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To modify the properties of Ti6Al4V alloy, Cu has been added to host an antimicrobial effect in 
the revised alloy for marine application. The Laser Metal Deposition (LMD) process on the Ti6Al4V 
alloy and Cu was been investigated for surface modification in order to combat the problem of 
biofouling in the marine industry. The investigations focused on the microstructural observations, 
micro-hardness measurements and dry sliding wear in the presence of 3 and 5 weight percents of Cu. 
The microstructure results showed that Widmanstätten microstructures were formed in all the samples 
and lose their robustness towards the fusion zone as a result of the transition of heat sink towards the 
substrate. The microhardness values of Ti6Al4V-3Cu and Ti6Al4V-5Cu alloys were greatly improved 
to 547±16 VHN0.5 and 519±54 VHN0.5 respectively. Furthermore, the behaviour of wear loss on the 
surface of the Ti6Al4V-Cu alloys exhibited great improvement as compared with the parent material.

Keywords: dry sliding wear, laser metal deposition, microstructure, micro-hardness measurements, 
Ti6Al4V-Cu alloy, wear loss
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1. Introduction
Titanium and its alloys are amongst the most important 

alloys of the advanced materials which are the key to 
improving performance in the aerospace and terrestrial 
systems1-3. The improvements in mechanical properties of the 
titanium alloys have generally been accomplished through 
the addition alloying compound4-7. The alloying additions 
in titanium can be divided into three different classes. 
The α-stabilizers such as Aluminium which impact solid 
solution strengthening to titanium; the β-stabilizers such as 
copper, chromium, vanadium, iron, niobium, molybdenum 
and manganese. They serve to introduce the β-phase in 
the α-phase microstructural counterpart; and the neutral 
additions such as tin and zirconium also contribute towards 
solid solution strengthening8. According to the structural 
alloy hand book, most of these alloys have found restricted 
use in the mechanical engineering applications due to their 
poor abrasive wear resistance, high coefficient of friction and 
the fretting characteristics. These anomalies behaviour of 
titanium alloys could be enhanced and modified by treating 
the surfaces with coatings9. Four main mechanisms have 
been stipulated to improve the wear behaviour of titanium 
alloys and these are: increase in the hardness, inducing 
compressive residual stress, reduction in the coefficient of 
friction and increase in the surface roughness10. Titanium 
nitride has been coated on copper and brass substrates 

with an electroless nickel interlayers. The hardness of the 
composite was increased with the electroless nickel interlayer 
thickness. The coefficient of friction was also increased with 
an increase in the thickness of electroless nickel interlayer 
for both copper and brass substrates11. The wear behaviour 
of teeth was evaluated with cast titanium alloys containing 
3 weight percent of copper, 5 weight percent of copper and 
Ti6Al4V alloy containing 1 weight percent of copper and 
4 weight percent of copper. Their results were compared 
with commercially pure (CP) titanium, Ti6Al4V alloy and 
gold alloy. The wear resistance of the CP Ti and Ti6Al4V 
with copper addition Cu were found to show better wear 
properties than the Ti and Ti6Al4V alloy. Gold alloy was 
also presented to have the best wear property. Conclusion 
was made that wear resistance was improved with the copper 
alloying and with the introduction of Ti/Ti2Cu eutectoid12. 
The framework of this research work originates with an 
overview of the contingent works that have been carried out 
by famous authors and researchers from perspective and area 
of specialisation. Biofouling is a major dilemma for many 
materials when exposed to chemically aggressive sea water13. 
It is the growth of micro-organisms at the interface of metal14, 
and this problem has caused an increase in maintenance, 
fuel and downtime costs to the shipping industry15. 10 wt 
% of Cu was added to Al and Ti, and the resulting sample is 
subjected to corrosion test in natural sea water. The presence 
of Cu improved the corrosion resistance of Al, and however, 
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the addition of 5 wt % Ti also enhanced the passivation and 
good corrosion rate16. It was found that alloys containing 
60-70 % Cu content attack marine growth. However, this 
Cu can be used in anodic production to form Cu ions (Cu2+) 
during oxidation. This is of high toxicity, and is effective 
for destroying the marine organisms. An investigation was 
conducted using copper-sulphate solution in a reversible 
reaction; and this proved that the Cu2+ reduces both macro- 
and micro-biological fouling17. In this present work, Cu 
has been selected due to its antimicrobial property, and 
in addition, it is a naturally hygienic metal, which retards 
the growth of harmful germs. These properties have thus, 
made it ideal for brewing vessels18. Several anti-biofouling 
agencies such as chemical, biological and mechanical 
methods are in practice but their effects are not significant. 
Natural source antifouls are considered as one of the best 
replacement options for the antifouling processes19. However, 
the motivation for this work is to modify and improve the 
surface of Ti6Al4V alloy with the addition of Cu for better 
microhardness and wear resistance properties through the 
laser metal deposition (LMD) process for marine application. 
The novelty of this work is the introduction of 3 weight 
percent (wt %) of Cu to titanium alloy (Ti6Al4V-3Cu) and 
5 wt % of Cu to Ti6Al4V alloy (Ti6Al4V-5Cu) respectively, 
for the purpose of reducing the problem of biofouling in 
the marine industries. The parameters used in this study 
were selected from the preliminary studies and the chosen 
deposited Ti6Al4V-Cu alloys for characterization were of 
good bonding and surface roughness.

