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Abstract

Ti-6Al-4V is of high value in biomedical, aerospace, and industrial sectors and is ideal for
additive manufacturing (AM) owing to its poor machinability. In electron beam powder bed
fusion of Ti-6Al-4V raster scan is commonly used and often results in porosity that is detrimental
to the fatigue strength. In this paper, we demonstrate that spot melting can significantly minimize
porosity but results in a coarser microstructure compared to raster melting. Process parameters
can be optimized to achieve minimal porosity with tailored microstructures. Finite element
method was used to rationalize these observations.
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Introduction
In the past decade additive manufacturing (AM) has emerged as a viable technique to

fabricate near net shape components, especially for difficult to machine alloys like Ti-6Al-4V.
Laser powder bed fusion (LPBF) and electron beam powder bed fusion (EPBF) have been
extensively researched for Ti-6Al-4V AM [1-15]. EPBF Ti-6Al-4V consists of columnar 3 grains
along with grain boundary a and intragranular basketweave a [7,12,16]. Defects like lack of
fusion porosity (LOF) and gas porosity are common and have a detrimental effect on mechanical
properties, especially high cycle fatigue (HCF) [17-20]. Spherical gas pores are believed to
originate either from the trapped argon in the powders during atomization or hydrogen pores
resulting from breakdown of adsorbed water vapor on the powder surfaces [17]. Hot isostatic
processing (HIP) is used for minimization and mitigation of porosity. However, reports
concerningly show that gas pores, though closed below detectable limits via HIP, tend to regrow

during heat treatment [17,21,22]. Porosity regrowth can limit the heat treatment temperatures



or elevated temperature performance of the material. Thus, the focus should be on minimizing
porosity during component fabrication via EPBF. There are reports on the role of process
parameters on porosity but limited work has been done on exploring new scan strategies to
mitigate porosity during EPBF of Ti-6Al-4V [13,18,23]. In this paper, we use a spot melting
strategy to mitigate porosity compared to raster melting that is commonly used for EPBF of Ti-
6AIl-4V. We also discuss the microstructure evolution and use melt pool simulations to rationalize
the porosity mitigation and microstructural differences between spot and raster melting.
Although, spot melting has been used for modification of microstructure in Inconel 718, there
are no reports of using spot melting for EPBF of Ti-6Al-4V to the best of the authors knowledge
[24-26].
Methods

An Arcam Q10 EPBF system running software version 4.0.28 was used to fabricate
samples using raster and spot melting while maintaining a powder bed temperature of 773 K. In
raster scan strategy the speed and power of the beam are varied to maintain a constant melt
pool geometry at all points in the build [25]. Spot melting, on the other hand, melts one point at
a time thereby making beam current (i,), beam dwell time (t;), and point spacing critical process
variables [25,27]. The spot melting pattern used in this study is schematically shown in Figure
1(a). After the first spot is melted at the top left corner of the build, the beam skips a predefined
number of steps (10 in this case) along the x direction until all the spots are exhausted, following

which the beam skips a set number of rows along the y direction (3 in this case) and in that row

the first spot to be melted is halfway between the spots melted in the prior row i.e. the very first



row, thus completing a triangular pattern. The spot melting order is shown in Figure 1(a). The

point spacing i.e. distance between adjacent points was 200um.
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Figure 1 shows (a) the schematic of point melting with the numbers representing the order of

melting, and (b) the calibration build that was used for process parameter development

Spot melting was used to fabricate 16 coupons with dimensions 15mm (L) X 15mm(W)
x 25mm(H). A total of 8 different process parameter sets were explored and two replicates
were deposited at random locations on the start plate using each parameter set to minimize the
impact of spatial location. The beam focus offset, an indirect measure of the beam diameter was
set at 0 in all cases. Except coupons 9 and 15 (i, = 12mA, t; = 0.1ms), and 10 and 16 (i, = 11mA,
ty = 0.4ms) all other process conditions result in parts with swelling or delamination. Coupons 9
and 10 were prepared for microstructural examination by conventional metallographic
techniques. A Leica DM4000 M LED Optical Microscope was used for imaging the samples that
were analyzed using Imagel for porosity area fraction measurements. The samples were
subsequently etched with Kroll’s Reagent for microstructure evaluation. A Joel 6500 scanning
electron microscope equipped with an EDAX Hikari electron backscatter diffraction (EBSD)

system was used for orientation mapping. A 3D multi-physics code Truchas was implemented to



quantify the effects of process parameters on porosity and microstructure evolution. A transient
volumetric heat source with gaussian distribution was adopted as the heat flux boundary
condition for the raster scan while a stationary heat source with pre-defined beam dwell time
was developed for spot melting [26]. For the boundary condition, a radiative heat loss was used
for the top surface while convective heat loss was neglected owing to the high vacuum conditions
during EBPF. Adiabatic conditions were assumed for other surfaces owing to the low thermal
conductivity of the powder bed. A preheat temperature of 773K was used as the initial condition.

