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Abstract

It is generally recognised that electron beam melted (EBM) Ti-6Al-4V alloys
exhibit a microstructural gradient along the build direction, but there have been some
inconsistent experimental observations and debate as to the origin and magnitude of
this effect. Here we present an unambiguous evaluation of this microstructural
gradient and associated mechanical property along the EBM build direction on
purpose-built round bar RB samples with build height of 380 mm and rectangular
plate RP samples with build height of 120 mm. Columnar prior 3 grain width was
found to increase (from 86+38 to 154456 um in RB and from 79+34 to 122+56 um in
RP samples) with the build height and the similar increase was also observed for o
lath width (from 0.58+24 to 0.87+33 um in RB and from 1.50+45 to 1.80£49 um in
RP samples). These observations can be attributed to the thermal gradient in the
powder bed that produced a cooling rate gradient along the build height. The
measured o lath width variation along the build height followed a log-normal
distribution. The graded microstructure resulted in a decrease in micro-hardness
which correlated very well with the mean o lath width by following a Hall-Petch

relation.
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1. Introduction

Ti-6Al-4V alloy possesses a unique combination of high strength, low density,
and excellent corrosion resistance in aggressive environments. This alloy is thus
attractive for aerospace, automobile and biomedical industries [1]. However,
manufacturing high-integrity Ti-6Al-4V parts is not cost-effective due to its low
thermal conductivity and high reactivity with oxygen [2]. In recent years, electron
beam melting (EBM) process has received attention to produce near net shape parts
by depositing successive layers of materials through melting metal powders using a
high-energy electron beam [3-7]. Generally, as-EBM Ti-6Al-4V shows a better
combination of tensile strength and ductility (e.g. 976 MPa for typical ultimate tensile
strength and 15% for elongation to failure) when compared to the selective laser
melting (SLM) fabricated (e.g. 1421 MPa and 3.2%) as well as wrought Ti-6Al-4V
counterparts (e.g. 933 MPa and 13%) [8]. Furthermore a lower residual stress is
obtained in the as-EBM condition due to the high build temperature [9].

During the EBM process, the deposited material undergoes a typical thermal
cycle of preheating, melting, rapid solidification and phase transformation. The high
thermal gradient along the build direction in as-EBM Ti-6Al-4V results in a columnar
prior B grain delineated by grain boundary a-phase [10—14]. During the build process,
columnar prior B grains epitaxially grow along the <001> crystallographic orientation
which aligns parallel to the build direction. This is mainly due to the large thermal
gradient and pseudo-uniaxial heat transfer with directional solidification [14]. Within
the prior B grain, the o+ microstructure has been reported with both Widmanstatten
(or basketweave) and colony morphology. The prior f-phase was found to be in dot
and rod morphology observed in a 2D plane and their volume fraction was typically
~2.7% in the as-EBM condition [13]. The microstructure at the top few layers of the
as-EBM Ti-6Al-4V sample was characterised as o’ plates [15]. This was attributed to
the rapid cooling rate higher than 410°C/s for the EBM process which is the critical
cooling rate to trigger martensite formation [15]. When an EBM Ti-6Al-4V sample
with a wall thickness of < 1 mm was fabricated, a mixed microstructure of a+f and o’
plates was observed [15], suggesting that the microstructure of this alloy is very

sensitive to the cooling condition [15,16].



Several research groups for example in [10,17] have reported the presence of
graded microstructures in the as-EBM Ti-6Al-4V along the build direction (along the
vertical Z-axis). Murr et al. [17] found that the average a lath width within columnar
prior B grains varied from 1.6 pm at the bottom (Z=10 mm, where Z=0 is the bottom
of the sample) to 3.2 um at the top of the build (Z=58 mm). Similarly, Tan et al. [10]
found an increased a lath width from 0.58+0.11 um at the bottom (Z=4 mm) to 0.77 +
0.20 um at the top (Z=24 mm). In the same work, columnar prior  grain width was
found to increase along the build direction from 42.77£14.52 um (Z=4 mm) to
56.82+13.73 um (Z=24 mm). Both groups [10,17] also reported that there was a
decrease in micro-hardness from the bottom to the top of the EBM build. For instance,
Tan et al. [10] correlated the small decrease in micro-hardness from 327 HV1 to 319
HV1 to the o lath width increase from 0.58+0.11 um to 0.77+0.20 pum, based on the
classic Hall-Petch relation. Apart from such a small hardness difference, it is also
worthwhile to note in the work by Tan et al. [10] that the micro-hardness of 327 HV1
combined with the presence of fine Widmanstatten microstructure in the as-EBM
condition is surprisingly low compared with that of 348 HV1 for wrought Ti-6Al-4V
with a larger sized microstructure [2]. Ladani [18] also reported a similar trend in
decrease in micro-hardness from 571 HV30 (5.6 GPa) at the bottom to 409 HV30
(4.11 GPa) at the top in 100 mm tall samples. Lu et al. [19] reported a decrease in a
lath width from 1.06+0.05 um at the top (Z=290 mm) to 0.74+0.06 um at the bottom
(Z= 11 mm) in 300 mm long rods. The yield strength increased from 903.6+24.6 MPa
at the top to 911.9+34.3 MPa at the bottom of the rod in the as-built state. But, no
correlation was reported between the microstructure parameter (i.e. o lath width) and
the mechanical property (i.e. yield strength). In contrast, Hrabe et al. [20] did not find
any gradient in both the o lath width and mechanical properties along the build
direction in as-EBM Ti-6Al-4V with a total build height of 27 mm. The columnar
prior B grain width changes from the bottom to the top was also not reported in as-
EBM Ti-6Al-4V samples in [18].

