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Laser Metal Deposition of Ti6A14V/Cu
Composite: A Study of the Effect of Laser
Power on the Evolving Properties
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Abstract— A study of the effect of laser power was
investigated over the volume of deposited composite,
microstructure and microhardness. The laser power was
varied between 600 and 1800 W while keeping all other
parameters constant. An indication shows that the area and
the volume of the deposited composites are directly
proportional to the laser power employed. The volume of the
deposit obtained falls between 358.6 mm?® and 1009 mm®. The
microstructures were analyzed and found that the formation
of the Widmanstatten structures improved the hardness of
Ti6AI4V/Cu composites. The hardness values of the deposits
varied between HV335 and HWV490. The percentages of
porosities of the samples were also presented and found to
have an inverse relationship with the laser power. The results
are presented and discussed.
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I. INTRODUCTION

performed and carried out investigations on titanium
and its alloys and their results have enabled them to
some extent to discover a better procedure on how to
improve on the production and deposition of the alloy to
enhance its development [1] — [2]. The exhibitions of the
combination of mechanical, physical and corrosion
resistance of Ti6Al4V alloy have made its applications

In the years back and recently, many researchers have
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among the titanium alloys desirable and demanding in the
aerospace, industrial, chemical, energy and automotive
industrial services. They are also applied in the emerging
biomedical prostheses applications due to the excellent
biocompatibility among metallic materials [1]. The alloys
are amongst the most important of the advanced materials
which are keys to improved performance in the aerospace
and terrestrial systems [2-4]. The improvements in the
mechanical properties of titanium and its titanium alloys
have generally been achieved through the addition of
alloying compounds [5-8]. The addition of copper (Cu) to
titanium alloys allows the manipulation of mechanical
properties through age hardening [9]. Cu is a strong f-
stabilizing element and its atomic migration into titanium
lattice results in the formation of B-Ti during cooling and
can travel longer distance in titanium lattice than other
elements and can open more crystallography structure of
the f matrix [10]. Laser Metal Deposition (LMD) as the
name implies is a process of using a laser beam to form a
melt pool on a metal substrate on which powder deposit is
sprayed through the nozzle and fusion bonded to the
substrate layer by layer to form a new material layer from a
3D CAD data. The laser power and powder composition is
taken into consideration to have a homogenous distribution
in the layer and improve its properties [11]. The
lower cooling rate at higher laser power resulted in a larger
globular grains in the heat affected zone (HAZ) and the
columnar prior beta grains grow epitaxially. Also, at low
cooling rates, the nucleation sites were reduced and led to
fewer columnar grains as the laser power was increased
[12]. Several studies have been conducted on laser metal
deposition of Ti6Al4V/TiC composites [13]-[15], but there
is scarcity of published literature on Ti6Al4V/Cu
composites despite the evolving desirable properties and
potential applications of these composites.

This research work therefore focuses on the effect of
laser power on the volume of the deposited composites,
microstructure and microhardness of laser metal deposition
of Ti6Al4V/Cu composites. In these experiments, the
scanning speed, the powder flow rate and gas flow rate of
the Ti6Al4V alloy and pure Cu powder were all kept
constant while varying the laser power. The evolving
properties of the laser metal deposited Ti6Al4V/Cu were
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thoroughly investigated and characterised at the varying
laser powers.

II. EXPERIMENTAL PROCEDURE

The experiments were conducted at the National Laser
Centre of Council of Scientific Industrial Research (NLC-
CSIR), Pretoria, South Africa. The Laser Metal Deposition
(LMD) was achieved by using Ytterbium laser system
equipment (YLS-2000-TR) operating at a maximum power
of 2000 Watts and uses a kuka robot for its operation. The
laser passes through the centre of the nozzle and creates the
melt on the substrate. Argon shield gas was employed to
protect the deposit from oxidation during the operation.
The powder was accelerated with the assistance of gas on
the substrate. Fig. 1 shows the experimental setup of a
kuka robot that was used during the deposition.