The thermophysical properties and process parameters used in the simulations are summarized

in Table 1.
Thermophysical Properties Value Unit
Density of solid 4050 Kg/m3
Liquidus temperature 1923 K
Solidus temperature 1877 K
Specific heat of liquid 759 J/Kg-K
Specific heat of solid 750 J/Kg-K
Effective thermal conductivity | 426 W/m-K
of liquid
Thermal conductivity of solid 27 W/m-K
Latent heat 2.86 x 10° J/Kg
Emissivity 0.2
Viscosity 2.36 x 103 Kg/m-s




Temperature coefficient of | -0.26x1073 N/m/K

surface tension

Process Parameters

Beam diameter 200 pum
Preheat temperature 773 K
Raster beam speed 4550 mm/s
Raster melting current 28 mA

Point melting beam dwell time | 0.1 (coupon 9), 0.4 (coupon 10) | ms

Point melting current 12 (coupon 9), 11 (coupon 10) mA

Table 1 summarizes the thermophysical properties [28] [29] and process parameters used for

simulating the thermal conditions for raster and spot melting

Results
The effects of scan strategy on porosity and microstructure are shown in Figure 2. The

samples fabricated using raster melting with Arcam standard parameters had mostly spherical
gas porosity with an area fraction of ~1.8% shown in Figure 1(a). Of the two coupons fabricated
using spot melting, coupon 9 had significantly higher porosity area fraction (~5.2%) compared to
coupon 10 (~0.02%). Coupon 9 has predominantly elongated LOF pores along with spherical gas
pores while coupon 10 has only spherical gas pores shown in Figures 2(b) and (c) respectively.
The sample processed using raster scan had a basketweave microstructure with an a lath
thickness of 1.1um shown in Figure 1(d). On the other hand, coupon 9 has a predominantly
martensitic microstructure shown in Figure 1(e) with o’ laths <0.5um thick while coupon 10

displays a relatively coarser basketweave microstructure with grain boundary o and an average



lath thickness of about 1.8um. In all cases, the prior 3 grains remain columnar with varying grain

diameters indicative of different rates of solidification.
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Figure 2 shows the porosity (a-c) and microstructures (d-f) of samples fabricated using raster scan

melting and point melting strategies with different process parameters

Figure 3 (a-d) show the melt pool simulations and associated cooling rates for the three
processing conditions. To be noted is that coupon 9 has the lowest melt pool depth (125um)
and the highest cooling rate below the B-transus (1.4 X 10° K/s) while coupon 10 has the
deepest melt pool (220um) and the slowest cooling rate (6.9 x 10* K /s) with the raster scan
having a melt pool depth (155um) and cooling rate (1.0 X 10° K /s) intermediate to the two spot
melted samples. The smallest melt pool and highest cooling rate explains the LOF porosity and
the martensitic microstructure in coupon 9. Although, at cooling rates martensite will be the first

phase to evolve per the CCT diagram in Figure 3(d), the smaller melt pool in the case of coupon



9 will result in lesser melt pool overlap as well as less number of remelting cycles experienced by
the layers as more layers are deposited on top that can result in the retention of the martensitic
structure unlike coupon 10 and the sample processed via raster scan strategy. More complex
models are required to accurately describe the effects of thermal cycling on the microstructure
evolution and are beyond the scope of the current work. The key differences between the
porosity levels and microstructures between raster scan fabricated sample and spot melted

coupon need further discussion.
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Figure 3 shows the predicted melt pools for (a) raster melt, (b) spot melted coupon 9, (c) spot

melted coupon 10, and (d) the cooling curves overlaid on the transformation pathway showing

f—a’ transformation
Discussion

First, the mechanism of porosity formation and the impact of spot melting in eliminating
the porosity will be discussed. The pores can originate from the hydrogen released by
decomposition of adsorbed water vapor on the powders or the trapped argon in powders during
atomization. Depending on the beam power and speed, the pores either get trapped in the melt

pool during solidification or can escape. The most widely discussed hypothesis for porosity



formation in powder bed fusion is based on energy density used for melting. A higher energy
density is typically associated with larger melt pool area and subsequently lower porosity
[23,30,31]. Figure 4 (a) shows that the measured porosity area fractions vary linearly with
volumetric energy density for the three processing conditions used in our study and are in line
with observations reported by other researchers. The LOF pores in coupon 9 can be explained
based on very low energy density (¥11.5 J/mm?3) and the highest energy density for coupon 10
results in the lowest porosity with raster scan in the middle. Although energy density can be
effective in explaining average porosity i.e. LOF and gas porosity, it cannot be used to
satisfactorily explain the formation of gas porosity alone. The phenomenological explanation is
that increasing energy density results in a larger melt pool that takes longer to solidify thereby
allowing enough time for the gas pores to escape [18]. The limitations of using energy density in
determining the process space has been discussed by Prashanth et al. for laser powder bed fusion
[32]. On the other hand, Ng et al. factored in fluid flow in the melt pool, also known as Marangoni
effect to better understand the escape of gas bubbles during the melting process [33]. Thus, the
Marangoni equation can be used to estimate the velocity of the bubble in the liquid melt and is
summarized in Equation 1 where vy, is the bubble velocity due to Marangoni flow, r is the
bubble radius, 1y is the viscosity of the melt, 744, is the viscosity of the gas, o is the surface

tension, T is the temperature and y is the characteristic distance.

