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Abstract— The effect of laser power on the resulting
microstructure and microhardness of laser metal
deposited Ti6Al4V powder on Ti6Al4V substrate has
been investigated. The tracks were deposited using 99.6
% pure Ti6Al4V powder of particle size ranging
between 150 - 200 um on 99.6% Ti6AIl4V substrate. The
laser power was varied between 0.8 - 3.0 kW while the
scanning speed, powder flow rate and the gas flow rate
were kept at the values of 0.005 m/sec, 1.44 g/min and 4 |
/min  respectively. The microstructure and the
microhardness were studied using the optical microscope
and the Vickers hardness tester respectively. Layer band
or macroscopic banding was observed in all the samples
which is phenomenon as it was only reported in the
literature for multi-layer deposits. The literature
attributed re-melting of the previous layers by the
succeeding layers as being responsible for their
formation. This study has revealed that this band could
be as a result of shrinkage happening in the fusion zone
as a result of the interaction of the deposited powder and
the melt pool created by the substrate material. This
study also reveals the relationship between the
microstructure, the average microhardness and the laser
power which are comprehensively discussed. The higher
the laser power, the lower the density of columnar prior
beta grain structure. Also the average microhardness
increases as the laser power increases.
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I. INTRODUCTION

Ti6Al4V is the most commonly produced titanium alloy
and also the most commonly used titanium alloy in the
aerospace industry [1, 2]. This is because Ti6Al4V
possesses excellent structural and corrosion resistance
properties [3-5]. Titanium and its alloys are classified as
generally difficult to machine material [6] because of the
high interaction between the titanium and the cutting tool
materials thereby causing high temperature and galling the
cutting tool that shortens the tool life [6]. Also, a series of
heat treatment is also required when cutting titanium and its
alloys because of heat hardening that occurs during the
cutting operation. With all these difficulties in machining
titanium through traditional manufacturing processes, there
is need for alternative manufacturing technique that will
offset most of these difficulties; the candidate manufacturing
method is Additive Manufacturing (AM) method. Additive
manufacturing as the name implies process material through
addition of material in layer wise fashion [7] unlike in
traditional manufacturing, cutting operation for example,
that removes material to shape a component.

Laser Metal Deposition (LMD) is an additive
manufacturing technique that produces solid components
directly from CAD model file [8,9]. Of all the additive
manufacturing techniques, LMD is unique in that it can be
used to effect repair of high valued component parts which
were discarded in the past [10]. LMD can also be used to
produce functionally graded materials [11] because it can
handle different materials at the same time. Laser metal
deposition is particularly attractive for the production of
aerospace parts because it can greatly increase fly-to-buy
ratio [12,13]. Also, the repair of high valued components
can readily be achieved in situ with laser metal deposition
process [14,15].

The Laser metal deposition process is achieved by
feeding powder, which is assisted by shielding gas, into the
melt pool that is generated by sharply focused collimated
laser beam on the substrate. The interaction between the
substrate and the laser create the melt pool. A lot of work
has been reported in the literature on laser metal deposition
of titanium alloys [4,12,13], most of which investigated a
combination of parameters effect on the property of the
deposited Ti6Al4V. The focus of this present work is to
extensively study effect of only one process parameter with
the aim of easing the difficulty of developing a close loop
control for full automation of laser metal deposition process.
This is particularly useful in the repair process. The effect of
laser power on the microstructure and the microhardness of
Ti6Al4V were thoroughly investigated in this study while
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keeping the scanning speed, the powder flow rate and gas
flow rate constant through out the experiments. Controlling
a single variable is much more simpler in the development
of a closed loop control system than using combination of
variables which becomes more complex especially where
interactions exists between these variables.

II. EXPERIMENTAL TECHNIQUE

The Laser Metal Deposition (LMD) process was
achieved with 4.4 kW fiber delivered Nd-YAG laser with
coaxial powder nozzles. A Kuka robot was used to carry
both the laser and powder nozzles and also controls the
deposition process. Complete shielding of the deposit was
achieved by the use of plastic material that is attached to the
end effector of the robot which covers the shielding block
completely during the deposition process; the photograph of
the experimental setup is shown in Figure la. The gas
assisted powder was delivered into the melt pool created by
the laser on the substrate in order to generate a deposited
track. The schematic of the deposition process is shown in
Figure 1b.
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Figure 1: (a) Experimental setup (b) Schematic of Laser
Metal Deposition Process