End effector

Controller

Fig. 1. Experimental set up

The system consists of a nozzle at its end, hose
connections, a controller and other external facilities such
as the powder feeder, the laser components, carrier gas
component, a chiller and argon gas cylinders as shown.

A. Materials and methods

The substrate used was 99.6% Ti6Al4V solid with a
dimension of 102 X 102 X 7.45 mm® in volume. The
substrate was sandblasted in a compartment to remove
surface contaminants and to create a rough layer for firm
metallographic bonding between the deposit and the
substrate. The process parameters used in this study are
shown in Table I. The substrate was cleaned with acetone
and dried off. Two powders were used for these
experiments which are Ti6Al4V and Cu powders. The
particle sizes of the Ti6Al4V and Cu powders varied
between 150 and 200 pm. The powders were fed from two
different hoppers, flows through two hoses and directly to
the nozzle end with the help of the carrier gas. An argon
gas was supplied into the system to provide a shield to
prevent oxygen contamination on the deposited composite.
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TABLEI
EXPERIMENT MATRIX

Sample Laser | Scanning Powder Flow Gas Flow Rate

Name Power Speed Rate (rpm) (I/min)

(W) (mis)

Ti6AI4V | Cu |Ti6AI4V | Cu
Al 600 0.005 9.9 0.1 3 1.5
A2 900 0.005 9.9 0.1 3 1.5
A3 1200 0.005 9.9 0.1 3 1.5
A4 1500 0.005 9.9 0.1 3 1.5
A5 1800 0.005 9.9 0.1 3 1.5

The Ti6Al4V alloy and Cu powders from the hoppers
flowing through different hose met at a point and flow
through a hose to the nozzle. The laser power was varied
while other parameters were kept constant. The beam
diameter used for this experiment was 4 mm and track
length was maintained at 50 mm respectively. The nozzle
standoff distance was kept at 12 mm throughout the
experiments.

Five deposits were made from the powers designated as
Al to A5 and the deposits were cleaned with metal brush
after deposition to remove the unmelted powders on them.
After the full deposition, the samples were sectioned
transversely and mounted in polyfast prior to further
characterisation processes. The samples were grinded,
polished and etched according to E3-11 ASTM standard
[16].

Calculations were conducted for the resulting area of
segment and volume of the deposited composite. Samples
were also observed on the optical microscope to view the
evolving microstructure.

B. Volume of the Deposited Composites

Fig. 2 shows a schematic view of a deposited sample
image of a composite after the deposition was made on the
substrate. The volumes of each of the samples from Al to
AS were achieved using the formulas in equations (i), (ii)
and (iii) according to Sloane [17].

Fig. 2. A schematic of deposited composite on a substrate

The area of the circular segment of radius ‘R’ is given by:

4 =F*cos™! [=H] - IR - KIVIRR - B° Q)
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Where ‘R’ is the radius of the circle or cylinder.

According to Sloane, & = 0, ¥¥602T and this was not
solved analytically but found numerically, therefore;

A= 0.50802TH (i1)
And

V(L B.h) = L[B%Cos~! [EF] - [R - KIVERR -] (iil)

C. Microstructure

The microstructures of the cross sections of the samples
were observed. Prior to the optical observation, the Kroll’s
reagent was prepared with 100 ml H,O, 3 ml HF, 5 ml
HNO; according to Struers application note of
metallographic preparation of titanium [18]. Each of the
samples was etched for 10 - 15 s rinsed with water and
dried off. All the five (5) samples were observed under the
BXS51M Olympus microscope at various magnifications.

D. Hardness tests

The microhardness characterization was conducted on a
Vickers hardness machine Zwick/Roell on each sample
from sample Al to A5 starting from the top of the cross
section and to the substrate. Eight indentations were made
on the deposited composite; and indenting through the
fusion zone (FZ), the heat affected zone (HAZ) and the
Ti6Al4V substrate. A load of 500g and a dwell time of 15 s
were used throughout the hardness tests according E384 -
11el ASTM standard [19].

