442 1298.15 

Adding 10% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 279.93 0.404 1213.90 

0.01 308.00 0.390 1403.04 

0.10 256.42 0.452 1379.67 

1.00 252.87 0.449 1287.55 

Adding 20% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 271.80 0.436 1348.43 

0.01 288.00 0.410 1368.81 

0.10 282.89 0.437 1374.57 

1.00 242.59 0.443 1383.53 

Adding 30% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 281.83 0.448 1384.36 

0.01 241.00 0.420 1430.10 

0.10 243.45 0.550 1339.43 

1.00 237.46 0.400 1326.10 

Adding 40% Al−TiB 
(alloy chemistry 

unchecked) 
10.0 258.05 0.510 1450.98 

0.01 289.00 0.280 1152.00 

0.10 281.00 0.270 1158.00 

1.00 279.00 0.320 1278.00 

Adding 40% Al−TiB 
(alloy chemistry 

checked) 
10.0 287.00 0.290 1235.00 
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Fig. 9 Variation of ln σy vs ln ε& of alloy with varying alloy 
composition 
 

 

Fig. 10 Variation of strain rate sensitivity as function of 
Al−TiB master alloy addition 

 
attributed to the matrix softening due to increase in Al 
content with increase in Al−TiB content. Then the matrix 
chemistry changes significantly due to the fact that the 
effective alloying content in the matrix decreases. In the 
case of 20% Al−TiB, the matrix composition changes 
slightly, but the presence of TiB particles in the matrix 
and grain boundary compensates that matrix softening 
and additionally leads to strengthening of the matrix. 

At higher percentage of Al−TiB addition, matrix 
softens significantly. The extent of increase in strength 
due to grain size reduction is not sufficient to 
compensate the extent of reduction in strength due to 
matrix softening caused by alteration in chemistry of the 
alloy. This was examined and confirmed by conducting a 
set of experiment on the Al−TiB master alloy added 
7178 alloy, where the chemistry of the alloy was 
adjusted with the addition of minor alloying elements 
like Zn, Mg and Cu in different quantity. The elastic 
limit stress, strain hardening exponent and plastic 
strengthening coefficient of these alloys are reported in 
Table 2. It is noted that the grain size reduces almost to 

the same level as that was observed when alloying 
chemistry was not adjusted. This table shows further that, 
the yield stress and plastic strengthening coefficient 
increase due to 40% Al−TiB addition only by ~20% 
when the chemistry of the alloy is adjusted and if their 
value is only 10% higher as compared to that of 20% 
Al−TiB master alloy added alloy. This signifies that up 
to 20% Al−TiB master alloy addition, there is no 
significant advantages in terms of strength and stiffness 
for adjustment of alloy chemistry. It is further understood 
that the addition of more than 10% master alloy is not so 
advantageous in terms of its improvement in strength. 
This is attributed to the fact that matrix gets diluted and 
softens further due to Al−TiB addition. But alloy is strain 
hardened more and more with the addition of Al−TiB 
content due to the increased TiB and finer grain size.  
 
3.5 Wear rate and coefficient of friction 

The wear rate as a function of quantity of master 
alloy addition is shown in Fig. 11. It is evident from this 
figure that the wear rate decreases with increase in 
Al−TiB addition irrespective of applied load. It is further 
noted that the wear rate increases with increase in 
applied load irrespective of Al−TiB addition. It is further 
noted that the wear rate decreases drastically due to the 
addition of 10% Al−TiB master alloy. Further increase in 
Al−TiB addition does not lead to any significant 
decrease or increase in the wear rate. Rather, the wear 
rate reaches a stable value when Al−TiB content in the 
alloy reaches 10%. This also demonstrates that, the 
addition of 10% Al−TiB alloy is sufficient to get 
considerable extent of wear resistance and strength. This 
is attributed to the two counter phenomena. The first one 
is associated with the increase in TiB content, which 
would result in improvement of wear resistance. The 
second one is associated with the decrease in solid 
solution strengthening due to addition of more and more 
Al−TiB as the chemistry of matrix material differs with 
the addition of Al−TiB master alloy. The wear rate of 
Al−TiB added 7178 alloy after maintaining its matrix 
alloy composition is compared with that of unchecked 
alloy composition in Table 3. It is noted from this table 
that if the chemistry of matrix alloy is maintained while 
adding the master alloy, the wear rate is reduced 
considerably with respect to that of the alloy with the 
chemistry not maintained. However, it could be seen 
from this table that the wear rate of the alloy with 40% 
Al−TiB master alloy addition after maintaining 
chemistry of matrix shows only marginal decrease in 
wear rate with respect to that of the alloy with 20% 
Al−TiB master alloy without any check in its matrix 
alloy chemistry. This again confirms that one must check 
the chemistry of virgin alloy while adding the master 
alloy as grain refinement for getting the advantage. But, 
for the alloy with master alloy addition limited to less  
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Fig. 11 Variation of wear rate as a function of Al−TiB master 
alloy addition at different applied loads 
 
