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Abstract

Direct Laser Metal Deposition (LM D) was usedto fabricate thin-wall Ti-6Al-4V using the
powder mixture of Ti-6 wt.%Al-4 wt.%V. Scanning electron microscopy (SEM), optical
microscopy (OM) and energy dispersive spectroscopy (EDS) were employed to examine the
chemical compositionand microstructure of the as-deposited sections. Vickers hardnesstests were
then applied to characterize the mechanical properties of the deposit samp les which were
fabricated using pre-mixed elemental powders. The EDS line scans indicated that the chemical
composition of the samples was homogenous across the deposit. X-ray diffraction (XRD) was used
forthe phase identification. After significant analysis, some differences were observed among two
sets of deposit samples which varied in the particle size of the mixing Ti-6wt.%Al-4wt.%V powder.
It could be found that the set with similar particle number for Ti, Al and V powder made
compositionmuch more stable and could easily getindustry qualified Ti-6Al-4V components.

1. Introduction

Laser Metal deposition is an additive manufacturing technique. The applications of this
technique include coatings, rapid prototyping, tooling, and refurbishment. As shownin Figure 1,
laser depositionuses a focused laser beamas a heat source to create a melt poolon an underlying
substrate. Powder material is then injected into the melt pool through nozzles. The incoming
powder is metallurgically bondedto the substrate upon solidification [1-7]. Conventionally, Direct
Laser Deposition (DLD) manufactured parts by adding materials layer by layer using pre-alloyed
powder. In the pre-alloyed powder, each individual powder particle has the composition of the
desired alloy compositionin the final part [8]. But sometimes, it is more flexible to use the mixed
elemental powderto develop products. In the elemental powder mixture, each individual powder
particle only has the composition of a single element present in thedesired final alloy composition,
but the blend of the total elemental powder forms the desired final alloy composition [8]. In this
study, the material of both powder and substrates is Ti-6Al-4V alloy, which is widely used in the
aerospace industry and especially suitable for laser processing. Owing to high cost, this titanium
alloy is usually developed by near-net-shape Powder Metallurgy (PM) methods such as laser
deposition. Ti-6Al-4V is still classified as one of the extremely difficult-to-machine materials
using conventional machining whichmakes DLD an ideal manufacturing process for thesame [9].
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Figure 1. Schematic ofthe MST-LAMP DLD system[10]

2. Experimental procedures

Elemental powders used in this study were titanium, aluminum, and vanadium. The
elemental powders were characterized to confirm information provided by suppliers and also to
determine particle shape and size. By understanding the size distribution and shape of particles,
observations and any findings in deposits could potentially be correlated with particle shape or
size. Images were taken using a Hitachi S4700 SEM and image analysis was performed using the
ImageJ software.

Figure 2 shows the SEM images and size distribution of Titanium, Aluminum and
Vanadium powder. Titanium powder, grade Ti-109, was purchased from Atlantic Equipment
Engineers for use in deposition of Ti-6Al-4V alloys. This powder, grade Ti-109, was listed as
being 99.7% and of -100 mesh (<149 um) size. A SEM micrograph of the titaniumpowder can be
seen in Figure 2(a) and indicates significant complexity in particle shape. This makes it difficult
forthe automatic particle analysis software in ImageJ to accurately outline individual particles and
calculate their surface area. While this analysis may not give precise measurements, trends in
particle size and distribution can be observed. Fromthe resulting software analysis, an average
particle size of 106 pm was determined. The elemental aluminum powder, grade Al-103, was
produced by Atlantic Equipment Engineers. The purity of the powder was listedas 99.8%. Using
similar software analysis gave the Al-103 an average particle size of 165 um. The elemental
vanadiumpowder, grade VA-103, was purchased fromthe Atlantic Equipment Engineers with a
powder purity 0f99.8%. A SEM micrograph ofthe vanadiumpowder can be seen in Figure 2(c)
and the averagesize ofthis powderwas 175 um.
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Figure 2. The SEM images and size distribution of Titanium, Aluminumand Vanadium
powder[10]

