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ABSTRACT 
 
Microstructural evaluation and wear characteristics of solution treated Ti-6Al-4V alloy 
have been investigated. The material was produced using vacuum induction furnace 
and then applying hot rolling at 900 °C to reduce the samples thickness from 30 to 
12 mm. One part of the material was water-quenched from a temperature above β-
transus at 1100 °C/60 min. to produce a beta lamellar microstructure imbedded in 
some alpha phase. The other part was water quenched from a temperature below β-
transus at 950 °C/60 min. to generate an equiaxed microstructure. The fine lamellar 
structure resulted in ultimate strength and wear resistance significantly superior to 
the equiaxed microstructure. The overall best combination of hardness, tensile 
properties, and wear resistance of the studied Ti-6Al-4V is achieved by solution 
treatment at 1100 °C/60 min. and the lowest values were obtained for the as-cast 
structure due to the heterogeneity in structure and large grain size that ranged from 
350 to 50 µm.  
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INTRODUCTION 
 
Titanium alloys are widely used for industrial applications because they combine 
excellent mechanical properties with low density [1-3]. In particular, Ti-V-Al alloy 
system such as Ti-6Al-4V is widely used as industrial Ti-alloy [4, 5]. Ti-6Al-4V has 
got great attention for many years due to its excellent mechanical properties, 
biocompatibility and corrosion resistance, etc [6,7]. For Ti-6Al-4V alloy, different 
microstructures can be obtained by applying thermomechanical treatment on cast or 
wrought alloy [8,9]. These treatments consist of a complex sequence of solution 
treatment, deformation, recrystallization, ageing and annealing for stress release 
[10]. Depending on whether the solution treatment temperature is above or below the 
β-transus temperature, the microstructure will be lamellae or equiaxed [11]. Slow 
cooling from the β-phase region results in a lamellae microstructure and the lamellae 
becomes coarser with reducing the cooling rate [12]. Indeed, the mechanical 
properties are dependent upon the microstructure features [13]. It is reported by 
Venkatesh et al. [14] that an improvement in α+β titanium alloys can be achieved by 
solution treatment above the beta transus temperature and rapid quenching in water 
or air cooling. However, the wear resistance of Ti-6Al-4V is still far from satisfying. 
Therefore, the wear behavior of Ti-6Al-4V that solution treated at above and below β-
transus temperature is investigated. 
   
 
EXPERIMENTAL WORK 
 
In this study titanium alloy (Ti-6Al-4V) with a nominal composition of Ti-6.10Al-4.1V-
0.17Fe-0.14O, in wt.% was investigated. This alloy has a β transition temperature 
around 998 °C, at which α+β transformed to β. This Ti-alloy was produced by melting 
twice in a vacuum induction skull melting furnace and poured into a graphite mould 
as square bars with a dimension of 40x40 mm2. The bars were machined down into 
30x30 mm2. Hot deformation was applied by rolling at 900 °C to reduce the samples 
thickness from 30 mm to 12 mm, i.e., a reduction ratio of 60%. 
 
Two types of microstructure were produced by applying two different heat treatment 
conditions: one above the β-transus (1100 °C for 60 min. and then water quenching) 
and the other below the β-transus (950 °C for 60 min. and then water quenching). 
The microstructure of the various conditions was investigated using optical 
microscopy. The tensile test was performed at room temperature to investigate the 
mechanical properties of the heat treated conditions. The tensile samples were 
machined according to ASTM-E8 standard with a diameter and gauge length of 4 
and 20 mm, respectively. Adhesion wear test was carried out using pin-on-ring 
Tribometer testing machine. A rectangular test samples with dimensions of 8x12x12 
mm3 were fixed against a rotating stainless steel ring with a surface hardness of 63 
HRC. Various rotating speeds of 1, 1.25, 1.5, 1.75 and 2 m/sec were used with an 
applied load of 55 N for 30 min. Wear test was performed in dry condition at room 
temperature. The wear mechanism was discussed based on SEM observation.   
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RESULTS AND DISCUSSION 
 
Microstructure 
 
The as-cast samples of the investigated Ti-6Al-4V alloy obtained a microstructure 
consisted of α+β, Fig. 1a. It is considered a heterogeneous structure because it 
contains different sizes of β-grains that ranged from 350 to 500 µm. The α-phase 
was located at the β-grain boundaries and inside the β-grains. On the other hand, 
the rolled samples showed fine equiaxed α+β structure due to the highly plastically 
deformation strain occurred by rolling, Fig. 1b. However, the heat treated samples 
showed another feature of microstructure that depends on the solution temperature. 
Generally, the heat treated samples at 1100 °C showed lamellae structure, and the 
other samples solution treated below the β-transus (950 °C) obtained an equiaxed 
structure, Fig. 1 c, d. This is obvious in the pseudo-binary diagram shown in Fig. 2 
[15] for the Ti-6Al-4V alloy. Moreover, water quenching from 1100 °C obtained 
mostly β-phase and some island of α. The formation of α in the structure could be 
due to the insufficient cooling rate during quenching. However the samples 
quenched from 950 °C showed a homogenous fine α + β structure [16,17].  
 
