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 A B S T R A C T 

The hardness and specific wear rate of 3 dimensionally (3D) printed 
Ti6Al4V specimens were studied with respect to heat treatment 
temperature (HTT) in a range of 400-800 °C. Increasing the HTT from 
400 °C to 500 °C promoted the hardness of the printed specimen while 
its decreased hardness associated with a further increase in the HTT to 
800 °C was observed. Since higher wear resistance was the result of 
higher hardness, the trend of specific wear rate versus HTT of the 
printed specimen was opposite to that of its hardness versus HTT. The 
highest hardness and lowest wear of the printed specimen were 
therefore found at the HTT of 500 °C. 
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1. INTRODUCTION 
 
Ti6Al4V is a widely used alloy for various 
industries such as automobile, aerospace and 
biomedicine because of their high strength, elastic 
modulus and corrosion resistance, light weight, 
and very good biocompatibility [1-5]. However, 
Ti6Al4V is prone to abrasive wear so it can lead to 
inflict damage on the surfaces of precious aircraft 
components when the components are made of it 
[3,4]. In addition, the poor wear resistance of 
Ti6Al4V can release aluminum (Al) and vanadium 
(V) to create a possible toxic effect in the use of it 
in orthopedic prostheses [6-8]. Moreover, the 

poor workability of Ti6Al4V for complex shape 
fabrication can induce high cost for fabrication of 
complex shaped aircraft components and medical 
devices [6,9]. Therefore, these reasons encourage 
researchers to find ways in improving the wear 
resistance of Ti6Al4V with lower cost fabrication 
processes. 
 
Nowadays, among advanced manufacturing 
processes, 3D printing manufacturing process can 
save manufacturing cost and offer flexibility of 
designing complex shaped components and 
devices [8,9]. Khun et al. [6] recently printed 
Ti6Al4V with comparable wear resistance via 
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electron beam melting process (EBMP). Some 
researchers also successfully produced and 
studied 3D printed Ti6Al4V for biomedical 
applications [8,9]. In some applications, Ti6Al4V 
parts run at high temperatures or high frictional 
heat is generated during rubbing contact under 
heavy loads [6,10,11]. Several studies reveal 
different microstructres and mechanical 
properties of Ti6Al4V with HTTs [1,2,6,12]. 
Evtushenko et al. [13] investigated the effect of 
thermal oxidation on wear resistance of 3D 
printed Ti6Al4V. Azgomi et al. [14] observed 
changes in microstructure and wear performance 
of 3D printed Ti6Al4V with the effects of post-heat 
treatments such as air cooling and aging processes. 
Limited available data on the effects of HTT on 
hardness and wear resistance of 3D printed 
Ti6Al4V is clearly found. Therefore, understanding 
of changes in the microstructure, hardness and 
wear resistance of Ti6Al4V printed via EBMP with 
HTT is important for successful applications.  
 
The Ti6Al4V specimens were printed via EBMP 
and their microstructures, hardnesses and 
specific wear rates were studied by varying HTT 
from 400 °C to 800 °C in this study.  
 
 
2. EXPERIMENTAL DETAILS 

 
2.1 Sample Preparation 
 
An Arcam A2XX 3D printing system was used to 
print the Ti6Al4V specimens [6]. The size 
distribution of spherical Ti6Al4V particles (Extra 
Low Interstitials, Grade 23) was in a range of 45-
100 µm [6]. The printing system had a vacuum 
chamber with 350 mm diameter and 380 mm 
height. In the electron beam column, an electron 
gun emitted electron beam was focused onto a 
powder bed with a built platform that descended 
down layer-by-layer for selective melting in the 3D 
printing process [6]. When the vacuum chamber 
presssure of about 5e-4 mBar was achieved, the 
electron beam was applied to get about 730 °C of a 
10 mm stainless steel base plate on which the 
Ti6Al4V specimens with about 20 mm x 30 mm x 
2.7 mm were directly built with each melting layer 
of 50 µm thickness for approximately 2 h. The 
vacuum pressure of about 2e-3 mBar was 
maintained in the printing process with high purity 
helium gas [6]. The bottom temperature of the base 
plate was in a range of 600-650 ˚C. Thereafter, the 
completely printed specimens were cooled down in 

the vacuum chamber with helium to room 
temperature (RT ~ 22-24 °C) and then taken out to 
be cleaned. Powder recovery system was applied to 
remove unmelted and/or partially melted powder 
around the completed specimens via blastering 
process with Ti6Al4V media. 
 