Before the deposition process began, the elemental powder mixes were prepared. Powders
were weighed out according to desired alloy composition in a glove box under an argon
atmosphere and placedin asealed bottle. The powder mixture was a representative ofthe Ti-6Al-
4V alloy. Afterthe desired composition was obtained, the bottle was placed in a Turbula® mixer
for 20 minutes. A 1IKW Nd:Yag laser was used in this study to deposit these elemental alloy
powders. The laser has a wavelength of 1024 nm and approximate 1mm spot size at a 750 mm
focallength. To ensure uniformity, thin wall samples with 30 mm track length were deposited on
Ti-6Al-4V substrates duringthe study. Also, all the substrates were 2inches long, 0.5 inch wide,
and 0.25 inch thick. Before deposition, a preheating process was performed by using the laser
across the surface of the substrate with 1kW power and without powder. The preheating process
was used to forma melt pool on the substrate and clean the surface of the substrate off of scale
buildup and other impurities and surface imperfections. This research theorizes that this pre-heat
and clean-up will enable conductive metallurgical bonding of the powders with the substrates.

The commercially irregular pure Ti, Al, and V powders were weighed out and two sets of
powder blends were prepared to facilitate similar particle acceleration and similar particle number.
It is believed that this will enable a relatively uniform shape of the deposit fromtop to bottom

716



using the laser deposition system. Ti, Al, and VV powders were mixed with the designated weight
percentageratio 0f90:6:4 to get target material Ti-6Al-4V. Laser transverse speed was setat 1000
mm/min for all the paths. For laser power, the high normal value of 1 kW was first selected to
generatemelt pooland then laser powerwas dropped toand kept stable at 450 W (after 10 layers)
to maintain a stable melt pool. While depositing the material, uniformity was ensured in the
deposition parameters of travel speed, powder feed rate, and layer thickness constant fromtest to
test. This would lead to an unbiased comparison between different depositions by using similar
powder particle and similar powder particle number. Using the analysis, the research theorizes that
optimized parameters canbe determined in the results for differentdeposits.

During the laser deposition process, powder blends with the designated weight percentage
ratio were injected into the melt pool through the nozzle. To confirmto get target material with
the original weight percentage ratio, each element in the blend with the desired composition needs
to be melted at the same time. The powder particles had the same initial speed when they went
into the nozzle. So particle accelerationis a key factor for composition control. According to the
fluid mechanics [11], the particle accelerationis inversely proportional to the particle density and
the square of powder diameter, which could be expressed asa o< 1/(p * D?). Also, particle size
for each elementin powder blend has a relationship with the particle number. So particle size of
each element could be changed to control the composition in the final part. Then the hypothesis
proposed in this research is proved using experiments designaround two sets of data namely

Set 1. A comparative study oftheacceleration ofthe elemental powder particles (Table 1).

Set 2: A comparativestudy ofthe number of particles in each elemental powder (Table 2).

Among the two sets of experiments conducted, the appropriate particle size of Ti, Al and
V powder has been selected according to the particle diameter listed in Table 1, it shows the
particle size and calculated accelerationratio of Ti, Al and V powder. In this experiment, Ti, Al,
V elemental powder has the similar particle acceleration during the process. Similarly, after
choosing suitable particle size for set 2, corresponding particle number ratio of Ti, Al, V powder
could be calculated in Table 2. In this set, Ti, Al, V elemental powder has the similar particle
number during the process. These two sets of experiments were chosen to study which factor,
among particle acceleration and particle number, would affect an as-built part’s final chemistry
composition.