Table 3 Comparison of wear rate of 7178 alloy and Al−TiB 
added 7178 alloy with and without maintaining chemistry of 
matrix alloy 

Wear rate/(10−12 m3·m−1) 

Load/ 
N 7178 

Alloy 

7178 + 40% 
Al−TiB alloy 
(chemistry not 

maintained) 

7178 + 20% 
Al−TiB alloy 
(chemistry not 

maintained) 

7178 + 40% 
Al−TiB alloy 

(chemistry 
maintained)

20 5.29 1.44 1.14 1.09 

30 4.99 1.65 1.56 1.49 

50 7.76 2.04 2.14 2.04 

 
than 20%, the checking of matrix alloy chemistry does 
not lead to any remarkable advantage. Hence, in that case, 
checking matrix alloy chemistry could be assisted. 

Similar trend of variation is also noted when 
coefficient of friction is plotted as a function of Al−TiB 
content as shown in Fig. 12. However, it is noted that the 
coefficient of friction decreases with increase in applied 
load irrespective of Al−TiB content. This also 
demonstrates that 10% Al−TiB addition is sufficient to 
reduce the coefficient of friction. Further increase in 
Al−TiB addition does not lead to any significant 
reduction in coefficient of friction. This is also attributed 
to the same reason as mentioned earlier for the variation 
of wear rate with Al−TiB addition. 

It is interesting to note that refining of grain size 
does not facilitate to improve the strength and wear 
behavior unless the chemistry of the virgin matrix alloy 
is maintained. Even, with the maintenance of chemistry 
the strength and wear resistance could not be improved 
marginally. This is primarily due to the fact that coarse 
(>5 μm) TiB particles preferentially act as nucleating 
agent during solidification (as the solidification is very 
fast). The finer particles get pushed towards the 
boundary and get entrapped into these regions. Because 

 

 
Fig. 12 Variation of coefficient of friction as function of 
Al−TiB content at different applied loads 

 
of accommodation of these particles the grain boundary 
(inter dendritic sites) is not sharp. These portions also act  
as dislocation sink. The bonding between these particles 
is not strong and could not carry applied load effectively, 
thus not giving any significant contribution to the wear 
resistance. A small fraction only acts as nucleating agent 
and gets entrapped into the grain. Because of coarser size, 
the interface is expected to be incoherent and acts as 
dislocation sink point. Because of matrix dilution, 
contribution due to solid solution and precipitation 
strengthening is reduced significantly and causes matrix 
softening. On the other hand, finer dendritic size leads to 
higher strength. Finer TiB particles, at the inter-dendritic 
regions, are noted to be agglomerated and fail to provide 
effective strengthening due to pinning of dislocation in 
the grain boundary. Because of these counter phenomena, 
strength does not improve to the extent as expected due 
to grain refinement. Only marginal effect is noticed. It is 
further noted that even with the maintenance of alloy 
chemistry, the addition of 40% Al−TiB master alloy 
provides comparable wear resistance and strength to that 
of alloy with 20% Al−TiB master alloy and without 
maintenance of alloy chemistry. The results thus suggest 
that the addition of Al−TiB more than 20% does not lead 
to any advantages in terms of strength, ductility and wear 
resistance. If one uses up to 20% Al−TiB master alloy, 
he needs not maintain the alloy chemistry for getting 
considerable improvement in strength and wear 
resistance. 
 
3.6 Wear surfaces and subsurface 
3.6.1 Wear surface 

The worn surface of the 10% Al−TiB master alloy 
added aluminum alloy when tested at a load of 20 N is 
shown in Fig. 13(a). It shows localized flow (marked as 
‘A’) of surface material followed by delaminating 
(marked as ‘D’) of material. On the surface, fine TiB 
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particles and other intermetallic phases get mixed and 
help in improving wear resistance. At some regions, 
wear grooves (Fig. 13(b)) and a few embedded particles 
(marked as arrow) are observed. These figures thus 
demonstrate that mixed type of wear mechanism 
including abrasive, adhesive and delaminating wear are 
prevailing. The worn surface of these materials when 
tested at a load of 50 N is shown in Fig. 13(c). It is noted 
that the surface material flows significantly towards 
sliding direction and this leads to serration marks 
(marked as arrows) on the surface and delaminating of 
wear surface material and entrapment of fine TiB 
particles (marked as ‘P’) as shown in Fig. 13(d). These 
particles also cause abrasive action under higher applied 
load and lead to abrasive grooves. This demonstrates that 
at a higher applied load, adhesive, abrasive and 

delaminating wear take place simultaneously. The worn 
surface of the alloy with 40% Al−TiB master alloy 
addition under a load of 20 N is shown in Fig. 13(e). It 
reveals wear grooves, surface cracks (marked as arrows) 
and entrapment of particles (marked as ‘P’). Under the 
same condition the worn surface (Fig. 13(f)) in other 
location also reveals wear grooves, entrapped particles 
(marked as ‘P’) and relatively large extent of material 
flow. This demonstrates that at higher Al−TiB addition, 
abrasive wear is dominating due to a large number of 
TiB particles. The soft matrix helps in mixing of TiB 
particles to form a mechanically mixed layer. But 
subsequently this layer gets abraded by the asperities of 
counter surface and the TiB particles between the 
counter surfaces. This could be made clear from 
subsurface examination. 