99.6% pure Ti6Al4V substrate of dimension 72 x 72 x 5 mm
thick plate was used on which the 99.6% pure Ti6Al4V
powder was deposited. The particle size of the powder
ranged between 150 to 200 pm. A preliminary experiment
was first conducted to establish a process window that
produces fully dense, pore free and good metallurgically
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bonded deposit. Based on the result of the preliminary
experiment, a laser power of 800 W, scanning speed of
0.005 m/sec, powder flow rate of 1.44 g/min and a gas flow
rate of 4 I/min produced a fully dense, pore free with good
metallurgical bonded deposit. These parameters were used
as a benchmark in this study. The scanning speed, powder
flow rate and the gas flow rate were fixed at these values
and only the laser power was varied between 0.8 and 3.0
kW. The process parameters are presented in Table 1.

Table 1. Processing parameters

Sampl | Laser Scanning | Powder Gas
e Power | Speed Flow Rate Flow
Design (kW) | (m/Sec) | (g/min) Rate
ation (I/min)
A 0.8 0.005 1.44 4
B 1.2 0.005 1.44 4
C 1.6 0.005 1.44 4
D 2.0 0.005 1.44 4
E 2.4 0.005 1.44 4
F 2.8 0.005 1.44 4
G 3.0 0.005 1.44 4

The substrate was sand blasted and cleaned with acetone
prior to the deposition process. A track length of 60 mm was
deposited for each of the processing parameter set and
designated as A to G in order to study the effect of the laser
power changes on the evolving microstructure and the
microhardness. After the deposition process, the samples
were laterally sectioned and mounted in resin. The samples
were ground, polished and etched according to the standard
metallographic preparation of Titanium. The samples were
studied under the Optical Microscopy (OM). The
microhardness was performed using the Vickers hardness
tester with a load of 500 g and a dwelling time of 15
seconds. The spacing between the indentations was fixed at
15pm.

III. RESULTS AND DISCUSSION

The microstructure of the substrate used as observed
under the optical microscope is shown in Figure 2. The
macrograph of the Ti6Al4V powder used in this study is
shown in Figure 3a and the particle size distribution is
shown in Figure 3b. The microstructure is characterized by
alpha and beta grain structure with the lighter part showing
the alpha grains and the darker parts showing the beta
grains. The powder is gas atomized and spherical in shape.
The particle size distribution is Gaussian.

Figure 2: Microstructure of the substrate

The schematic of the deposit as viewed from the cross-
section is shown in Figure 4, it is divided into three
micoctructure zones. The Deposit Zone (DZ) consists of the
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melted deposited powder, the Fusion Zone (FZ) consists of
the mixture of the substrate material and the deposited
powder all melted and mixed to produce bonding of the
deposited material with the substrate material. The Heat Af-

A Morphology and Microstructure

The mophology of the sample A is shown in Figure 5
displaying the deposit zone, the fusion zone and the heat

affected zone as depicted by the Figure 4. it can be observed
that the grains are continuous from the fusion zone to the
deposit zone and are culumnar in nature, this is seen in all
the samples. Figure 6a and 6b show the sample A and
sample F respectively indicating the macroscopic banding
that was observed in all the samples.
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Figure 3: (a) Morphology of the Ti6Al4V powder, (b)
Particle size analysis of the Ti6AI4V powder
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fected Zone (HAZ) on the other hand is the substrate
material that has been heated up during the deposition
process. The substrate acts as a heat sink and the part of the
substrate that received high enough heat to cause
microstructural changes is this area is refffered to as the heat
affected zone. The results are divided into two parts

namely: the macrostructure or morphology and
microstructural results, and the microhardness results.
acroscopic al(l
|
| Deosic Zone (DZ)
|
Fusion Zone (FZ)
| e y :
Heat Affected Zone (HAZ) . . (b.) .
Figure 6: Showing Macroscopic banding of (a) sample A
(b) Sample F
substrate
The macroscopic observation (see Figure 5) revealed that

the deposit zone and the fusion zones were chacterised by
continuous columnar prior [ grains, this is the
characteristics of Ti6Al4V wether casted [12] or laser