Heat treatment of the printed Ti6Al4V specimens 
was carried out in a furnace (Elite) under 
atmospheric condition in a range of 400-800 °C 
with 100 °C interval at an approximate heating 
rate of 40 °C/min. The specimens were hold at 
respective temperaturesfor 6 h. Then, the furnace 
was switched off to completely cool down the 
specimens to RT before being taken out [12]. 
 

2.2 Characterizations 
 
Firstly, the epoxy moulded Ti6Al4V specimens 
were ground by water-assisted-mechanical 
polishing with 320 grit papers. The mirror-like 
surfaces of the ground specimens were then 
obtained by two-steps-chemical-mechanical 
polishing in a 9 µm diamond particles contained 
solution (DiaPro) and a 0.04 µm silica particles 
contained final polishing suspension solution 
(OP-S, Struers) [6]. Their obtained mirror-like 
surfaces were etched with Kroll's reagent to 
capture surface microstructures using Zeiss 
Axioskop 2 optical microscopy (OM) [6]. The OM 
was equipped with JVC color video camera. 
 
The surface hardness of the printed Ti6Al4V 
specimens measured using a Future‐tech 
FM‐300e Vickers micro-indenter under an 
applied normal load of 200 g (1.96 N) was 
averaged through six indentations.  
 
A CSM ball-on-disc micro-tribometer was applied to 
generate wear tracks on the surfaces of the printed 
Ti6Al4V specimens and simultaneously measure 
their friction coefficients. The applied experimental 
testing compliedwith DIN50324 and ASTM G99 
[6,12]. The commercial Grade 5 Ti6Al4V specimen 
(Titan Singapore) was used as a reference. In the 
tribo-tests, wear tracks were generated by rotating 
the specimens against fixed 100Cr6 steel balls with 
a diameter of 6 mm for 30,000 laps at a sliding 
speed of 3 cm/s under a dead normal load of 1 N. 
Circular wear tracks conformed to a circular sliding 
path of 1 mm in radius. After the tribo-tests, a 
Talyscan 150 surface profilometer (SP) equipped 
with a diamond stylus of 4 µm in diameter was 
applied to scan wear tracks from which wear 
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widths and depths were evaluated to calculate 
specific wear rates [6,12]. The specific wear rate 
was defined as the wear volume devided by the 
product of the normal load and the sliding distance 
[12]. The wear parameters were averaged from 
three tribological tests for each type. The wear 
micrographs were observed using JEOL-JSM-
5600LV scanning electron microscopy (SEM). 
 
 
3. RESULTS AND DISCUSSION 
 
The microstructures of the printed Ti6Al4V 
specimens with various HTTs are presented in 
Fig. 1. In Figs. 1a and b, the as-printed specimen 

has a heavily twinned and acicular martensitic 
microstructure [3,14,15]. Although the 500 °C 
heat treatment lessens the heavily twinned 
microstructure (Fig. 1c), the acicular martensitic 
microstructure still can be seen in Fig. 1d. 
However, the 600 °C heat treatment disappears 
the acicular martensitic microstructure (Figs. 1e 
and f). At the HTT of 700 °C, α phases well appear 
in the microstructure of the printed specimen to 
form a lamellar microstructure with α+β phases 
(Figs. 1g and 1h) [3,14,15]. Increasing the HTT to 
800 °C results in the further growth of α phases 
in the microstructure (Figs. 1i and 1j) so that the 
α phases at 800 °C (Fig. 1j) are apparently larger 
than those at 600 °C (Fig. 1f). 