To provide an unambiguous assessment of the presence of graded
microstructure and associated mechanical property variation along the build direction
of EBM-built Ti-6Al-4V, it is essential to consider a tall EBM sample block. To this
end, two EBM sample blocks were fabricated with a total build height of 380 mm and

120 mm respectively. The present paper reports a critical evaluation of the



microstructural gradient from the bottom to the top of these two sample sets. Micro-
hardness measurements were performed to provide a comparison with the literature
data and used as an indication of the material yield strength. The results were analysed
and are presented using the size-distribution histogram with log-normal fitting as well
as the box and whisker diagram to allow us to draw conclusions on the statistical
distribution of the data. A comprehensive understanding of the resulting
microstructural gradient as well as the variation in mechanical properties is of
particularly importance to aerospace industry where large-scale safety-critical
engineering parts are already EBM fabricated; for example the EBM-built front
bearing for a Trent XWB-97 engine [21].

2. Experimental

2.1 Materials fabrication

Two EBM Ti-6Al-4V sample sets were prepared: round bars (380 mm build
height) and rectangular plates (120 mm build height). We use RB and RP throughout
the present paper as abbreviations for Round Bar and Rectangular Plate respectively.
Dimensions of both sample sets and their layouts are shown in Fig. 1a and 2a. The
EBM build direction is designated as Z-axis. A batch of four RB samples each with
diameter of 14 mm and build height of 380 mm were fabricated using an Arcam
A2XX system with control software version 3.2, as shown in Fig. la. A standard
Arcam build theme for Ti-6Al-4V (Arcam AB, Mdlndal, Sweden) was used with a
layer thickness of 70 um and an accelerating voltage 60 kV. The entire EBM process
was carried out under a vacuum pressure of ~2 x 10°3 mbar, controlled by using high-
purity helium as a regulating gas to prevent powder charging. A batch of six RP
samples with each width of 100 mm, thickness of 15 mm and build height of 120 mm
were produced using an Arcam Q20plus system with control software version 5.0,
Fig. 2a. Similarly, a standard Arcam build theme for Ti-6Al-4V (Arcam AB, Mdlndal,
Sweden) was used with a layer thickness of 90 um and accelerating voltage 60 kV.

The entire process was carried out under a vacuum pressure of ~4 x 10° mbar.
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Fig. 1. Schematic representation of (a) dimensions of EBM built Ti-6Al-4V round bar,
(b) scanning strategy used to build the round bar (the hatching direction is changed by
90° after each build layer), (c) the relative sample position used for microstructural

evaluations

A 10 mm thick stainless steel start plate with a surface area of 300 x 220 mm?
and a pre-heat area of 144 x 144 mm? was used for RB sample build, while the pre-
heat area for RP sample builds was 190 x 190 mm?. As shown in Fig.1a and 2a, the
RB and RP samples were positioned close to centre position of the start plate. The
plate was pre-heated by electron beam to a build temperature of ~720°C, that was
measured by a thermocouple! connected to the bottom of the plate. No supports were
applied for the EBM fabrication. The Ti-6Al-4V powders were raked onto the plate
prior to pre-heating. This was followed by contour melting and hatch melting. This
procedure was repeated layer-by-layer. The total fabrication time was 91 h? for RB
samples and 28 h for RP samples. The samples were cooled within the EBM chamber

to room temperature in approximately 5 h for RB samples and 2 h for RP samples.

! Note: the thermocouple was not used as a closed loop control system to modify the pre-
defined EBM processing parameters. This is a common practice for any Arcam EBM
machines.

2 Apart from the four RB samples, a Ti-6Al-4V part was built in the same batch. This
accounts for the relatively long total fabrication time. The exact sample part cannot be
indicated here due to industrial confidentiality.
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Fig. 2. Schematic representation of (a) dimensions of EBM built Ti-6Al-4V
rectangular plate, (b) scanning strategy used to build the round bar (the hatching
direction is changed by 67° after each build layer), (c) the relative sample position

used for microstructural evaluations

A specific hatch melting process parameter combination of beam current, line
offset and scanning speed is known to play a vital role in determining the resulting
microstructures. Numerical simulation together with experimental validation to
interpret the reasons behind have been presented elsewhere [21,22], hence this section
primarily focuses on some important differences between the two EBM hatch melting
control software version 3.2 and 5.0 used for RB and RP samples respectively. As
mentioned earlier, both sample sets were built using a standard Arcam build strategy
which is commonly used in industry to EBM fabricate large-scale engineering parts
with the complex geometry. The speed factor, an Arcam pre-defined parameter,
describes the functional relationship between the beam current and scanning speed
that is appropriate for a given material and melt pool size. An increased speed factor
means a reduced energy input and hence leads to a decrease in the melt pool size [20].
A too low speed factor may give high evaporation of light alloy elements (e.g. Al for
Ti-6Al-4V) while a too high speed factor may result in incomplete fusion between
layers (e.g. lack-of-fusion defects). The Q20plus system had higher beam sharpness as
compared to A2XX which is evident from the lower beam radius (0.15-0.20 mm) for
Q20plus in contrast with A2XX (beam radius 0.25-0.30mm). The line offset that
describes the offset between each scanning line was 0.20 mm for RB samples and
0.22 for RP samples. The key EBM hatch melting parameters are summarised in
Table 1.



Table 1. EBM processing parameters used for round bars (RB) with a total build
height of 380 mm and rectangular plates (RP) with a total build height of 120 mm

Sample Speed Line offset Beam current  Beam radius EBM Arcam
ID factor (mm) (mA) (mm) platform
RB 36 0.20 17 0.25-0.30 A2XX
RP 33 0.22 19 0.15-0.20 Q20plus

For the EBM control software version 3.2 (used for RB samples), the beam
current is scan length dependent (beam current and scanning speed are adjusted with
part geometry) and either 0° or 90° hatch direction is used for each layer, whereas the
beam current is scan length independent (a constant solidification rate and thermal
gradient) and both the global and regional hatch rotation are applied for software
version 5.0 (used for RP samples). Fig. 1b shows the hatch melting strategy used for
the RB samples, where the hatch direction was changed by 90° after each build layer.
Fig. 2b shows the hatch melting strategy used for the RP samples, where the hatch
direction was changed by 67°.