Figure 4: Schematic of the cross sectional view of the
deposit on the substrate
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deposited [16] but it is worthy to note that the macroscopic
banding or layer band are seen in all the samples (see Figure
6) as opposed to what is seen in the literature which is
common to only multi - layer deposits [16]. This banding
are often attributed to reheat of the previous layer by the
succeeding layer thereby creating another heat affected zone
[16]. Only single layer was deposited for each of the
processing parameter in this study and yet these bands were
observed. It can be inferred that these banding were not as a
result of reheating of the layer and it could be attributed to
the interaction in the fusion zone. The fusion zone must
have experienced some kind of shrinkage during
solidification as a result of mixing action taking place.
Figure 7 shows the microstructure of sample G indicating
the various alpha grains and the microstructure at the band
area. As can be seen, the change in the microstructure of the
band area is localised (see Figure 7) to a particular grain
which further explains that this could be due to shrinkage in
this location as a result if gas excape during solidification of
the fusion zone as all the bands are seen in the fusion zone
area. This require further study to  understand the
underlying physics of this phenomenon.

" Heat Affected Zone

(b)

Figure 8: Macrographs showing the fusion zone and the
heat affected zone of (a) sample B (c) sample D

The direction of the grain growth is opposite the maximum
temperature gradient. The maximum temperature gradient is
towards the substrate (heat sink), hence the grain growth
direction is opposite this direction. The microstructure of the
deposit zone of samples C and D are shown if Figure 9a and
9b respectively.

Figure 7: Microstructure of the fusion zone of Sample G
showing different a grains

The macrographs of the fusion and the heat affected zone
of the samples B and D are presented in Figure 8. The grain
growth in the deposit zones in all the samples are
dominated by heterogenous nucleation; this is because the
substrate material is the same as the powder material [17]
and they grow epitaxially on the globular grains in the HAZ
[18] (see Figure 8). The crytals at the fusion zone builds on
the globular grains of the heat affected zone (see Figure 8) = : : 4o : _
as observed in all the samples and the population of the | = = = : =
globular grains in the heat affected zone decreases with
increase in the laser power (see Figure 6 and 8) this is
because the cooling rate decreases as the laser power
increases, which resilts in less nucleation sites and also the
melt pool stays longer on the substrate before it completely
solidifies.

The longer time spent by the melt pool results in more
grain growth in the heat affected zone, i.e more grains were
merging together. This also translate to the fewer number of
culumnar grains in the deposit zone as the laser power
increases because the columnar grains grow epitaxially on
the globular grains in the HAZ of the substrate.

(b)
Figure 9: Microstructure of the deposit zone of (a) Sample C
(b) Sample D
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The microstructures of the heat affected zones of the
samples A, C and G are shown in Figure 10. The
microstructure of the heat affected zone is characterised by
accicular alpha grain structure.

(c)
Figure 10: The microstructure of the heat affected zone of
(a) sample A (b) sample C (c) sample G (upper part showing
part of the fusion zone)

B Microhardness

Figure 11 shows the average microhardness values of all
the samples that was ploted against the samples to see the
relationship between the change in average microhardness
and the change in laser power. The average hardness value
of each of the sample was determined and the average of the
samples are ploted against the sample designation. The best
fit line was drawn across the points to see the trend as
shown in Figure 11. The substrate material has the lowest
average microhardness value. It was observed that the
average Vickers hardness value increases with increase in
the laser power. This is expected because of the
microstructure changes from fine microstructure to coarse
microstructure as the laser power increases.
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Figure 11: The plot of average microhardness value of the
samples against the samples

v CONCLUSSION

Ti6Al4V has been deposited on Ti6Al4V substrate. The
laser power was varied between 0.8 - 3.0 kW while the
scanning speed, powder feed rate and the gas flow rate were
kept at 0.005 m/sec, 1.44 g/min and 4 1/min respectively.
The effect of changing laser power on the macrostructure,
microstructure and the microhardness were extensively
studied. The study revealed that layer band occurred in all
the samples which was characteristics of multi-layer
deposition and which was attributed to be as a result of re-
melting of the previous layer by the succeeding layer. Since
only one layer was deposited in this study, it shows that this
banding may be as result of shrinkage during solidification
in the fusion zone. Also, the microstructure of the heat
affected zone ranged between fine and coarse globular
primary alpha as the laser power increases. A range
between high and low density of columnar prior the beta
grain structure were also observed. It was found that as the
laser power increases, the microstructure range between fine
martensite to thick martensite. The average microhardness
also increases with an increase in the laser power.
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