2. Experimental Structure and Techniques

The main laser deposition experiment was conducted at 
the Council of Scientific and Industrial Research, Pretoria, 
South Africa, CSIR. The equipment used was Ytterbium fiber 
laser system equipment (YLS-2000-TR) and function at a 
maximum power of 2 kW. Figure 1 shows a typical Kuka 
robot with a nozzle attached to the laser head performing 
LMD operation. 

Two powders used for this research were Ti6Al4V and 
Cu powders and having particle sizes varying between 100 
and 200 µm. The two powders were fed from two different 
hoppers and their flows were assisted with the aid of an argon 

Figure 1. Typical Kuka robot.

Table 1. Experimental matrix.

Sample Name Laser Power 
(W)

Scanning 
Speed

(m/min)

Copper Wt.% 
(%)

Powder Flow rate (rpm) Gas Flow rate (l/min)

Ti6Al4V Cu Ti6Al4V Cu

Z1 1200 0.7 5 2.4 0.1 3 1

Z2 1600 0.3 3 2.5 0.1 3 1

Z3 1200 0.3 5 2.4 0.1 3 1

Z4 1400 0.3 5 2.4 0.1 3 1

Z5 1600 0.3 5 2.4 0.1 3 1

Ti6Al4V 1600 0.3 0 2.4 Nil 3 Nil

gas (carrier gas). The argon gas was also supplied to provide a 
shield during the deposition to prevent oxygen contamination 
on the deposited alloys. A 99.6 % solid rectangular plate of 
Ti6Al4V alloy dimensioned with (102 X 102 X 7.45) mm3 
was used as the substrate. The substrate was grit-blasted 
prior to deposition to remove surface contaminants and to 
prepare the surface for firm metallographic bonding between 
the alloys formed. Table 1 depicts the process parameters 
used for the experiment. 

The beam diameter, the track length and the standoff 
distance were set at 4 mm, 5 mm and 12 mm respectively. 
All the samples were prepared following the procedures of 
grinding, polishing and etching according to E3-11 ASTM 
standard20.

2.1. Microstructure

According to the guidelines listed in the Struers application 
note of metallurgical preparation of titanium, the Kroll’s 
reagent was prepared for the etchant with (100 ml H2O, 2-3 
ml HF and 4-6 ml HNO3)

21. Each sample was etched for 10 
-15 seconds, cleaned with ethanol, rinsed under running water 
and dried off prior to Scanning Electron Microscope (SEM) 
and optical microscopic (OM) observations. The SEM was 
conducted on the samples using the TESCAN instrument 
with Vega TC software to run the analysis. The machine is 
equipped with an X-MAX instrument, and with an Electron 
Dispersive Spectroscopy (EDS), using INCA-point ID 
software. The SEM analysis was carried out on the Ti6Al4V 
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and Cu powders. Figures 2 a-b show the morphologies of 
Ti6Al4V and Cu powders. 