III. RESULTS AND DISCUSSION

The results obtained from the test analysis conducted are
presented and discussed in this section.

A. Physical Appearance of Deposited Tracks

The physical appearance of the deposited tracks is shown
in Fig. 3. Deposits were made and labelled Al to AS as
shown.

ed - -
Fig. 3. Deposited tracks of sample Al to A5

It was observed that there are no visible defects on the
deposits. The length of the deposit, width and height of the
deposited samples were taken into cognizance with the
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parameters used to produce the tracks. The measurements
were done using a digital Vernier caliper.

Table II presents the sample designations and the
measurements for the length of deposit, the width, height,
the radius of the circle, the area of the circular segment and
the volume of deposited composites.

TABLE II
MEASUREMENTS OF THE LENGTH, WIDTH AND HEIGHT OF THE
DEPOSITED COMPOSITES

Sample L w h R [R-h] A \Y
Name | (mm) | (mm) | (mm) | (mm) | (mm) | (mm? | (mm®)
Al 50 2.83 1.49 2.5 1.01 7.17 358.6
A2 50 3.04 22 3.69 1.49 15.63 781.7
A3 50 3.59 2.37 3.98 1.61 18.14 907.2
A4 50 4.12 2.41 4.04 1.63 18.76 938.1
AS 50 4.99 2.5 4.19 1.69 20.19 1009

Where the parameters in the Table II are as follows: L =
Deposit length, W = Deposit width, H = Height of deposit;
R = Radius of circle, A = Area of circular segment and V =
Volume of deposited composite.

A plot of the deposit widths and heights are presented in
Figure 4.
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Fig. 4. Widths and heights of deposit against samples

From Table II and Fig. 4, it was observed that the widths,
heights and the radii of the deposits increases as the laser
power increases therefore corresponding to the increase in
the area and the volume of the deposits also as the laser
power increases. This is attributed to the degree of laser-
material interaction due to the fact that at high laser power,
a substantial amount of powders are melted, hence the
highest volume of sample A5 deposited at 1800W.
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B. Volume and Area of the Deposited Tracks

The volume of the deposited tracks and area of the
circular segments of the deposits are presented in Fig. 5.
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Fig. 5. Histogram of area of segment and volume of deposited track

Fig. 4 shows the histogram plot for the area of segment
and the volume of deposited composite of sample Al to
AS. It was found that the area of the segment increases
slightly as the [R-h] mm increases. The volume of the
composite shows a greater increase as the laser power
increases. Equation (i) was used to calculate the area of
segment. The value of x=0.596027 is a constant which
gives the ratio of the height to the radius of circle. The
quantification of the volume of powder utilized is
necessary in order to have an idea of the quantity of
powder required for certain dimension of composites.

C. Microstructural evaluation

An investigation was carried out on the evolving
microstructures on samples Al to sample AS5. Before the
deposition, the SEM morphology of the Ti6Al4V powder
and Cu powder are shown in Fig. 6 (a) and (b). Also, the
microstructure of the substrate cross-section was shown in

Fig. 6(c). Both powders show a spherical morphology and Ti6Al4V
powder was observed to have almost similar shape and size
of powder particles while Cu powder shows similar shape
but different particle sizes. Some smaller particles were
observed to attach themselves to the main particles as
observed as observed in the Fig. 6.

Fig. 6. (a) The SEM morphology of Ti6Al4V powder, (b) The SEM
morphology of Cu powder, (c) Microstructure of the substrate.