Arcam plasma atomised Ti-6Al-4V (Grade 5) powder with particle size
ranging between 45-106 um was used for the RB samples (380 mm build height),
whereas Arcam gas atomised Ti-6Al-4V (Grade 5) powder with the same particle size
range was used for the RP samples (120 mm build height). Gas atomised powders are
mostly spherical but tend to have some asymmetric particles and satellites while
plasma atomisation can produce highly spherical particles. Also, compared to gas
atomisation, plasma atomisation can provide more consistent results in terms of
producing powders and this gives improved mechanical properties in the final part
due to removal of excess oxygen from the powder [24]. The inert gas fusion method
(ASTM E1409) was used to measure the H, O and N contents and plasma
spectroscopy (ASTM E2371) was used to measure the other key elements for RB
virgin Ti-6Al-4V powders as well as for RP reused Ti-6Al-4V powders. The chemical
compositions of both Ti-6Al-4V powders presented in Table 2 which are consistent
with the nominal chemical compositions for Arcam Ti-6Al-4V powders [25,26]. The
compositions of as-built Ti-6Al-4V RB and RP samples are also listed in Table 2. The
Al content decreased from 6.46 to 5.43 wt% for RB sample and from 6.52 to 5.65
wt% for RP sample. This decrease can be due to the evaporation of Al at high
temperature (~720°C) of EBM process. The similar decrease was also reported in the



work of Lu et al. [19]. The oxygen content in the as-built Ti-6Al-4V RB sample was
found to increase from 0.17 to 0.20 wt% . The similar increase was also reported in
the work of Lu et al. [19]. This can be due to oxygen pick up during high temperature
(~720°C) EBM process. The oxygen content in the as-built Ti-6Al-4V RP sample was

found to decrease from 0.19 to 0.12 wt%.

Table 2. Chemical compositions (wt%) of Ti-6Al-4V powders

Sample ID Al Fe N @) Sn \Y/ Balance

Virgin plasma atomised .
6.46 016 0.027 017 0.01 4.14 Ti
powders (RB samples)

Reused gas atomised

6.52 0.17 0.029 0.9 - 412 Ti

powders (RP samples)
As-built RB 543 0.17 0.030 0.20 - 4.35 Ti
As-built RP 565 0.18 0.029 0.12* - 4.39 Ti

* It is very unlikely that the oxygen content decreases in the as-built sample. The
decrease in the oxygen content might be due to a bubble being created at the end in

the crucible while analysis and gases being trapped there.

2.2 Metallography

Four samples were extracted from one of the four identical RB samples, as
indicated in Fig. 1a, along the build direction at different Z heights of Z=115, 230,
290 and 357 mm. These four metallographic samples are named as RB1 (Z=115 mm),
RB2 (Z=230 mm), RB3 (Z=290 mm) and RB4 (Z=357 mm) from bottom to top of the
EBM build. Sample RB1, RB2 and RB4 were each 20 mm high, as shown in Fig. 1c,
while RB3 was 10 mm high. Three metallographic samples each having a dimension
of 10 mm x 15 mm x 7.5 mm as illustrated in Fig. 2c were extracted from one of the
six identical RP samples along the build direction at different Z heights of Z=16, 60,
and 107 mm. These three samples are named as RP1 (Z=16 mm), RP2 (Z=60 mm)
and RP3 (Z=107 mm) respectively, see Fig. 2a. Both the microstructural and micro-
hardness characterisations were performed on the longitudinal cross-section plane for
all samples to evaluate the change in prior B grain width, a lath width and mechanical

property along the EBM build direction. All metallography examinations were



performed at centre position of the EBM-built sample, away from the contour melting
areas.

Samples were prepared using standard metallographic procedures including
mounting, grinding with SiC papers down to a grit size of 2500 and polishing using
diamond suspension down to 1 um, followed by the final OPS polishing with
colloidal silica of 0.02 um particle size. To reveal microstructural features, the
polished samples were etched with Kroll’s reagent (96 ml H.O, 2 ml HF, and 6 ml
HNO:3) for ~45 seconds. Columnar prior § grain width measurements were carried out
using ImageJ [27] on low magnification images taken by using an optical microscope
(Zeiss LSM 780). For each sample, more than 200 individual measurements were
made. Multiple readings per prior [ grain were taken and then averaged. Sometimes,
there is not always grain boundary a to help distinguish prior B grain boundaries.
Hence, the measurements were performed only on clearer prior B grains boundaries.
Similar approach was also adopted in the previous work [28]. A Zeiss Gemini Sigma
500VP scanning electron microscope (SEM) with an operating voltage of 10 kV was
used for detailed microstructural analysis. The o lath width measurements were
carried out on all samples (RB1 to RB4 and RP1 to RP3) using high magnification
SEM images. In practice, the a lath width was determined by measuring the distance
between two neighbouring p rods which is a bright phase shown in Fig. 7. This
measurement method was also adopted in previous work [10,19]. For each sample,
approximately 300 individual measurements were performed using ImageJ.
Furthermore, the presence of porosity and/or lack-of-fusion defects was assessed by
using the SEM equipped with energy dispersive X-ray spectroscopy (EDS, Oxford
Instruments) at 20 kV. The size of pores was measured by using ImageJ on high
magnification SEM images. The images were cropped and reduced to 8-bit colour
using the Image] software. After taking automatic threshold, the “Analyse Particles”

function was utilised to retrieve the pore data and porosity in terms of area fraction.