The morphologies of both the Ti6Al4V and Cu powders 
were spherical in shape. The particle size of Ti6Al4V was 
observed to be equiaxed and the surfaces were smooth with 
satellites (dust particles) agglomerated scantily to the bigger 
particles. The particle sizes of Cu were also observed to be 
equiaxed in morphology and showed denser and immense 
faces compared to Ti6Al4V alloy powders.

2.2. Hardness test

Microhardness tests were performed on both the cross 
section and the surface of the substrate; and each of the 
deposited Ti6Al4V-Cu alloys on a Vickers hardness machine 
Zwick/Roell. A load of 500 g and a dwell time of 15seconds 
were used throughout the hardness test according E384 -11e1 
ASTM standard22.

2.3. Wear test and wear loss characterization

The dry sliding wear tests were conducted on a micro 
tribometer module, CETR UTM-2 operating with linear 
reciprocating motion drive. The samples are rubbed against 
a ball-shaped upper specimen made of 9.5 mm diameter 
tungsten carbide ball. A load of 25 N, stroke length of 2 
mm, oscillation frequency of 5 Hz and test duration of 1000 
seconds were selected for the operation. The dry sliding 
wear tests were carried out according to the ASTM G133-
05 for determining the sliding wear of metals23. The wear 
loss was calculated from the length of the stroke, the width 
of the wear scar and the depth of wear (groove) that were 

made on the surface of the deposited samples as shown in 
equations (1) and (2)24.

Figure 2. SEM morphologies (a) Ti6Al4V powder; (b) Cu powder.
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Where Vl is the wear loss; Ls is the stroke length; Rp 
is the pitch radius; W is width of the wear scar and Wd 
represents the wear depth.

3. Results and Discussions

3.1. Microstructural analysis

The SEM analysis of the surface and the cross section of 
the parent material were characterised and the microstructures 
are shown in Figures 3 a-b. 

The microstructures show the -phase in the dark region 
and the -phase in the white region. The grain boundaries 
of the -phases are more pronounced and thicker that the 
-phases as observed in Figure 3a. Figure 3b shows the cross 
sectional view of the bulk material. The grain boundaries were 
observed to be elongated and this shows that the material is 
a rolled material. The macrographs of the etched deposited 
Ti6Al4V-Cu alloy samples are illustrated in Figure 4. All 
the selected samples from the preliminaries are well bonded 
to the substrate with no porosities. Figures 4a-d show the 
macrographs of the etched composites of samples Z2, Z3, 
Z4 and Z5 respectively. 
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Figure 3. SEM micrographs of the substrate (a) Surface; (b) Cross section.

Figure 4. Macrographs of the etched Ti6Al4V-3Cu and Ti6Al4V-5Cu alloys deposited at various process parameters, (a) Sample Z2 with 
3 wt % Cu: 1600 W, 0.3 m/min and 2.5 rpm; (b) Sample Z3 with 5 wt % Cu: 1200 W, 0.3 m/min and 2.4 rpm; (c) Sample Z4 with 5 wt 
% Cu: 1400 W, 0.3 m/min and 2.4 rpm; (d) Sample Z5 with 5 wt % Cu: 1600 W, 0.3 m/min and 2.4 rpm.
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The microstructures of the selected Ti6Al4V-3Cu and 
Ti6Al4V-5Cu alloys observed by SEM and Optical microscope 
(OM) are presented Figure 5. 