Table 1. Particle Size and Acceleration Ratio in Set 1

Irregular powder Diameter Accelerationratio
Ti 112 1
Al 133 1.18
\ 96 1.06

Table 2. Particle Size and Number Ratio in Set 2

Irregular powder Diameter Number ratio
Ti 147 1
Al 94 0.43
\ 63 0.44
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Afterdeposition, longitudinal samples were cut off using the EDM machine and mounted
for grinding and polishing. Kroll’s Reagentconsisting of 92 ml distilled H20, 6 ml HNO3, and 2
ml HF was used foretching. To research themicrostructure characteristic and composition in the
elemental powder deposits, energy dispersive spectroscopy (EDS) line scans were performed using
Hitachi S4700 and FEI Helio 600 scanningelectron microscope (SEM). Also, optical microscopy
was used to assess the microstructure in the samples. Comparison of the mechanical properties
between thetwo sets of differentsamples was also conducted. The Vickers hardness measurements
were taken with a Struers Duramin micro-hardness tester. 9.8kg load with a dwell time of 10
seconds was applied during thetest hardness procedures.

3. Results and dis cussion
3.1 Vickershardness & EDS test

Figure 3 shows thecompositiondistribution and Vickers hardness of the deposited sanple
from elemental powders of Set 1 whose three elements of Ti, Al and V have the similar particle
acceleration. Ti-6Al-4V substrate Vickers hardness was first taken near the bottomedge that i
away from heat affected zone (HAZ) and found to be 352.44415.41 HV. It was observed that the
Vickers hardness values increased as it progressed intothe HAZ fromthe substrate. In the deposit
zone, there was atemporary increase for the first several layers, thena decrease and stabilization
fromthe middle to the top ofthe deposit.

For the deposited samples using mixed powder of Set 1, area scan and line scan were
employed to investigate the composition distribution along the build height direction. Figure 3
showsthe EDS result ofthe deposit. The weightpercentageof Ti, Al and V could be foundin the
image in the left figure of Figure 3. Al and V curves were focused on and showed their weight
percentage variationagainst the position in the image onthe right. Two marked zones in this figure
mean industry qualified Aland V weight percentage for Ti-6Al-4V, which is Al ranges from 5.5-
6.75% and Vranges from 3.5-4.5%. At deposit height, Al and V weight percentage showed that
the values varied outside the qualified range, which means the as-deposit alloy was not the targeted
material Ti-6Al-4V. There was some powder loss when the powder mixture went through the
nozzle, so it was supposed that less powder in the blend especially for Al and V powder because
of the low volume of them. This would lead to the result that the weight percentage of Aland V
along build height direction vary a lot.
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Figure 3. Composition distribution & Vickers Hardness along build height direction of Set 1

Figure 4 shows the compositiondistribution and Vickers hardness of the deposited sanple
from elemental powders of Set 2 whose threeelements of Ti, Aland Vhave similar particle number.
Also, Ti-6Al-4Vsubstrate Vickers hardness was first taken near the bottomedge thatis away from
heat affected zone (HAZ) and foundtobe 359.11+13.78 HV. In this case, it was observed that the
Vickers hardness values decreased with progress into the HAZ from the substrate side. In the
deposit zone, there was an increase for the first several layers and stabilization beyond that.

For the newly deposited samples using mixed powder (Set 2), area scans and line scans
were also employed to check the composition distribution along the build height direction. Figure
4 shows the EDS results of the deposits. The weight percentage of Ti, Aland V could be foundin
the image on the left of Figure 4. Al and V curves were focused on and showed their weight
percentage variation in the image on the right of Figure 4. Two marked zones in the right figure
mean industry qualified Aland VVweight percentage for Ti-6Al-4V. It can be seenthatthedeposit
had qualified Aland VVweight percentageand get close to the maximum limit of industry qualified
Ti-6Al-4V, which means industry qualified Ti-6Al-4V has been made. From this, it can be
concluded that powder number foreach ofthe elements in the blends is a key factor towards the
composition acquired in the final part. It could be found that similar particle number made
composition much more stable and close to industry qualified Ti64. The research theorizes that
the increase in the volume of Aland Vin the set 2’s powder blends increases the probability of
thosetwo elements particles falling into melt pool.