2.3 Micro-hardness

Samples prepared for microstructural examination were also subjected to
Vickers micro-hardness measurements using D80 Durascan-70 by EmcoTest under
0.5 kgf load (HV0.5) for 10 seconds to investigate the likely effect of the graded

microstructures on material yield strength along the build direction. These samples
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included RB1 (Z=115 mm), RB2 (Z=230 mm), RB3 (Z=290 mm) and RB4 (Z=357
mm) as well as RP1 (Z=16 mm), RP2 (Z=60 mm) and RP3 (Z=107 mm). At least 40

measurement points were performed for each sample.

2.4 Statistical data analysis

It was noticed that the repeatability of the o lath width measurement was not
high. This was mainly due to the complex o+f microstructure with both
Widmanstétten and colony morphology in as-EBM Ti-6Al-4V. The presence of prior
B-phase in a mixed discrete rods and dots morphology made the measurements even
more difficult. To overcome this barrier, a statistical approach was taken to present
the measurement data using the size-distribution histogram, as illustrated in Fig. 8a
and 8b. This allows an unambiguous comparison of the different microstructures
along the EBM build direction. Furthermore, the o lath width size-distribution
histograms, as illustrated in Fig. 8a and 8b, showed an asymmetry of the probability
distribution with a noticeable positive skewness. As a result, a log-normal distribution
curve, instead of the more commonly-used normal distribution, was used to fit the
size-distribution histogram data. This applies to all samples including RB1 to RB4
and RP1 to RP3. Detailed information about the size-distribution and derived
statistically significant values will be given in in Section 3.2.

The columnar prior B grain width for each sample is presented by using size-
distribution histograms with size intervals of 20 um, similar to those adopted for the o
lath width but with size intervals of 0.2 um. In addition, the micro-hardness data
collected along the EBM build direction at different build height positions are
presented using the box and whisker diagram to graphically compare hardness data
through their percentiles in addition to mean values, as illustrated in Fig. 9. The
horizontal line in each rectangular block represents the mean value, the ends of the
box are the 25™ percentile (lower end) and 75" percentile (upper end) and the spans
show the highest and lowest hardness values obtained for the sample. This offers
evidence of a statistically significant difference in terms of the measured mechanical

property gradient along the EBM build direction.

11



3. Results
3.1 Ti-6Al-4V powders

The secondary electron SEM images of Ti-6Al-4V powders and the particle
size distribution are presented in Fig. 3. The characterisation was done on the reused
gas atomised powders. The powder particles with different sizes (27-163 um) are
distributed homogeneously. The powder particles are mostly spherical but some
irregular-shaped particles (satellite particles) can also be seen in Fig. 3a and 3b. The
particles have a martensitic needle-like microstructure (Fig. 3c) as a result of rapid
cooling during atomisation. This is consistent with the work of Qiu et al. [29]. Pores
are also present in some of the powder particles possibly due to gas entrapment (Fig.
3b and 3c). The powder particle size distribution analysis is presented in Fig. 3d. It
can be seen that 90% of the powder particles fall into the size range of 45 and 106
pum. The mean diameter of the particles was found to be 78 um. The figure also shows
a small fraction of particles with sizes smaller than 10 um which corresponds to the
satellite particles as seen in Fig. 3b.

Gas atomised Ti64 powder
18 4 S —— Plasma atomised Ti64 powder|

[N
L

=}
f L

Size range frequency (%)

N\

o N b O ®
T R

T T T T T B —
40 60 80 100 120 140 160 180 200
(d)

N
=]

Powder size (um)

Fig. 3. SEM images showing (a) most of the powders are spherical; (b) and (c)
martensitic needle structure at the powder surface and a pore possibly due to gas
entrapment; and (d) powder particle size distribution
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3.2 Graded microstructure

Fig. 4a and 4b show optical micrographs of the columnar prior B grains in
sample RB1 (Z=115 mm) and RB4 (Z= 357 mm) respectively. The Z-direction runs
from the bottom to the top for each image. The columnar prior B grains oriented along
the Z-direction with a continuous a-phase along grain boundaries. As the a-phase is
etched out by Kroll’s reagent, it exhibits bright contrast and prior B-phase exhibits
dark contrast under the optical microscope. Such a columnar prior B grain
microstructure was observed for most as-EBM Ti-6Al-4V [13,14]. Fig. 4c and 4d
show optical micrographs for sample RP1 (Z=16 mm) and RP3 (Z=107 mm)
respectively. The observed columnar prior B grains in RP samples, Fig. 4c and 4d, is

similar to those in RB samples, Fig. 4a and 4b.
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Fig. 4. Optical micrographs showing columnar prior  grains oriented along the build
direction in (a) round bars at Z=115 mm (RB1), (b) Z=357 mm (RB4), and (c)
rectangular plate builds at Z=16 mm (RP1) and (d) Z=107 mm (RP3). Dark and bright

areas show P and a phase respectively.
The prior B grain width size-distribution histograms for RB and RP samples

are presented in Fig. 5 and Fig. 6 respectively. The mean prior } grain width gradually
increased with the build height from 86+£38 um in RB1 (Z=115 mm, Fig 5a) to

13



154456 um in RB4 (Z=357 mm, Fig. 5d) for RB samples with a total build height of
380 mm. For the RP samples, a similar increase in the prior B grain width along the
build direction can also be seen, where RP1 (Z=16 mm, Fig. 6a) had a mean prior 8
grain width of 79£34 um and RP3 (Z=107 mm, Fig. 6¢) had a value of 122+56 pum.
Therefore, it is clear that samples extracted from the bottom of the EBM build had the

smallest prior B grain width, whereas the top samples had the largest grain width.
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Fig. 5. Prior B grain width size-distribution histograms for round bar samples, (a) RB1
(Z=115 mm), (b) RB2 (Z=230 mm), (c) RB3 (Z=290 mm) and (d) RB4 (Z=357 mm)
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Fig. 6. Prior  grain width size-distribution histograms for rectangular plate, (a) RP1

