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Influence of Scanning Speed and Energy

Density on the Evolving Properties of Laser
Deposited Ti6Al4V/Cu Composites
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Abstract— Titanium is a light metal and finds application majorly
in the aerospace and bio medicals. This paper presents the influence
of scanning speed and energy density on the evolving microstructure
and microhardness of laser deposited Ti6Al4V/Cu composites. The
laser power, powder flow rates and gas flow rates were kept constant
while varying the scanning speed. From the microscopic analysis, o
acicular structures were found growing from the top of the cross
section of the composite and broke into the B-phase and the grain
boundary of the (a+f) phase, and found to disappear gradually as the
scanning speed increases. Widmanstettan was also found in all the
samples. Sample S21 of energy density 240 J/mm? deposited with a
laser power of 1200 W and a scanning speed of 5 mm/secs shows the
highest hardness value of 541+20 HV, s while Sample S27 of energy
density of 48 J/mm® deposited with a laser power of 1200 W and a
scanning speed of 25 mm/secs shows the lowest hardness value of
405+12 HV, 5. This was attributed to the Cu content added and plays
a vital role in stabilizing and strengthening the B-phase.

Keywords— laser metal deposition, microstructure, microhardness,
Ti6Al4V/Cu composite

I. INTRODUCTION

POWDER metallurgy has been widely used for the
production of partial and completed jobs in the field of

engineering and other related fields [1]. The deposition of
metal powders using the laser is accepted in the aerospace, bio
medical and marine industries [2]. The laser metal deposition
of titanium and its alloy in the surface and coating technology
is one of the means to improve its surface integrity especially
in aerospace and biomedical [3]. The addition of alloying
elements to titanium and its alloys have commonly enhanced
their mechanical properties [4-6]. A low energy density
provides low bonding and insufficient melting with the
substrate; and that for a material to behave well in service, it
should possess good mechanical properties such as high
hardness and good bond strength [7]. A metal matrix
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composite layer with a nickel based alloy was deposited on
the surface of AISI 316 stainless via laser cladding for the
purpose of improving the hardness. Good coatings were
achieved with the energy density between 20-80 J/mm?® [8].
The mechanical property of Ti6AI4V alloy was improved with
the addition of 1, 4 and 10 weight percent of Cu. The results
showed an increase in the bulk hardness of the alloys [9]. Cu
was reported to be a strong [-stabilizing element and its
atomic mobility into the titanium lattices has resulted in the
formation of B-Ti [10]. 4 % of Cu was added to Ti6Al4V to
improve the corrosion behavior of the alloy. The
microstructural results led to the formation of acicular o grain
in the B grains and were found to be finer than the grains in
the Ti6Al4V alloy [11]. Information on the LMD of
Ti6Al4V/Cu alloying composite is still very limited despite
the general acceptance of this primary alloy in several
engineering applications.

This paper therefore reports the effect of scanning speed and
energy density on the evolving microstructures and
microhardness of the laser deposited Ti6Al4V/Cu composites.
In this experiment, the laser power, powder flow rate and the
gas flow rate were kept constant while varying the scanning
speed. The energy density of every sample was also
characterised.

II. EXPERIMENTAL SETUP

The experiment was conducted on the Ytterbium laser
system apparatus (YLS-2000-TR) powered at 2000 W. The
system is equipped with a Kuka robot to perform the cladding
and other deposition processes. Attached to the end effector is
a three way nozzle that supplies the powders and the laser
beam onto the substrate. The deposited composite is protected
by an argon shield gas to prevent oxidation from the
environment. Fig. 1 shows a typical schematic view of the
nozzle head coupled with the hoses for flow of powders.
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Fig. 1 Schematic view of the nozzle head

A. Material and Matrix

A 99.6 % Ti6Al4V alloy plate of 102 mm X 102 mm X
7.45 mm dimension was used as the substrate. The two
powders used for the formation of the composites are
Ti6Al4V and Cu powders; and both were fed from two
seperate feeders (hoppers) and directly into the laser system
via the hose connections. The particle sizes of the Ti6Al4V
and Cu powders are varied between 150 and 200 um. The
surface of the substrate was grit-blasted to enhance good
metallurgical bonding and to remove the surface
contaminants. Table I shows the process parameters used in
the present study.

TABLEI
EXPERIMENTAL MATRIX
Sample Name Laser Power Scanning Speed Energy Density

(W) (mm/sec) (J/mm®)
S21 1200 5 240
S22 1200 8.3 144.58
S23 1200 11.67 102.83
S24 1200 15 80
S25 1200 18.33 65.47
S26 1200 21.67 55.38
S27 1200 25 48

The laser power of 1200 W, powder flow rate of 2.5 rpm and
0.1 rpm for Ti6Al4V and Cu and gas flow rate of 3 1/min and
1 I/min for Ti6Al4V and Cu were all kept constant while the
scanning speed was varied between 5 mm/sec and 25 mm/sec
respectively. 3 weight percent of Cu powder was deposited
with Ti6Al4V to form the complete composites. The beam
diameter of 4 mm and a standoff distance of 12 mm were used
throughout the experimental setup. The permutation of the
laser power, the scanning speed and the beam diameter
constitute the energy density output as shown in equation 1.
Seven deposits were made on the substrate and labelled
S21 to S27. The composites were metal brushed to remove the
flux on them.
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Where E denotes the Energy density, JJmm?, P denotes the
Laser power, W, d is Beam diameter, mm, and v is the
scanning speed, mm/s.