Mechanical Properties 
 
Figure 3 shows Vickers hardness measurements for each experimental condition of 
the investigated Ti-6Al-4V alloy. The as-cast condition obtained the lowest hardness 
value of 340 HV due to the presence of coarse β-grains and also existing of relatively 
heterogeneity in the α-β structure. Due to the severe plastic deformation that was 
applied by rolling on the cast samples, the hardness increased to 375 HV. Maximum 
hardness was reported for the samples solution treated at above β-transus (1100 
°C/WQ), where the hardness value reach to 460 HV. But the treated samples below 
the β-transus (950 °C/WQ) showed lower hardness value (400 HV) compared to the 
last one due to the existing of higher amount of α-phase[17]. 
  
The tensile properties of Ti-6Al-4V have been determined and it is found that they 
are mainly dependent on the microstructure feature, Fig. 4. The as-cast structure 
obtained UTS of 1080 MPa which is compatible for the coarse α+β structure with a 
coarse grain size. Because the as-cast structure is normally heterogeneous, it 
obtains the lowest elongation percent of 5.6%. By applying the rolling process, the 
UTS increased to 1130 MPa due to increasing the dislocation density as well as 
decreasing the grain size. Maximum UTS was obtained for the solution treated 
samples at 1100 C (1370 MPa) because their structure that consisted of fine 
lamellae structure of β-phase and relatively small amount of α and α'. On the other 
hand, the eqiaxed structure obtained relatively low UTS (1226 MPa) due to the 
presence of primary α' and α-phases which are responsible for decreasing the 
strength of the alloy.  
 
The tribological properties of the investigated Ti-6Al-4V alloy against stainless steel 
ring are shown in Fig. 5. The effect of sliding speeds on wear rate of all studied 
conditions is investigated. The estimated values of wear rates in all conditions 
indicated that the wear rates increase with increasing sliding speed. It was reported 
in an earlier study of Alam et al. [18] that under a constant load of 45 N, there was an 
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increase in wear rate with increasing the sliding speed up to 500 rpm. Thereafter, a 
steady state is attained and there no any change in the wear rate. Moreover, the 
Archard's low proved that the volumetric loss of the material is inversely proportional 
to the hardness value of the material [19]. This implies that the higher hardness of 
the material, the smaller is the volume loss. The investigated Ti-6Al-4V alloy exhibits 
significant difference in hardness values for the studied conditions, therefore the 
experimental sliding wear data correlate well with Archard's low. The heat treated 
samples at 1100 °C showed the lowest wear rate among all other investigated 
conditions due to the highest hardness value compared to the others.  
 
The worn surfaces of some selected samples have been studied using SEM. The 
SEM micrographs show typical worn surface morphologies of the samples tested at 
low medium and high sliding speeds. Evidences of continuous sliding marks with 
plastically deformed grooves are seen on the wear tracks independently of the 
sliding speed. However, the extent of plastic deformation or ploughing is found to be 
higher in case of high sliding speed (2 m/sec), Fig. 6 e,f. Only shallow grooves and 
scratching on the samples surfaces can be observed in case of low sliding speed (1 
m/sec), Fig. 6 a,b. In addition, the medium speed (1.5 m/sec) showed moderate 
feature of worn surface that can be described as tire track wear mode, Fig. 6 c,d. 
Lamination wear mechanism can be also seen with low sliding speed and it is found 
to be more clearly for the heat treated samples at 950 °C because they have lower 
hardness value, Fig. 6 a.   
 
     
CONCLUSIONS 
 
In this study, the influence of applying different solution treatment processes on 
microstructure and mechanical properties as well as wear behavior of Ti-6Al-4V alloy 
was evaluated. Therefore, this work can be concluded as follows: 
 

1. The as-cast structure obtained a heterogeneous α+β structure that has a 
large grain size ranged from 350 to 500 µm and the rolled samples obtained a 
very fine equiaxed α+β structure.  

2. Fine β-lamellar structure with α-island was obtained by rapid quenching in 
water from 1100 °C, and an equiaxed structure was formed by quenching 
from 950 °C. 

3. A more suitable combination of hardness and tensile properties can be 
obtained by solution treatment at a temperature above the β-transus at 1100 
°C. 

4. Hardness was shown to be an important factor especially when wear is 
involved. Accordingly, the solution treatment at 1100 °C for the investigated 
Ti-6Al-4V alloy is the most suitable microstructure for getting a minimum wear 
rate. 
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Fig. 1: Microstructure of the investigated Ti-6Al-4V in different conditions; 

a- As-cast 
b- Rolled 
c- Solution treated at 950 °C 
d- Solution treated at 1100 °C 
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Fig. 2: Section of the ternary phase diagram of Ti-6Al-4V 

 at constant aluminum content of 6% 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3: Hardness values of the studied different conditions 
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Fig. 4: Tensile strength of the studied conditions 
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Fig. 5: Wear rate of the studied Ti-alloy in the as-rolled and solution treated 
conditions 
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a- 1 m/s 
b- 1 m/s 

 

  

c- 1.5 m/s 
d- 1.5 m/s 

 

  
e- 2 m/s f- 2 m/s 

ST = 1100 °C ST = 950 °C 
 

Fig. 6: Worn surfaces investigation of the investigated Ti-6Al-4V alloy using SEM. 