(Z=16 mm), (b) RP2 (Z=60 mm) and (c) RB3 (Z=107 mm)
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The 1t quartile (25" percentile) and 3" quartile (75" percentile), as indicated
in Fig. 5a, of prior B grain width were determined to be 61 pum and 109 um in RB1
(Z=115 mm, Fig. 5a), 83 pm and 137 pm in RB2 (Z=230 mm, Fig. 5b), 104 pm and
167 um in RB3 (Z=290 mm, Fig. 5c), and 109 um and 185 pum in RB4 (Z=357 mm,
Fig. 5d). Similarly, for RP samples, the 1% and 3™ quartile prior B grain width were
measured to be 52 pm and 102 pum in RP1 (Z=16 mm, Fig. 6a), 63 pm and 116 pum in
RP2 (Z=60 mm, Fig. 6b) and 81 um and 145 pm in RP3 (Z=107 mm, Fig. 6¢). These
statistical values further evidence that the prior § grain width increased along the
EBM build height. A closer look at the size-distribution histograms, Fig. 5a to 5d and
Fig. 6a to 6¢, reveals that the number of smaller prior B grains decreased with the
increase in EBM build height, confirming a graded prior B grain width along the build
direction. The samples at a higher build height, RB4 and RP3 had a higher number of
prior B grains with the grain width of greater than 200 um, Fig. 5d and Fig. 6c, as
compared to RB1 and RP1, Fig. 5a and Fig. 6a. Furthermore, samples extracted from
the RB build processed using the A2XX EBM machine show a fewer number of
smaller sized prior B grains (< 100 pm in grain width) compared to the RP build
processed using the Q20plus EBM machine. Table 3 summarises the mean value and
standard deviation STDEV for the prior 8 grain width; these are most often used when
the measured values are presented in literature. It can be seen in Table 3 that the mean
prior B grain width comes with a large STDEV. This deviation is a result of large size-
distribution for the measured columnar f grains, as evidenced in the size-distribution
histograms in Fig. 5 and Fig. 6.

The o+ microstructure typically observed in the RB and the RP samples are
shown in Fig. 7a and 7b respectively. Within the prior § grain, the o+ microstructure
with both Widmanstéatten and colony morphology can be observed. o laths are
oriented in various directions. The prior B-phase (a brighter colour) is shown as rod
and dot-like morphology embedded within the a-phase (a darker colour), similar to
the observations reported in [10]. Fig. 7c and 7d show two distinct microstructures
that are formed at either side of a grain boundary a-phase; Widmanstétten and colony
morphology (marked by red dotted outline).
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Fig. 7. SEM images showing o+ microstructure consists of both Widmanstatten and
colony morphology in (a) round bar and (b) rectangular plate samples. Formation of
a+p both in Widmanstatten and colony morphology along one a-GB in (c) round bar

(d) rectangular plate builds (dark and bright areas show o and B phase respectively)

Table 3. Summary of prior 3 grain width, a lath width and micro-hardness

measurements in round bar and rectangular plate builds

B grain a lath width Hardness
Sample ID width (um) Mean (um) Median Mode (um) (HV0.5)
(um)

RB1 (Z=115 mm) 86+38 0.58+0.24 0.55 0.46 406+12
RB2 (Z=230 mm) 112+37 0.61+0.26 0.56 0.47 3906
RB3 (Z=290 mm) 139+47 0.68+0.30 0.63 0.51 386+12
RB4 (Z=357 mm) 154+56 0.87+0.33 0.81 0.69 382+16
RP1 (Z=16 mm) 79134 0.96+0.45 0.93 0.63 342+9
RP2 (Z=60 mm) 94+43 1.02+0.43 0.94 0.78 3368
RP3 (Z=107 mm) 122+56 1.10+0.49 1.02 0.85 329+15

The a lath width size-distribution histograms for RB and RP samples are
presented in Fig. 8a and 8b respectively. The o lath width varied from 0.19 pum in
RB1 to 2.17 um in RB4 for the round bar build, Fig. 8a. A similar size variation from
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0.17 pm in RP1 to 3.20 um in RP3 for the rectangular plate build can be seen in Fig.
8b. Both the RB and RP builds show the trend of a decrease in the number of smaller
a laths with the increase in build height indicating the graded microstructure in as-
EBM Ti-6Al-4V. In addition, at any given location along the build height, the number
of smaller a laths are higher for the RB samples compared to the RP samples. This
resulted in the mean o lath width (see Table 3) for the former to be smaller compared
to the latter. For both the EBM builds, the mean a lath width gradually increased with
the build height. Samples extracted from the bottom of the EBM build show the least
mean o lath width (0.58+0.24 um in RB1 and 0.96+0.45 pum in RP1, Table 3) and the
samples extracted from the top show the highest mean a lath width (0.87£0.33 um in
RB4 and 1.10+0.49 um in RP3, Table 3).
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Fig. 8. a lath width distribution histogram for (a) round bar (b) rectangular plate build
and the log-normal size-distribution plots for (c) round bar (d) rectangular plate build

The log-normal plots based on the size-distribution histograms of the a lath
width, Fig. 8c and Fig. 8d, are used to provide a statistical interpretation of the
measured data. Both figures clearly show the presence of a positive skewness in the a
lath width distribution. The mode and median values of the o lath width are also
presented in Table 3. The mode is a lath width value corresponding to the highest
probability density shown in Fig. 8c and 8d, while the median is the midpoint
separating the lower and upper halves of the measured o lath width values. Note that

the mean and median values of a lath width population are well represented by the
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respective values from RB and RP samples, but the mode values are heavily
influenced by the counting statistics. In this regard, the peaks of the fitted log-normal
distributions in Fig. 8c and 8d is treated as representative of the most likely population
value. For both the builds, the distribution curve is shifted to the right confirming that
the mean o lath width as well as the median increases with the build height. The
increase in median from bottom to top indicates that there is a higher probability of
observing a higher o lath width value at a given upper height than that at the lower
height with an increase in build height. For the RB build, the probability of the
presence of smaller sized o lath width decreases together with an increasing
proportion of the larger sized o lath width along the build height, Fig. 8c. This also
applies to RP build, Fig. 8d. One of the interesting findings when comparing the RB
(A2XX machine) and RP (Q20plus machine) builds is that the skewness observed in
the latter is higher for the RP build. In other words, a higher proportion of larger sized
a lath width was created in as-EBM Ti-6Al-4V alloy processed by using Q20plus

machine with the standard Arcam build theme.