719



4 0 1 2 3 4 5 6 7 8 98 10 M

400

- T T T T T T
ﬁ%\°f"”’?:xf =%
KL e . e T
- 1/ A 349 HV - 80
Tk -A— Similar Powder Number (HV)
300 1 —o— Alwt% F70 — —
1 ——Tim% o o
i | —m—Vwt% 2 =
2504 | F60 o o
s ‘ § g
1 - = 156
I 2004 08 g 5 i 12
=z ! - a0 E E 'ﬂ v 7
] ! Nk
o HEE)
100 i 30% % 3 1°
; L20 = = 2] ! 42
50 {sub! deposit [ 10 i 1
._!_——I—~l—__ B R R N — 1_3Ub: deposit ] 1
obg—r -t - - L —
4 0 1 2 3 4 5 6 7 8 9 10N 4 0 1 2 3 4 5 & 7 8 9 10 1
Distance (mm) Distance (mm)

Figure 4. Composition distribution & Vickers Hardness along build height direction of Set 2

Figure 5(a) showedtheline scanofthe deposited sample fromelemental powders of Set 1
whose three elements of Ti, Aland V have similar particle acceleration. Figure 5(b) showed the
line scan ofthe deposited sample fromelemental powders of Set 2whose three elements of Ti, Al
and V have similar particle number. Line scan was shown in Figure 5(a) to define composition
homogeneity along the build height direction. Thus, it can be known that similar particle
acceleration could not guarantee a homogeneous chemistry distribution throughout the deposit
from Figure 5(a). Also, Line scan was shown in Figure 5(b) to define composition homogeneity
along the build heightdirectionwhich shows that thedistribution is homogenous for the deposit.
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Figure 5. Line scan ofthe deposited samples
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3.2 Microstructure

Figure 6 shows the microstructure of deposited Ti-6Al-4Vfrom elemental powder mixture
with the similar particle acceleration at the same laser power and laser transverse speed. The optical
microscope images captured fromthebottompart, middle partand top part of the melt pool (Figure
6 (a)to (c)) in the deposit contained basketwave, colony and martensite microstructure respectively.
Figure 6(a) showedthe finer microstructure could be observed in the bottompart compared with
the middle and top part ofthe deposit. Also, a steady state could be observed frommiddle part to
top part and there were limited differences in the microstructure between them. In these two zones,
the Widmanstaten Basketwave is the main type of microstructure that could be found. It tends to
form with an increasing cooling rate fromthe 3-phasefield [12-13].

Analyses of these microstructures revealed that the smaller grain sizes were achieved closer
to the substrate in the deposit. The reasonwas the proximity to the substrate, increased the cooling
rate, which would lead to a finer microstructure [14]. The same phenomenonwas observed in the
microstructure of the deposited samples from the elemental powder mixture with the similar
particle number of Set 2. Therefore, it was concluded that the steady state section tends to have
the lower cooling rate, which would lead to the formation of coarser microstructure [15]. Figure 7
shows themicrostructure of deposited Ti-6Al-4Vfrom elemental powder mixture with the similar
particle number using the same laser power and laser transverse speed. Also, a steady state could
be observed from middle part to top part and Widmanst&ten Basketwave is the main type of
microstructure that could be found.
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Figure 6. Microstructure of the deposits using elemental powders of Set 1
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Figure 7. Microstructure of the deposits using elemental powders of Set 2
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4. Conclusions

The blended elemental powder can be used in the direct laser deposition processto offera
variety of cost-effective possibilities for near-net-shape manufacture and functionally graded
materials. The finer microstructure could be observed in the bottompart of the deposit compared
with the steady state in themiddle andtop partof thedeposit. The Vickers hardness could fluctuate
at the first several layers of the deposit and then stayed stable at the top layers of the deposit.
Particle number foreach element in powderblends is a key factor for composition controlin the
final part. Similar particle number for Ti, Aland V powder couldeasily get industry qualified Ti-
6Al-4V components.
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