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ABSTRACT

Additive manufacturing (AM) is an important manufacturing technology that has
changed the way products are designed and manufactured. Laser Metal Deposition
(LMD), an AM technology, has the capability of producing components using a 3-
Dimensional CAD model, through a layer by layer formation process just like any
other AM technology. In this study, the influence of the scanning speed on the
corrosion property of Titanium alloy-Ti6AI4V using LMD process was investigated.
The scanning speed varied between 0.02 m/s and 0.14 m/s while other processing
parameters were kept constant. The electrochemical corrosion test was conducted in
sodium chloride (NaCl) solution. The result revealed that the corrosion resistance
property was found to increase with the scanning speed.

KEYWORDS: Additive Manufacturing, Corrosion, Laser Metal Deposition,

Scanning speed, Titanium.
1. INTRODUCTION

Additive manufacturing (AM) is an advanced
manufacturing process that has indeed revolutionize
the manufacturing industries because of the flexibility
that the process offers [1]. Laser Metal Deposition
(LMD) is an Additive manufacturing technique that
can produce components directly from three
dimensional (3D) computer aided design (CAD)
model of the part being made, through a layer by layer
formation of materials [2], [3]. Apart from making a
new product using LMD process, failed component
can efficiently be repaired, and obsolete product can
be remanufactured because of its ability to build a
new product on an existing structure with good
metallurgical bonding [4]. The ability of LMD to
handle different materials simultaneously makes this
AM process to be used in manufacturing product with
composite and functionally grated materials [5]- [7].
Laser metal deposition process is highly sensitive to
the processing parameters that govern the
manufacturing process. These processing parameters
include the laser power, scanning speed, powder flow
rate and gas flow rate. These processing parameters
have been demonstrated by researchers, to have great
influence on the evolving properties of AM produced

materials in general and laser metal deposited
materials in particular [8]- [12]. Difficult to machine
materials can easily be manufactured using LMD, no
matter the complexity.

Titanium and its alloys are classified as difficult
to machine materials due to the chemical behaviour of
these materials [13]. Additive manufacturing
technology is an excellent alternative manufacturing
technology that can be used to process Titanium and
its alloys [14]. Ti6Al4V is the most used titanium
alloy and it is often referred to as the workhorse of the
industry [15]. This is because of the exciting
properties of Ti6Al4V that includes: high strength to
weight ratio, corrosion resistance and high
biocompatibility [16]. These qualities have made
Ti6Al4V a material of choice in industries such as the
aerospace, automobile, chemical and biomedical
industries [17], [18]. A few studies have appeared in
the literature on the influence of the processing
parameters on the properties of LMD processed
Titanium and its alloys [19]-[22]. The properties that
the processing parameters influence include, physical
properties, hardness property, surface properties, and
material deposition efficiencies [23]- [27]. The
corrosion properties are also found to be influenced
with the change in processing parameters [28], [29].
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Some researchers studied the influence of heat
treatment on corrosion behaviour of additively
manufactured parts [30], [31]. The novelty of this
current study is that the process parameters can be
adjusted to improve the corrosion resistance of laser
metal deposited part.

This present study investigates the influence of
scanning speed on the corrosion behaviour of
Ti6Al4V. The scanning speed was varied from 0.02
m/s to 0.14 m/s while all other processing parameters
were kept at constant value throughout the
experiments.

2. EXPERIMENTAL PROCEDURE

The Ti6Al4V substrate used in this study contains 6
w% of aluminium, 4 w% of vanadium, supplied by
VSMP-AVISMA corporation, a Russian based
company. The Ti6Al4V powder used in this study is
of particle size range between 120 - 320um and it is
spherically shaped atomized powder that was supplied
by F.J Broadmann and Co Louisiana. The LMD
process was achieved using the LMD experimental
set-up consisting of a Kuka robot carrying a 3.0KW
Nd:YAG laser attached to it end effector and with
coaxial nozzles for powder delivery. This
experimental set-up is available at the National Laser
Centre (NLC) at the Council for Scientific and
Industrial Research (CSIR) Pretoria, South Africa.