3.3 Micro-hardness gradient

To determine the graded hardness along the build height, micro-hardness
measurements were carried out both the EBM builds. The mean Vickers micro-
hardness HV0.5 are presented in Table 3. Overall, the mean hardness decreases with
the build height from 406+12 in RB1 to 382+16 in RB4, and from 341+11 in RP1 to
328+15 in RP3. These values are in good agreement with the observed graded
microstructure along the EBM build. Furthermore, the mean micro-hardness for the
RB build is higher than the RP build, which again is consistent with the smaller sized
a lath width observed in the RB build.

It is worth noting that there is a noticeable variation in hardness measurements
for all the specimens. The hardness variation at a given location along the EBM build
is presented as box and whisker plots in Fig. 9. The mean hardness shows a
decreasing trend with the increase in build height, although the presence of variation
in the measured hardness. The horizontal line in the middle of a box represents the

mean value (data are given in Table 3). The horizontal lines at the lower and upper
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end of a box are the 25" and 75™ percentiles respectively. A percentile is the number

where a certain percentage of values fall below that number.
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Fig. 9. Box and whisker plot showing mean hardness and hardness variation in X-Z

plane in round bar RB and rectangular plate RP builds

3.4 Microstructural analysis of the top few layers

Some studies [15,16] have reported the presence of martensitic o’ plates at the
top few layers of an as-EBM Ti-6Al-4V. Such martensitic o' plates gradually
decomposed to fully dense acicular o lath due to long exposures at high build
temperature [13]. The top 0.65 mm regions for both the RB and RP builds were
examined. The presence of o' martensitic microstructure was found and they were
only limited to the top few layers, Fig. 10a and 10b respectively. The layers just
below the top 0.65 mm region exhibit the formation of a+p microstructure with both
Widmanstétten and colony morphology as shown in Fig. 10c and 10d. The presence
of o’ martensitic microstructure would lead to a micro-hardness elevation close to the
EBM build top surface. The micro-hardness of the martensitic phase was found to be
383 HVO0.1 for the RP build and 390 HVO0.1 for the RB build. The micro-hardness
decreases as a function of the distance away from the top layers as presented in Fig.
11b and the corresponding optical micrograph at a low magnification is shown in Fig.
11a. The presence of a distinct layer boundary at around the top 0.65 mm can be seen

in Fig. 11a.
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Fig. 10. Optical micrographs: (a) round bar and (b) rectangular plate build in the top
0.65 mm regions showing the presence of o’ martensite, and (c) round bar and (d)
rectangular plate in the regions of just below the top 0.65 mm region showing the

presence of o+ microstructure.
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measurement position at the top layer, (b) Changes in micro-hardness with the
distance moving away from the top layer.

3.5 Porosity analysis

Two types of defects were found in the two EBM builds; spherical gas pores
(see Fig. 12a and 12d) and irregularly shaped lack-of-fusion defects (see Fig. 12c and
12f). The observed gas pores are near spherical with mean diameters of 41+23 um
and 3516 um in RB and RP samples respectively. In addition, gas pores filled with
partially melt powders were also found for both the RB and RP samples, see Fig. 12b
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and 12e. The EDS analysis performed on these gas pores showed that the partially
melted powders contain a higher concentration of titanium (see Table 4). This applies
to both the RB and RP samples. The EDS analysis locations are highlighted in Fig.
12b and 12e. It was confirmed that there was no gradient along the build direction in
terms of the area fraction of the pores (0.07%) and lack-of-fusion defects. The area
fraction of the pores and lack-of-fusion defects was very low (less than 0.1%), so that
it is not expected that these defects would have any significant effect on the strength
of EBM built samples with taller builds. This is consistent with the work of He et al.
[30]. Furthermore, an essentially defect free material is possible to obtain after Hot
Isostatic Pressing (HIP) as is shown in the work of Lu et al. [19] where the density of
EBM built Ti-6Al-4V was found to increase from 99.03% in as-built condition to
99.90% after HIP.

- Partially m‘clt‘ ST

powder -~ Lack of fusion

~defect”.

~ Lack of fusion
‘defect”
&' !

L

Fig. 12. SEM images of EBM Ti-6Al-4V showing (a) to (c) gas pore, gas pore filled

@ © ®

with partially melted Ti-6Al-4V powder and a lack-of-fusion defect in RB samples,
(d) to (e) gas pore, gas pore filled with partially melted Ti-6Al-4V powder, lack-of-

fusion defect in RP samples.

Table 4. Chemical composition of gas pores filled with partially melt powder using

EDS (wt%)
Sample ID Ti Al Fe @) Sn \Y
RB 62.80 4.60 0.30 19.70 0.01 2.60
RP 73.00 3.60 0.26 14.05 - 3.46
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4. Discussion

The o lath width in as-EBM Ti-6Al-4V depends on the cooling rate of the
material in the whole sample. In other words, it is determined by the scanning
strategy, build height and sample geometry. The impact of all of these factors is
assessed in the following sections. The linkage of the mean, median and modal o lath

width values to the variation in hardness is also discussed.