The SEM analysis of sample Z1 of Ti6Al4V-5Cu alloy 
deposited with a laser power of 1200 W and scanning 
speed of 0.7 m/min is described in Figures 5 a-b with the 
Figure 5a showing the top view of the deposited alloy with 
the dominance of Widmanstätten structures. Figure 5b shows 
the middle view and the fusion zone (FZ) of the alloy. Here, 
the Widmanstätten structures were observed to be thinner 
towards to the FZ; and this was as a result of the heat sink 
that exists between the deposit and the substrate. Figures 5 
c-d show the SEM analyses of sample Z2 of Ti6Al4V-3Cu 
alloy deposited with a laser power, a scanning speed and a 
powder flow rate of 1600 W, 0.3 m/min and 2.5 rpm; and 
sample Z3 of Ti6Al4V-5Cu alloy deposited with a laser 
power and a scanning speed of 1200 W and 0.3 m/min; and 
their EDS analyses at the regions indicated by arrows. The 
black spots observed within the Widmanstätten structures 
were assumed to be oxides of titanium alloy. Figure 5e shows 
the microstructural analysis of sample Z2 of Ti6Al4V-3Cu 
alloy (deposited with a laser power and a scanning speed 
of 1600 W and 0.3 m/min) towards the top of the deposited 
alloy. Numerous erected, symmetrical and thick feathers-like 
microstructures were observed protruding from the grain 
boundaries and were elongated towards the top of the deposit 
of sample Z2. Figure 5f shows the OM analysis towards the 
substrate of sample Z3 of Ti6Al4V-5Cu alloy. Widmanstätten 
structures were observed in most of the microstructures and 
their textures are dependent on the process parameters used. 
The -Ti phases were found to hinder the continuous flow 
(plastic deformation) of the -phase during cooling due to 
variation in the slip system. During this process, macroscopic 
banding is developed between the  boundaries. Sample Z4 
of Ti6Al4V-5Cu deposited with a laser power of 1400 W, 
a scanning speed of 0.3 m/min and powder flow rate of 
2.4 rpm shows some backbone-like microstructure. The 
backbone-like structures were formed towards the top at an 
angle approximately 60o to the horizontal. -Ti lamella was 
observed in gradient bundles between the backbone-like 
structures and the Widmanstätten structures.

3.2. The microhardness evaluation

The microhardness evaluation of the substrate and the 
deposited Ti6Al4V-Cu alloys are presented and discussed. 
Figure 6 displays the histogram plot of the microhardness 
values of the substrate (surface and cross section), Ti6Al4V 
alloy, Ti6Al4V-Cu, Ti6Al4V-3Cu and Ti6Al4V-5Cu alloys 
respectively. 

The addition of Cu has greatly improved the microhardness 
values of Ti6Al4V alloy even though the hardness value of 
Ti6Al4V alloy was higher than 1 weight percent of Cu in 
Ti6Al4V-Cu alloy. The average microhardness values obtained 

for the laser deposited Ti6Al4V alloy, Ti6Al4V-Cu, Ti6Al4V-
3Cu, and Ti6Al4V-5Cu are 444±49 VHN0.5, 397±56 VHN0.5, 
547±16 VHN0.5, and 519±54 VHN0.5 respectively. The hardness 
measurements were conducted from the top of the deposit to 
the substrate and thereby solving for their average hardness 
values. Aoki et al.25 improved the mechanical properties of 
cast Ti6Al4V alloy with the addition of (1 and 4) wt % Cu. 
Their hardness values were much improved as compared to 
the Ti6Al4V alloy25. It was so interesting that the hardness 
of the alloys with 5 wt % of Cu was lower than that of the 
3 wt % of Cu. However, it can also be construed that the 
density of Ti6Al4V-Cu alloys increases with an increase in 
Cu content. Ma et al.26 reported that a high density boundary 
generates more plastic deformation that led to a decrease in 
material hardness26. Ti6Al4V alloy powder was deposited 
on the substrate at a laser power of 1600 W and scanning 
speed of 0.3 m/min, and however its hardness values were 
measured in order to check for the hardness variation with 
that of the rolled Ti6Al4V alloy substrate. Thus, from the 
histogram plot, it was discovered that the hardness value of 
the laser deposited Ti6Al4V sample is more than the hardness 
value of the substrate (on both the surface and the cross 
section). This phenomenon is attributed to the heating and 
cooling effect of the laser beam on the deposit. Thus, laser 
deposited Ti6Al4V alloy has a strong effect on the hardness 
value compare with the rolled counterpart.

3.3. Tribological testing and the wear analyses

The results of the wear test conducted on the surfaces of 
the deposited alloys are presented and analysed. The back and 
forth movement of the tungsten carbide ball over the alloy’s 
surfaces has induced a wear ridge on them due to the high 
hardness of the wearing ball. An abrasive wear takes place 
between the carbide ball and the composites. Figures 7 a-d 
show the SEM micrographs of the worn surfaces of the 
substrate, Ti6Al4V alloy deposited at a laser power of 1600 
W and scanning speed 0.3 m/min, Ti6Al4V-3Cu deposited 
at a laser power of 1600 W and scanning speed 0.3 m/min 
and Ti6Al4V-5Cu deposited at a laser power of 1200 W and 
scanning speed 0.3 m/min respectively.