Deposited multiple Liser beam
overlapped clad
tracks composites
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Fig. 1. Schematic diagram of LMD [32]

The laser spot size was maintained at a diameter
of 2mm and was focused at 195mm above the
substrate. A glove box filled with Argon gas was used
to shield the deposited samples from reacting with
oxygen in the atmosphere which can contaminate the
results. The scanning speed was varied between 0.02
— 0.14m/s. The laser power, the gas flow rate and the
powder flow rate were kept constant at 3 kW, 4 I/min
and 1.44 g/min, respectively. The LMD process was
achieved by creating a melt pool on the surface of the
substrate using the laser beam, then the powder was
delivered through the coaxial powder nozzle onto the
melt pool simultaneously and upon solidification a
track of solidified melted powder was seen along the
path of the laser. The schematic diagram of the LMD
process is shown in figure 1 [32]. The experimental

matrix used in this study is presented in table 1. After
the  deposition process, the samples for
microstructural examination were cut across the
deposition direction to reveal the cross section of the
samples. The cut samples were mounted, ground and
polished by the ASTM standard for metallurgical
preparation of Titanium and its alloys [33].

Table 1. Process parameters

Laser Powder Gas flow | Scanning
power flow rate rate speed
kW] |g/min] [/min] [m/s]
3 1.44 4 0.02
3 1.44 4 0.04
3 1.44 4 0.06
3 1.44 4 0.08
3 1.44 4 0.10
3 1.44 4 0.12
3 1.44 4 0.14

Electrochemical corrosion test was conducted on
deposited samples which were cut into equal size

coupons of area 0.35cm X 0.35 cm. The coupons
were immersed in corrosive media made of solution
of 3.5 w% NaCl dissolved in deionized water. The
corrosion test set-up is shown in figure 2. The test was
conducted for 14 days to determine the corrosion rate
of each of the samples. The polished samples were
etched with Kroll’s reagent consisting of 100ml of
water and 3ml of hydrofluoric acid and 2ml of nitric
acid. The Microstructure of samples were studied
using optical microscope.

Fig. 2. Corrosion test experimental set-up
To predict the corrosion rate using Faraday’s law, the
following equations were used. The mass of metal lost
to corrosion in grams is given in equation 1 as:

m=1-z-t ()

where I is the corrosion current (LA);
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t - reaction time in second;
z - electrochemical equivalent (g/As).

z is given by the equation 2:

z=— 2)

where a is the atomic weight of the corroding metal in
grams;
n - electron transfer in oxidation reaction in mole;
F - Faraday’s constant, F = 96500 A's/mole.

The Corrosion rate in mm per second (Cg) is give
in equation 3 as:

1
i =— 3
corr A ()
m i -z
C — :cDrr 4
AT “

where i.o.» is the corrosion current density (uA/cm?);
A - area exposed of metal to corrosion in cm?;
p - density of metal (g/cm?).

The Corrosion rate per year (CR) based on the
ASTM Standard G 102-89 [34] is given in equation 4
as:

K-i -E
CR — lcurr w (5)
P

where k is a constant = 3.27 10~ mmg/uAcmyr

EW - equivalent weight;

Density of Ti6Al4V= 443 g/cm*® and EW,
equivalent weight of Ti6A14V=11.90 [35].

3. RESULTS AND DISCUSSION

The microstructures of the samples were studied to
gain insight into the influence of the scanning speed
variation on the evolving microstructure that will in
turn affect the properties of the deposited samples.
Figure 3a and b shows the micrograph of the Ti6Al4V
powder and Ti6Al4V substrate.

The Ti6Al4V powder is spherically shaped gas
atomised powder particle with few satellite particles
connected to the larger particles. The shape of the
powder is spherical due to the production process of
the powder. The sphericity is important to maximize
laser absorption. The Ti6Al4V substrate is
characterize by the presence of alpha and beta phases
which is an obvious characteristic of Ti6Al4V.

Figure 4a shows the micrograph of samples
deposited at scanning speeds of 0.02 m/s showing the
columnar microstructure that is characteristic of laser
metal deposition process. Similar microstructure is

observed in all the samples which are characterized by
columnar grains structures (Fig. 4a). The
solidification process is directional because of the
cold substrate that acted as heat sink during the
deposition process. Globular grains are seen in the
heat affected zone due to grain growth occurring at
this area from the heat gained from the melt pool. The
globular gains are where the columnar grains grew on
epitaxially. As the scanning speed was increasing, the
population of the columnar grains increase because of
rapid cooling due to smaller melt pool size which is
consistent with was obtained in the previous study
[23].