 

 

Fig. 1. Microstructures of 3D printed Ti6Al4V specimens heat treated at temperatures of (a and b) 24, (c and d) 
500, (e and f) 600, (g and h) 700 and (i and j) 800 °C at different magnifications.  
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A variation in the hardness of the printed 
Ti6Al4V specimens with HTT is presented in Fig. 
2. The as-printed specimen has hardness of 376 
Hv. Increasing the HTT from 400 °C to 500 °C 
increases the hardness of the printed specimen 
from 378.3 Hv to 397.7 Hv probably due to its 
reduced porosity level while maintaining its 
martensitic microstructure [12]. However, 
increasing the HTT to 600 °C turns to decrease 
the hardness of the printed specimen to 395 Hv 
via suppressed hard martensitic phases and 
developed α phases in its microstructure. The 
further growth of α phases in the microstructure 
of the printed specimen with increased HTT to 
800 °C results in an apparent decrease in its 
hardness to 363.4 Hv. It is obvious that the 
hardness of the printed specimen at the HTT of 
500 °C is 5.8% higher than that of the as-printed 
specimen and 9.4% higher than that of the one 
at the HTT of 800 °C. 
 

 
Fig. 2. Hardness of 3D printed Ti6Al4V specimens as 
a function of HTT. 

 
The friction coefficient of the printed Ti6Al4V 
specimens is presented in Fig. 3 with respect 
to HTT. In Fig. 3a, the friction coefficient of 
the as-printed specimen tested against the 
100Cr6 steel ball is 0.622. Increasing the HTT 
from 400 °C to 500 °C increases the friction 
coefficient of the printed specimen from 0.624 
to 0.636. An increase in interfacial shear 
strength between two rubbing surfaces is 
responsible for an increase in their friction. 
Less roughening of rubbing surfaces and 
smaller generation of wear debris result in 
higher interfacial shear strength, which are 
related to higher wear resistance [6,12,15-
17]. Therefore, the increased friction of the 
printed specimen can be correlated to its 
increased wear resistance associated with its 
increased hardness.  

 
(a) 

 
(b) 

Fig. 3. Friction coefficients of 3D printed Ti6Al4V 
specimens measured against 100Cr6 steel balls as 
functions of (a) HTT and (b) the number of laps. 

 
Increasing the HTT more than 600 °C turns to 
decrease the friction coefficient of the printed 
specimen so that its friction coefficient at the HTT 
of 800 °C is 0.575, indicating its decreased wear 
resistance as a result of its decreased hardness. 
 
Fig. 3b illustrates the friction coefficients of the 
printed Ti6Al4V specimens heat treated at various 
temperatures with respect to the number of laps. 
The printed specimens exhibit stable friction via 
their stable wear throughout the wear tests 
although small fluctuation in the friction of the 
specimens with respect to the number of laps is 
the result of stick-slip phenomenon [6,10,11,12]. 
In Fig. 3b, the printed specimens show the highest 
and lowest friction during the entire sliding for the 
HTTs of 500 °C and 800 °C, respectively. 
 
The specific wear rate of the printed Ti6Al4V 
specimens as a function of HTT is presented in Fig. 
4. The as-printed specimen has a specific wear rate 
of 78.4×10-14 m3/Nm, evaluating its mild abrasive 
wear [16,17]. The specific wear rate of the 
commerical Ti6Al4V specimen tested under the 
same condition is 93.9×10-14 m3/Nm that is 19.8% 
higher than that of the as-printed specimen.  
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It indicates that the printed specimen has better 
wear resistance than the commerical one. 
Increasing the HTT from 400 °C to 500 °C 
decreases the specific wear rate of the printed 
specimen from 74.9 ×10-14 m3/Nm to 71.2×10-14 
m3/Nm, which indicates an increase in its wear 
resistance. However, increasing the HTT more 
than 600 °C turns to increase the specific wear rate 
of the printed specimen so that the highest specific 
wear rate of 95.7×10-14 m3/Nm is found at the 
highest HTT of 800 °C in this study as a result of 
the lowest wear resistance. The specific wear rate 
of the as-printed specimen is 10.1% higher than 
that of the printed specimen at the HTT of 500 °C 
while the specific wear rate of the printed 
specimen at the HTT of 800 °C is 34.4% higher 
than that of the one at the HTT of 500 °C. 