2 r do\ (dT
UMar = 3(27]melt + 3779115) (dT) (dY) (1)

To compare the bubble velocity between the raster scan and coupon 10 for understanding the
potential differences between the levels of gas porosity, the bubble velocity was calculated for

different radii since a higher bubble velocity in the melt results in a higher probability of the



bubble reaching the surface and escaping. The temperature gradient in the melt was calculated
between the top and the bottom of the melt pool. The bubble velocity in the melt as a function
of pore radius is shown in Figure 4(b) highlighting that the point melt coupon 10 has a higher
bubble velocity compared to raster scan with the difference increasing as the gas bubbles
increase in size thereby resulting in lower porosity. Although this model can describe the
formation of pores it is a descriptive model rather than being predictive. Further, the
temperature gradient used in the model is based on the simple conduction model compared to
actual measured peak temperatures. The accuracy for estimation of relative gas porosity as a
function of process parameters can be significantly improved by in-situ infrared thermography
to estimate appropriate melt pool peak temperatures. More recently Vastola et al. developed a
model for prediction of porosity during laser powder bed fusion, especially in high energy density
regimes (>100 J/mm?3) [34]. However, their model can be used only for keyhole porosity and it is
not clear whether the conditions in the current work result in keyholing. There is limited work in
determining the possibility of keyhole porosity formation in electron beam powder bed fusion.
Furthermore, their work makes assumptions regarding the characteristic fluid velocity in the melt
pool that needs to be determined either experimentally or using intensive computational
techniques. Therefore, this model was not deployed for the current study. Overall, we
demonstrate that spot melting can be used to significantly reduce the porosity compared to
raster melting using appropriate process parameters and discuss the variations in porosity based

on a Marangoni flow model.
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Figure 4 shows (a) the change in porosity area fraction as a function of energy density, and (b)

compares the bubble escape velocity and escape time for point and raster melting

To better understand the microstructural evolution during spot melting, coupon 10 was
subjected to OIM analysis. We analyzed the bulk microstructure as well as the microstructure at
the top of the sample that experiences only a single melt-solidification event.
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Figure 5 shows the IPF and IPF+IQ maps for regions in the bulk and the top of the sample along
with the massive o and its corresponding pole figure showing the same orientation across the

grain boundary for Coupon 10

Figure 5 (a and b) show the inverse pole figure (IPF) map and IPF map overlaid with image quality
(1Q) map respectively for the bulk microstructure. The microstructure is primarily basketweave a
along with small pockets of colony a growing from the prior B grain boundaries. The detailed
crystallographic analysis of such microstructures has been presented by Bhattacharya et al
[35,36]. Figure 5 (c and d) on the other hand show a fine martensitic microstructure at the
topmost layer of the build that undergoes only one or two melting-solidification events.
However, a closer look at the IPF map in Figure 5(c) in tandem with the IPF+IQ map in Figure 5(d)
shows the presence of the same a variant on either side of the prior 3-grain boundary. This is
indicative of massive a growth during solidification and the one or two re-melt cycles are not
enough for decomposition of this massive a.. The a variants on either side of the grain boundary
were isolated for further analysis (Figure 5e) and their corresponding pole figures show that they
are indeed the same variant (Figure 5f). The formation of massive a co-existing with martensite
during EBPF has been discussed by Lu et al. in their studies on raster melting of Ti-6Al-4V [37].
Although, they report much finer microstructure in the bulk compared to the microstructure
obtained via spot melting in this paper, this difference is due to the deeper melt pool obtained
during spot melting. The coarser microstructure combined with the extremely low levels of
porosity obtained via spot melting can provide the best combination of fracture toughness and

high cycle fatigue strength albeit at a minimal loss of the static strength. An in-depth mechanical



characterization needs to be conducted to establish the material properties obtained via spot

melting that is beyond the scope of this study.

Conclusions
In conclusion, we demonstrate for the first time that spot melting can be effectively used

to significantly mitigate gas porosity compared to the traditional raster scan strategies used in
EPBF of Ti-6Al-4V. The extremely low porosity levels are expected to result in a better HIP
response and reduce the probability of pore reopening during subsequent heat treatments.
Finally, we report that the deeper melt pools and lower cooling rates results in coarse
basketweave a during spot melting. The process parameters can be further modified to result in
pore free material with tailored microstructure. Single point melt pool simulations were
conducted to quantify the observed microstructural features. A key limitation of single point
simulations is their inability to determine thermal gradients during the course of an entire build.
There is a need for development of analytical heat transfer models to better understand the
evolution of thermal gradients and microstructures as a function of geometry during spot

melting.
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