4.1 EBM processing parameters

Two different melting strategies (standard build theme for Ti-6Al-4V control
software version 3.2 and 5.0) were used for processing round bar RB samples, Fig. 1b,
and rectangular plate RP samples, Fig. 2b. This results in similar Widmanstatten and
lamellar o colony microstructures from bottom to the top of the EBM build
irrespective of the sample geometry and melting strategy, see Fig. 7. However, the RB
samples that were built with Arcam A2XX control software version 3.2 exhibited a
finer size of a laths, Fig. 8a, compared to those observed in the RP samples that were
built with Arcam Q20plus control software 5.0, Fig. 8b. This can be attributed to the
different cooling rates that were experienced by these two different EBM builds.
According to Hrabe and Quinn [31] the speed factor has an inverse relationship to the
energy input and melt pool size, and the cooling rate decreases with the increase in
energy input and melt pool size. In the present study, the higher speed factor of 36
was used for RB samples compared to RP samples where a speed factor of 33 was
used, Table 1. In addition, a higher beam current of 19 mA was used for RP samples
when compared to that of 17 mA for RB samples. Note the energy input is directly
proportional to the beam current. In sum, a combination of the higher speed factor and
smaller beam current led to a higher cooling rate and resulting finer a laths in the RB
samples as compared to the RP samples. It is evident that the observed size difference
in o laths can be correlated with the measured micro-hardness difference, RB samples
had a higher micro-hardness than those of RP samples, Fig. 9.

The presence of columnar prior B grains is a direct consequence of directional
solidification and large thermal gradients along the EBM build direction. The large

thermal gradient is caused by each newly deposited layers where the underlying
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solidified layer is also exposed to high temperatures and cycled through the B-transus
temperature during the EBM process [10,32,33]. The microstructure evolution in a+f
titanium alloys is governed by a complex combination of the cooling rate from high-
temperature single B-phase region and the crystallographic orientation of the parent -
phase [34]. EBM built Ti-6Al-4V consists of columnar prior  grains delineated by
grain boundary a-phase and a transformed o+ microstructure with both the o colony
and Widmanstatten morphology as shown in Fig. 7b and 7c [12]. The a laths start to
form at the prior B grain boundaries and grow inward at a certain angle [18]. Fig. 7d
shows two adjacent prior  grains exhibited two different microstructures, one being
Widmanstétten and the second shows a colony morphology formed along one grain
boundary a-phase. The grain boundary a-phase observes the Burgers orientation
relationship (12 crystallographic orientations) with only one of the [ grain
orientations [34]. During the B to o+p phase transformation, the  grain observing the
Burgers orientation relationship with a grain boundary a-phase developed a colony
microstructure, whereas the adjacent B grain which did not follow the Burgers
orientation relationship, instead developed a Widmanstatten microstructure that
consisted of most of (if not all) 12 crystallographic variants of o to form a single

grain.

4.2 Effect of cooling rate

The graded microstructure was observed in both the purpose-built RB samples
(380 mm total build height) and RP samples (120 mm total build height), the
statistical presentation of the measured o lath width across different Z height
positions, Fig. 8, show clearly that there is a microstructural gradient running from the
bottom to the top of the EBM sample build. An increased proportion of larger sized o
laths can be found with the increasing Z height position; this applies to both samples,
Fig. 8a and Fig. 8b. There is a temperature gradient during cooling in several different
areas, along the build height as well as across the build height of the sample. The
interior of the build would be the warmest, and hence the relative temperature would
decrease radially outward to the exterior of the build space [31]. The nucleation of a-
phase follows an exponential relation with the change in temperature based on
Arrhenius equation [35]. The exact solution of Carslaw Jaeger model [36,37] was
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found to be applicable to the growth kinetics of a-phase in Ti-6Al-4V; the size of a-

phase, R(t), increases with the square root of time, t, if the temperature is held

R(t) = 20,/ D"t @

where 6 denotes the supersaturation that depends on the overall composition and

constant, Eq. 1.

volume fraction of the a-phase and D" is the diffusion coefficient of Al or V in -

phase in Ti-6Al-4V. Quantitative predictions of the volume fraction of a-phase were
obtained from an exact solution of Eq. 1 with diffusivities of Al or V adjusted using a
standard thermodynamic factor in [34]. The magnitude of diffusion coefficients was
found to change exponentially with temperature [37]. Hence, the small variation in
temperature due to different cooling rates at different build heights would have a
much larger effect on the o lath width size-distribution. The log-normal distribution of
a lath width presented in Fig. 8c and 8d in this regard simply maps the big size
variation in a lath width due to the small variation in temperature.

It can be observed in Table 3 that both prior B grain width and o lath width
increased along the build height. The graded microstructure along the build is the
result of different cooling rates, higher and lower cooling rates at the bottom and top
of the build respectively. The two major sources of heat loss in an EBM process are
through radiation off the top surface and via heat conduction through the sintered
powder from the surrounding surface of the specimen and the start plate [10]. Close to
the bottom of the build, the heat conduction through the start plate and the substrate
resulted in faster cooling rates and subsequent phase transformation resulted in finer a
lath width at the bottom of the build compared to the top of the build. As the build
process progresses, the thermal conductivity of the Ti-6Al-4V powder bed which is
even smaller than the solid Ti-6AI-4V (7 Wm™?K™) results in lower heat dissipation
and higher temperature [19]. As a result, a lath width increased as the build height
increased. The heat transfer rate also depends on the sample shape and size, hence,
380 mm tall RB samples due to their much smaller cross-sectional area (14 mm) cool
faster and have finer o laths as compared to relatively small 120 mm RP samples,
Table 3. According to [32], the thermal gradient in the powder bed is expected to
worsen beyond certain powder bed depth causing gradient cooling rate. The graded
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microstructure along the build can also be observed from the a lath width distribution
results in Fig. 8 that reveals that the number of larger a laths increased with the build
height.