The ellipse signs indicate the region of the wear groove 
and showed the level at which the surface is worn. It was very 
surprising that the substrate in Figure 7a shows the widest in 
wear width and lowest in wear depth. The occurrence could 
be due to the compressive nature of the grain boundaries 
and the rolled nature of the substrate. The wear depth is 
always given by the software through the computer of the 
wear equipment. The wear width is always measured using 
the SEM. The substrate is a rolled material made of 99.6 % 
Ti6Al4V alloy. The worn surface of laser deposited Ti6Al4V 
alloy presented in Figure 7b is a deposition with Ti6Al4V alloy 
powder which was conducted by laser deposition process. 
This was done to compare the result with laser deposited 
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Figure 5. SEM and OM analyses of the selected Ti6Al4V-3Cu and Ti6Al4V-5Cu composites: (a and b) SEM 
analyses of sample Z1 showing the top view, the middle view and the fusion zone; (c and d) SEM analyses 
of sample Z2 deposited at 1600 W, 0.3 m/min and 2.5 rpm, and sample Z3 deposited at 1200 W and 0.3 m/
min; (e) OM analysis showing the top view of sample Z2; (f) OM analysis towards the substrate of sample Z3 
deposited at 1200 W and 0.3 m/min; (g) OM analysis of sample Z4 deposited at 1400 W and 0.3 m/min; (h) 
OM analysis of sample Z5 deposited at 1600 W, 0.3 m/min and 2.4 rpm.
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Figure 6. Plot of microhardness of the substrate, Ti6Al4V alloy, 
Ti6Al4V-Cu, Ti6Al4V-3Cu and Ti6Al4V-5Cu alloys.

Figure 7. SEM micrographs of the worn surfaces of the alloys focused at low magnification (a) Substrate; (b) Ti6Al4V alloy; (c) Ti6Al4V-
3Cu; (d) Ti6Al4V-5Cu.

Ti6Al4V-Cu alloy. The different production processes of the 
rolled substrate and the laser deposited Ti6Al4V alloy have 
significant effect on their results. The size of ellipse sign 
was reduced for Ti6Al4V-Cu composites and this could be 

attributed to the Cu inclusion and the surface roughness of 
the composites.  Figures 8 a-d show the SEM micrographs of 
the wear debris of the substrate, Ti6Al4V alloy, Ti6Al4V-3Cu 
and Ti6Al4V-5Cu alloys under the load of 25 N. 

The wear tracks disclosed the ridges and grooves 
parallel to the sliding direction of the tungsten ball. The 
SEM micrograph of the substrate shows the roughness of the 
ploughs and follows the direction of the slide. Wear debris 
were observed in between the ridges and found agglomerated 
with one another. The heat generated during the dry sliding 
and the friction that exists between the two rubbing surfaces 
caused the agglomeration of the wear debris. The heat released 
to the particles is due to the rubbing of the two bodies in 
contact. The friction process of the two bodies operating in 
contact conditions always involves heat generation and wear 
of their surfaces. Normal pressure, heat and sliding action 
velocity are indispensable for wear as they depend on the 
rubbing process. However, the mechanism of wear involves 
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Figure 8. SEM micrographs of the worn surfaces (a) substrate; (b) Ti6Al4V alloy; (c) Ti6Al4V-3Cu; and (d) Ti6Al4V-5Cu.

the formation of debris particles in any sliding system and 
also the agglomeration due to the continuous rubbing of the 
two bodies. Although, the thermal conductivity (W/mK) of 
the tungsten carbide ball is 8 times than that of the Ti6Al4V 
alloy. The heat generated from the tungsten carbide will be 
induced into the Ti6Al4V alloy during rubbing. With the 
small amount of copper added, there is still an impact on 
the heat generated; and thus has enhanced the properties of 
the Ti6Al4V-Cu alloy significantly. The total heat power 
dissipated is equals to the work done by the friction force 
which is distributed between the two contacting bodies. 
It can also be stipulated that the substrate and Ti6Al4V 
surfaces experiences a more significant abrasive wear under 