 

 
Fig. 13 Worn surfaces of aluminum alloys: (a), (b) Containing 10% Al−TiB master alloy at load of 20 N; (c), (d) Containing 10% 
master alloy at load of 50 N; (e), (f) Containing 40% Al−TiB master alloy at load of 20 N 
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3.6.2 Wear subsurface 

The subsurface of the wear specimen of the alloy 
with 10% master alloy addition when tested at a load of 
20 N is shown in Fig. 14(a). It depicts mechanically 
mixed layer (MML), highly deformed zone (HD) where 
matrix flows along sliding direction and a sublayer (SB) 
consists of large number of micro voids and micro cracks. 
The view of mechanically mixed layer becomes very 
clear when examined at higher magnification (Fig. 14(b)). 
At higher applied load, it is noted that fine TiB particles 
and other intermetallic phases below the highly deformed 
zone get fractured and/or mixed simultaneously with 
matrix to form MML. Fracturing of coarser TiB particles 
is clear in Fig. 14(c). The extent of subsurface cracking 
in Fig. 14(c) (marked at arrow) is more severe than that 
observed in Fig. 14(a). The subsurface of the worn 
surface of the alloy with 40% master alloy when tested at 
a load of 20 N is shown in Fig. 14(d). It shows the 
orientation of grains at greater depth from the subsurface, 
along the sliding direction. This figure, however, depicts 
severe cracks between MML and the highly deformed 
(HD) region. When the load is increased to 50 N, the 
surface gets aligned to a greater extent and a large 
number of micro voids and micro cracks are generated at 
the MML and HD. As a result, the wear rate decreases 
with the increase in applied load. Because of softening of 
the matrix (due to dilution of alloy composition) and 
greater extent of frictional heating on the surface the 
subsurface deformation is quite significant which helps 

in forming highly deformed zone at greater depth. 
However, larger extent of TiB particles helps in 
providing greater protection of surface from wear 
through deduction in nominal contact and improving 
high temperature strength. These two counter phenomena 
leads to almost control wear rate with variation of 
Al−TiB addition. 
 
4 Conclusions 
 

1) The grain size of the alloy decreases with 
increasing master alloy addition. But, the most effective 
reduction in grain size is noted at the addition of 10% 
master alloy. Further addition of master alloy reduces the 
grain size but the extent of reduction is relatively less. 
The aspect ratio of grains becomes almost one due to the 
addition of 40% master alloy. More and more master 
alloy addition leads to the dilution of virgin alloy and the 
effect of solid solution strengthening gets reduced. 

2) Maintaining of alloy chemistry should be done 
while adding more than 20% master alloy addition. The 
effect of Al−TiB master alloy addition becomes more 
effective in terms of its microstructure and mechanical 
properties up to 20% of master alloy. 

3) The strength of the alloy does not follow 
Hall-Patch relationship. This is attributed to the 
differences in alloy chemistry, grain boundary structures 
and TiB content. The combined effect of these controls 
the deformation behavior of the alloys. 

 

 

Fig. 14 Worn subsurfaces of aluminum alloys: (a), (b) 10% Al−TiB added alloy at load of 20 N; (c) 10% Al−TiB added alloy at load 
of 50 N; (d) 40% Al−TiB added alloy at load of 20 N 



D. P. MONDAL, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1001−1011 1011 
4) The wear rate and coefficient of friction decrease 

with increase in Al−TiB addition. The addition of 10% 
Al−TiB master alloy leads to significant improvement. 
Further increase in Al−TiB causes only marginal 
improvement. 

5) Mixed type of wear mechanism takes place 
(adhesive, delaminating and abrasive). The adhesive and 
delaminating wear become more dominant at higher 
applied load and lower master alloy addition. MML 
becomes more stable at lower master alloy content. At 
higher master ally content TiB particles protect the 
surface from the context of counter surface as well as 
causes abrasive action on the mating surface. Higher TiB 
content causes less extent of MML. These two counter 
phenomena cause no significant variation of wear rate 
with master alloy addition. 
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摘  要：在 7178 铝合金中添加不同比例的 Al−10%TiB 中间合金，考察 TiB 对铝合金的晶粒细化、磨损和压缩

变形行为的影响。组织观察表明，TiB 颗粒起着晶粒细化剂的作用，导致生成球状枝晶。当 Al−TiB 中间合金的

添加量超过 20%时，合金的耐磨性和强度随着中间合金添加量的增加而降低，即使其枝晶组织变得更细而接近

于球状组织。 
关键词：铝合金；晶粒细化；Al−TiB 中间合金；压缩变形；滑动磨损 
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