Fig. 7. shows the macrographs of sample A2 and A4 at
the laser power of 900 W and 1500W.
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Fig. 7. (a) Macrograph of sample A2 at a laser power of 900W, (b)
Macrograph of sample A4 at a laser power of 1500W

The degree of porosities in the deposits were
characterised as this is significant in biomedical
applications to encourage osseointegration. Pores were
observed at the lower part of some of the composites. In
the stream analysis report of sample A2 on porosity, the
average/mean porosity was found to be 171.14+90.75 um.
The phase analysis shows a value of 39.18 %. Fig. 7(b)
also shows the macrograph of sample A4 at a laser power
of 1500 W and the stream analysis shows an average/mean
porosity value of 125.444+27.4 pm.

The phase analysis done on sample A4 gives a value of
8.69 %. The percentage of porosity decreases with respect
to an increase in the laser power. The rate of cooling was
slow at high laser power and there was enough time for
good solidification to occur. The entrapped gases in the
deposited composite at high power do not have space to
cause so many pores unlike when solidification takes place
at low laser power. These pores observed have their
advantages in bone implants. The surplus of Cu content in
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the body is better than its deficiency. 1% of Cu added to
the Ti6Al4V alloy used for implants will be of advantage
to the body of human or animal when the composite is used
to fabricate bones with certain percentages of porosities for
medical use. Macroscopic bandings were found on sample
A4 as shown in the Fig. 7(b). Structures are also found to
grow epitaxially towards the fusion zone (FZ) and the heat
affected zone (HAZ).

Fig. 8(a) shows the microstructure of sample A4 with
widmanstettan structure at the laser power of 1500W while
Fig. 8(b) shows the microstructure of sample A3 with
widmanstettan structure and columnar prior beta grain at
the laser power of 1200W.

Magrification. £5.00%

agrafication 2800

Fig. 8. (a) Microstructure of sample A4 showing widmanstettan structure

at the laser power of 1500W. (b) Microstructure of sample A3 at the laser
power of 1200W

Fig. 8 (a) and (b) show the formation of widmanstettan
structures and their occurrence are due to the cooling rate.
During this phenomenon, martensitic structure of the
solidified composite sets in and this was due to a fast
cooling rate. At this stage, coarse widmanstettan structures
are formed and this can improve the brittleness of the
composite material. At high laser power, a slow cooling
rate sets in and improves the coarseness of the

WCE 2014



Proceedings of the World Congress on Engineering 2014 Vol II,
WCE 2014, July 2 - 4, 2014, London, U.K.

widmanstettan structures thereby creating a low brittleness
of the deposited composite. Fig. 8(b) shows the
microstructure of sample A3 with widmanstettan structure
and columnar prior beta grain at the laser power of 1200W.
Grains grow epitaxially towards the FZ and HAZ and a
formation of globular structures as the laser power
increases, this is similar to the reported literature [12].

D. Microhardness profiling

The microhardness profiling was carried out on all the
samples making eight indentations on the cross section of
the deposited composites. The average hardness values and
their standard deviations are presented in Fig. 9.
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Fig. 9. Average hardness of the deposited composites

An indication shows that the hardness value increases as
the laser power increases. At some point, the hardness
value got to the peak and decreased as the laser power kept
on increasing. Sample A2 at a power of 900W shows
highest hardness and this point, the level of martensite is
high and a coarse widmanstettan was generated. As the
sample A3, A4 and A5 show a decrease in the hardness
value so will their martensitic reduces and improves the
cooling rate as regards relatively to the increase in laser
power.

IV. CONCLUSIONS

The deposition of Ti6Al4V and Cu powder and the
formation of Ti6Al4V/Cu composites on Ti6Al4V
substrate was a success. Characterizations were done on
the microstructure, porosity, microhardness and calculation
for the volume of deposited composites.

Widmanstatten structures were generally observed in the
microstructures and increases as the laser power increases.
Porosity evaluation was investigated and observed that
percentage of porosity is inversely proportional to the laser
power. The results obtained will be advantageous to the
bio-medical application such as the bone implantation.
Hardness value obtained shows an improvement on the
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Ti6Al4V/Cu composite. More characterisation will be
carried out on the samples to prepare them for optimization
and further characterize in order to account for an

improvement in both medical and engineering
environments.
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