the reciprocating sliding condition as compared to Ti6Al4V-
3Cu and Ti6Al4V-5Cu alloys. During the rubbing action, 
particles of the titanium alloy are transferred and stuck to 
the tungsten carbide ball due to adhesion as a result of the 
heat generated. The magnitude of that adhesion depends 
on the load of 25N used, the speed of the rubbing ball and 
the condition of sliding (dry). Okabe et al.27 revealed that 
the decrease in wear of Ti6Al4V is associated with the 
presence of Cu and feasibly the microstructures with the 
copper eutectoid in the crystal lattices improved the wear 
resistance as the ductility decreased. Conversely, the wear 
resistance was further improved within the α+β alloy phase 
which could be responsible for the increased in resistance 
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to plastic deformation27. The substrate shows the lowest 
coefficient of friction, COF of 0.017, followed by the 
Ti6Al4V with a COF of 0.035. The large width of wear track 
of the substrate majorly contributes to its low COF. Sample 
Z3 of Ti6Al4V-5Cu deposited at a laser power of 1200 W 
and scanning speed of 0.3 m/min was observed to have the 
highest COF of 0.05. This nature of rapid decrease of the 
COF has been reported by Xiong et al.28, though; their wear 
analysis was conducted under distilled water. The loss of 
wear was calculated using the formular adopted by Qu and 
Truhan24. The width of wear, length of stroke and the wear 
of depth has been applied to obtain the wear loss. Figure 9 
presents the histogram plot of the wear loss. 

Figure 9. Histogram plot of wear loss of the substrate, Ti6Al4V, 
and the Ti6Al4V-Cu alloys.

It can be detected that samples Z3, Z4 and Z5 of Ti6Al4V-
5Cu alloys show the lowest percentage of wear losses of 
0.162 mm3, 0.204 mm3 and 0.175 mm3 respectively; and 
fell between 10 % and 14 %; but interestingly showed a 
higher COF as compared to the substrate. On the other 
hand, sample Z2 of Ti6Al4V-3Cu alloy depicts a percentage 
of 15 % which is slightly higher and possesses the wear 
loss of 0.236 mm3. The wear loss of the substrate and the 
laser deposited Ti6Al4V alloy are 0.332 mm3 and 0.423 
mm3 respectively. All the deposited Ti6Al4V-Cu alloys 
showed an improvement in the wear resistance. Sample Z3 
of Ti6Al4V-5Cu alloys deposited with the laser power of 
1200 W and scanning speed of 0.3 m/min has the lowest 
wear loss. It was strangely fascinating that the wear loss of 
Ti6Al4V alloy is more than that of the substrate. Perhaps, 
the width and length of the wear scar of the substrate are 
more than that of the Ti6Al4V alloy but the depth is very 
much lower. In other word, the depth of wear and the width 
of wear have a significant role to play in determining the 
wear loss. The properties of Ti6Al4V-3Cu and Ti6Al4V-5Cu 
alloys are improved as compared with the substrate and the 

Ti6Al4V alloy. Perpetually, the Cu ions have strengthened 
the titanium lattices most especially the β-phases within the 
body centred cubic region.

4. Conclusion

The surface modification of Ti6Al4V alloy was achieved 
through the addition of 3 wt% and 5 wt% of Cu through laser 
metal deposition process. The microhardness values of the 
Ti6Al4V-Cu alloys were improved when compared to the 
substrate and Ti6Al4V alloys. The coefficient of friction of 
the substrate and the Ti6Al4V alloy were lower than that 
of the Ti6Al4V-Cu alloys but the wear losses of both the 
Ti6Al4V-3Cu and Ti6Al4V-5Cu were greatly improved with 
a reduced plastic deformation. The substrate shows the widest 
in wear width and lowest in wear depth. The occurrence was 
envisaged to be due to the compressive nature of the grain 
boundaries and the rolled nature of the substrate. Sample 
Z3 of Ti6Al4V-5Cu alloys deposited with the laser power 
of 1200 W and scanning speed of 0.3 m/min has the lowest 
wear loss. Widmanstätten structures were detected in most 
of the microstructures and their textures are dependent on 
the process parameters used. The -Ti phases were found to 
impede the continuous flow (plastic deformation) of the 
-phase during cooling due to variation in the slip system.
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