The higher magnification of samples deposited
at scanning speeds of 0.04 m/s and 0.12 m/s are
shown in figure 4b and 4c respectively. The
microstructure of the deposited sample at lower
scanning speed is characterized by basket woven
microstructure due to the lower solidification rate at
low scanning speed (Fig. 4b). The melt pool produced
at low scanning speed is large because of larger laser
material-interaction time that causes slower cooling
rate. At high scanning speed, the cooling rate is much
more rapid, and the evolving microstructure is
martensitic structure (Fig. 4c).

Fig. 3. a) Micrograph of Ti6Al4V powder. b) Optical
micrograph of substrate

The results of the electrochemical corrosion test
carried out on the deposited samples in corrosive
media of NaCl are presented in Table 4. The results
were obtained by using the average corrosion current
that were read during the corrosion test and applying
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the equation (3) to obtain the corrosion current 18
density. This is subsequently used in equations (4) i .
and (5) to obtain the corrosion rate.
14
12 =
10 d o

200um

Fig. 4. Optical micrograph of sample produced at (a)
scanning speed of 0.02 m/s (b) scanning speed of 0.04
m/s (¢) scanning speed of 0.12 m/s

Table 4. Electrochemical corrosion test results

. Corrosion .
Scanning . Corrosion rate
current density
speed (m/s) icorr [MA/cm? [mm/yr]
0.02 16.3265 0.14341153
0.04 13.0612 0.11472923
0.06 12.2449 0.10755887
0.08 12.2449 0.10755887
0.10 10.6122 0.09321728
0.12 9.7959 0.08604692
0.14 8.9796 0.07887656

The graph of corrosion current density against the
scanning speed is shown in figure 5. The bar chart of
corrosion rate per year (mm/yr) is presented in figure
6. The corrosion current density is found to decrease
as the scanning speed was increased. The corrosion
rate per year is also seen to de decreasing as the
scanning speed was increased. The highest corrosion
rate observed at the lowest scanning speed is 0.1434
mm/yr is far less than the corrosion rate of the
substrate which is 0.3911 mm/yr. This could be as a
result of the rapid solidification that characterizes the
LMD process which often results in improved
properties of the deposited materials [23].

Corvosion current density icorr {qurmzl

- - T T T T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14
scanning speed (m/s)

Fig. 5. Graph of corrosion current density against the
scanning speed
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Fig. 6. Bar chart of corrosion rate per year against
scanning speed

At low scanning speed, the laser reacts with the
deposited powder at a much longer time that enables
proper melting of the powder and also results in larger
melt pool that stays longer on the substrate before
finally solidifies. This will result in the development
of microstructure that include Widsmanstateen
(bascketwoven) as seen in Figure 4b, that is softer in
nature. This could be the reason for the high corrosion
rate that was observed at the lower scanning speed as
compared to at higher scanning speed.

At higher scanning speeds, the interaction
between the laser beam and the deposited powder is
shorter and hence, the melt pool that was created is
smaller which solidifies much more rapidly and
developed martensitic microstructure (Fig. 4c) which
is much harder and hence producing lower corrosion
rate. These observations are consistent with the results
observed from studies in the literature [23].
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4. CONCLUSIONS

This paper investigated the effect of scanning speed
on the corrosion behaviour of laser metal deposited
Ti6Al4V. The scanning speed was varied between
0.02 and 0.14 m/.s while all the remaining process
parameters were kept constant throughout the
experiments. This study revealed that as the scanning
speed was increased, the corrosion rate per year was
found to be decreasing. Also, the highest corrosion
rate of 0.1434 mm/yr observed at a scanning speed of
0.02 m/s is lower than the corrosion rate of that of the
substrate which is 0.3911 mm/yr. The optimum
scanning speed in this study can be concluded to be
the speed that produced the lowest corrosion rate of
0.0789 mm/yr which is obtained at the highest
scanning speed of 0.14 m/s based on the set of
processing parameters that were considered in this
study.
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