 
Fig. 4. Specific wear rate of 3D printed Ti6Al4V 
specimens as a function of HTT. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

(e) 
 

(f) 

 
(g) 

 
(h) 

 
(i) 

Fig. 5. (a, b and c) wear tracks, (d, e and f) wear morphologies and (g, h and i) wear debris of 3D printed Ti6Al4V 
specimens heat treated at temperatures of (a, d and g) 24 , (b, e and h) 500 and (c, f and i) 800 °C. 

 
In Figs. 5a, b and c, the wear track of the printed 
Ti6Al4V specimen heat treated at 500 °C is 
smaller than those of both the as-printed 
specimen and heat treated specimen at 800 °C, 
indicating the highest wear resistance of the 
heat treated specimen at 500 °C among the 
specimens used in this study. It is consistently 
found in Figs. 5d, e and f that the printed 
specimen heat treated at 500 °C has the lowest 

wear. As a result, the lowest amount of wear 
debris generated is found on the wear track of 
the printed specimen at the HTT of 500 °C as 
shown by Figs. 5g, h and i, which is responsible 
for its highest friction (Fig. 3a). Abrasive lines 
found on the wear tracks of all the printed/heat 
treated specimens are attributed to abrasive 
wear that results from the repeated sliding of 
the 100Cr6 steel balls [6,12,18,19] 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 6: EDX spectra of 3D printed Ti6Al4V specimens heat treated at temperatures of (a and b) 24, (c) 500 and (d) 800 
°C measured on their (a) untested and (b, c and d) tested areas at location A and B in Fig. 5d, C in Fig. 5e and D in Fig. 5f.  
 

The EDX spectra of the printed Ti6Al4V specimens 
shown in Figs. 6a-d are mainly composed of Ti, Al, 
and V peaks [6,10,12]. The EDX spectra detected 
on the wear tracks (Figs. 6b, c and d) have an 
additional O peak, which is not detectable on the 
untested area (Fig. 6a), as a result of a dry-sliding-
induced oxidation process [12,14,20-22].  
 

 
(a) 

 
(b) 

Fig. 7: Optical images showing wear scars of 100Cr6 
steel balls rubbed on 3D printed Ti6Al4V specimens 
heat treated at temperatures of (a) 500 and (b) 800 °C. 

 
In Figs. 7a and b, the wear scar of the 100Cr6 steel 
ball is larger for the printed Ti6Al4V specimen 
heat treated at 500 °C compared to the one at 800 
°C because the higher wear resistance of the 
specimen results in the preferential abrasive wear 
of its counter steel ball [6,12,18,19]. 

4. CONCLUSIONS  
 
The microstructure, hardness and wear 
resistance of the 3D printed Ti6Al4V specimens 
were studied with respect to HTT of 400-800 °C 
with the following conclusions. 

 Increasing the HTT from 400 °C to 500 °C 
increased the hardness of the printed 
Ti6Al4V specimen probably due to its 
reduced porosity level while maintaining its 
martensitic microstructure. However, 
increasing the HTT more than 600 °C turned 
to decrease the hardness of the printed 
Ti6Al4V specimen via the suppression of 
hard martensitic phases and the appearance 
of α phases in the microstructure. 

 Increasing the HTT from 400 °C to 500 °C 
decreased the specific wear rate of the 
printed Ti6Al4V specimen, indicating its 
increased wear resistance. However, 
increasing the HTT more than 600 °C turned 
to increase the specific wear rate of the 
printed Ti6Al4V specimen as a result of its 
decreased wear resistance. 

 The HTT for the highest hardness and wear 
resistance of the printed Ti6Al4V specimens 
was 500 °C in this study. 

 It could be concluded that the HTT had an 
apparent influence on the microstructure, 
hardness and wear resistance of the printed 
Ti6Al4V specimens. 
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