B. Microstructure

The composites were sectioned laterally and mounted in
polyfast prior to microscopic observation. The Kroll’s reagent
was prepared with 100 ml H,O, 2-3 ml HF and 4-6 ml HNO;
according to the guidelines stated in the Struers application
note of metallurgical preparation of titanium [12]. The
samples were observed under the optical microscope
(Olympus BX51M) to view the macrographs and the
microstructures at low and high magnifications. The duration
of etching was between 10-15 secs.

C.Microhardness

The microhardness characterization was conducted on
EMCOTEST Dura scan Vickers hardness machine. Seven
indentations were made on the lateral view of the composites.
A load of 500 g and a dwell time of 15 secs were used
throughout the hardness tests according E384 -11el ASTM
standard [13].

III. RESULT AND DISCUSSION

The results obtained from this present study are presented
and discussed in this section.

A. Microstructural Evaluation

An analysis was carried out on the Ti6Al4V and Cu
powders under the SEM. Figs. 2 (a) and (b) show the
morphology of the Ti6Al4V and Cu powder used for the
deposition.

The morphologies of the two powders are spherically oriented
and equiaxed. The Cu particles are heavier and denser than
that of the Ti6Al4V particles.

Figs. 3 (a) to (d) show the macrograph and the microstructures
of the composites. Figs. 3 (a and b) show the macrograph and
the microstructure of sample S21 (Ti6Al4V/Cu composite)
deposited with a laser power of 1200 W and scanning speed
of 5 mm/sec. Fig. 3¢ shows the microstructure of sample S23
at the top left view and Fig. 3d shows the microstructure of
sample S26 deposited with a laser power of 1200 W and
scanning speed of 21.67 mm/sec.
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Fig. 2 (a) The SEM morphology of Ti6Al4V powder, (b) The SEM
morphology of Cu powder

&
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Fig. 3: (a) and (b) Macrograph and microstructure of sample S21

deposited at a scanning speed of 5 mm/sec respectively; (c)

Substrate - microstructure of sample S23 deposited at a scanning speed of 11.67

- e mm/secs; (d) microstructure of sample S26 deposited at a scanning
speed of 21.67 mm/secs
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A critical observation was put in place in studying the
microstructures of the composites. It was found out the
volume of the composites and porosities decreases as the
scanning speed increases. o, P and (at+f) phases were
observed. oa-acicular structures were found a few microns
height from the top of the composite to grow into the B grains
[11] and break into the closer grain boundaries of the a+f
grains. The o-acicular were also found disappearing and this
could be attributed to the decrease in the energy density as the
scanning speed increases. The grain boundaries of the (o+f)
phase were observed to be larger than the B-phase. The
closure of (o+PB) phase boundary with another was also
observed to create a macroscopic banding. Columnar grains
were likewise found layering between the boundaries of two
Widmanstettan structures and this was observed in sample
S21 deposited with a laser power of 1200 W and scanning
speed of 5 mm/sec. The growth of the grain boundaries
terminates at the fusion zone. The surface of the composites
becomes rougher as the energy density decreases. This energy
density is inversely proportional to the scanning speed. The
martensitic structure in the o-phase region was also found
decreasing as the scanning speed increases. A wormlike
structure attached with clusters of spines were similarly
observed on sample S26 as shown in Fig. 3d and their
formation could be as a result of the decrease in the
martensitic phases at high scanning speed.

B. Microhardness Profiling

The microhardness profiling was carried out on the lateral
view of all the samples from S21 to S27.
Fig. 4 shows the Vickers hardness HV 5 results of sample S21
to S27. The average of seven indentations is represented as the
average hardness and its standard deviation.
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Fig.4 Average hardness of the Ti6Al4V/Cu composites
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It can be deduced that the scanning speed is inversely
proportional to the hardness value and the energy density. A
high energy density and low scanning speed have a great
influence on the hardness of the Ti6Al4V/Cu composites. The
formation of martensite reduced, and thus improves the
ductility of the samples. This trend was related to the previous
work done on the effect on powder flow rate and gas flow rate
of Ti6Al4V/Cu [14]. Sample S21 with the energy density of
240 J/mm?® shows the highest hardness value of 541+20 HV s
as compared to the hardness values of other samples; however
the hardness values obtained in this present work was
improved when compared to the hardness values obtained in
the previous studies with the addition of 1 % Cu [14].
Invariably, the hardness values have been superseded and
improved with the addition of 3 wt % of Cu to Ti6Al4V alloy.

IV. CONCLUSION

Laser metal deposition of Ti6Al4V/Cu composite was
successfully implemented and characterised. The addition of 3
weight % Cu has greatly enhanced the mechanical property of
the primary alloy. It can be inferred that the scanning speed is
inversely proportional to the energy density; and the
microstructural analysis shows the formation of a-acicular and
disappears as the scanning speed increases. Very little
porosities formed were also observed to decrease with the
increase in the speed of scan. Hardness value obtained shows
an improvement on the Ti6Al4V/Cu composites with the 3
weight % of Cu added as compared to the primary alloy. Cu is
a great stabilizer to the titanium lattice especially the B-phase.
Further work needs to be carried out on wear to test their
coefficient of friction for sliding application.

Nomenclatures

o alpha.

B beta.

wt weight.

W power, watts.

n microns

ml milliliter

rpm revolution per minutes
g grams

Acronyms

HV Vickers hardness.
H,O water.

HF hydrofluoric acid.
HNO;  Nitric acid
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