4.3 Correlation between microstructure and mechanical property

The graded microstructures resulted in the graded micro-hardness along the
build Z-direction, an overall increase in the o lath width from the bottom to the top of
the EBM build led to a decrease in micro-hardness, Fig. 9. The relationship between
yield strength (or micro-hardness) and a specific material strength-controlling
microstructural scale is often presented using the classical Hall-Petch relation (see Eq.

2) for a wide variety of engineering materials [38].

HV=H0+k/\/T @)

where H, is the intrinsic hardness of the material, k is the Hall-Petch constant, and A

Is the microstructural scale in this case the mean o lath width. Fig. 13 presents the
Hall-Petch relationship between the measured mean hardness value and the inverse of
the square root of the mean o lath width (). In general, a good correlation between
the change in mean a lath width and micro-hardness was observed for the EBM builds
considered in the present work. This can be evidenced by the high value of correlation
coefficient, R?=0.91, for RB and RP samples in terms of the fitted regression lines.
The modal and median o lath width values do not show a good correlation with the
mean hardness as they failed to show any Hall-Petch type relation. The mean a lath
width is thus the best microstructural indicator in terms of controlling the mechanical
properties in as-EBM Ti-6Al-4V.
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(A) in RB and RP samples

The variation in the hardness at any given location along the build height, Fig.
13, can be attributed to the change in the local microstructure (o lath width and prior
B-phase morphology either in a colony or Widmanstétten type, Fig. 7c and 7d) across
each sample. The micro-hardness was higher at the bottom of the build with finer o
laths and it decreased with the build height because of the coarser a laths. The Hall-
Petch relationship is also consistent with the earlier work [10,12] with much smaller
build heights (30 mm and 80 mm respectively) which have been included in Fig. 13
for comparison. Both studies show that the micro-hardness increases with the
decreasing microstructural scale (mean o lath width). But in the work by Al-Bermani
et al. [12] the effect of build temperature on o lath width and mechanical properties
was studied but the gradient in mechanical property due to a change in o lath width
along the build height was not reported. This gap is addressed in the present study by
showing the strong correlation between hardness and the mean a lath width, Fig. 13.
The correlation coefficient of R?=0.91 obtained in the present work is quite close to
that of R?=0.94 derived from the work of Al-Bermani et al. [12] as shown in Fig. 13.
In the work by Tan et al. [10] the increase in hardness was not so high even with
significant increase in o lath width. With the increase in a lath width from 0.58+0.11
um at the bottom (Z=4 mm) to 0.77 + 0.20 um at the top (Z=24 mm), the hardness
only decreased from 327 HV to 322 HV. Compared to the work of Tan et al. [10] in
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terms of the correlation between o lath width and micro-hardness, the present study
reveals a strong dependence between mean o lath width and micro-hardness in as-
EBM Ti-6Al-4V. In detail, with the small increase in a lath width from 0.97+0.46 um
at the bottom (Z=16 mm) to 1.11 + 0.49 um at the top (Z=107 mm), hardness
decreased from 341 HV to 328 HV in RP samples as shown in Fig. 9 and Table 3. The
large scatter measured in o lath width is likely the cause of some of the confusion in
previous studies and only by performing a systematic study over a large build height
we can reveal the better understanding of the impact of o lath width on the micro-
hardness gradient. It is interesting that the Hall-Petch relationship holds not just in
individual data sets of RB and RP samples but across both of the two sample sets as
shown in Fig. 13. This suggests that the hardness and therefore static strength of as-

EBM Ti-6Al-4V within a single sample is well accounted for by the variation in o
lath widths.
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Fig. 14. Variation of mean hardness with inverse of square root of mean prior 3 grain
width (d) in RB and RP samples

The dependence of hardness on mean prior B grain width in RB and RP
samples is presented in Fig. 14. Note, the mean prior (3 grain width is designated with
letter ‘d’ to differentiate from the ‘A’ used for the mean o lath width. Although the
Hall-Petch relation can be seen for each individual data sets of RB and RP samples in
the present work and this relation also holds true for the earlier work [10,12] where

much smaller build heights (30 mm and 80 mm respectively) were used (the data are
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presented in Fig. 14 for comparison), it is important to note that Hall-Petch relation
simply does not provide a single good fitting when putting both data sets together (RB
and RP samples). This suggests that the prior B grain width is not a good
microstructural scale parameter that controls the mechanical properties in as-EBM Ti-
6Al-4V. In the replotted prior B grain width result based on the work performed by
Al-Bermani et al. [12], Fig. 14, the correlation coefficient of R?=0.86 is found to be
lower compared to that obtained for a lath width in Fig. 13 (R?= 0.94). This seems to
support the above-mentioned viewpoint. The discrepancies between the data in the
present study and that of Al-Bermani etal. [12] and Tan et al. [10] could be also due to
differences in chemistry of the powder used. The chemistry for RB and RP material
are very similar (0.16 wt% Fe, 0.027 wt% N for RB and 0.17 wt% Fe, 0.029 wt% N
for RP) but quite different from Al-Bermani et al. [12] (0.05 wt% Fe, 0.008 wt% N)
and Tan et al. [10] (0.20 wt% Fe, 0.03 wt% N). The other factors are equipment type
and EBM melting strategy (discussed in Section 4.1). Tan et al. [10] used Arcam
A2XX equipment whereas the equipment used by Al-Bermani et al. [12] was Arcam
S12 EBM machine which is an earlier generation of Arcam equipment. All these
factors control the evolution of a lath width which in turn based on the above
discussion can be considered as an important parameter for controlling the final

mechanical properties.

5. Conclusions

A critical assessment on the graded microstructure and hardness in as-EBM
Ti-6Al-4V round bar and rectangular plate samples was carried out. The following
conclusions can be reached:

1. The different melting strategies do not change the Widmanstétten and lamellar

a colony type of microstructure observed in EBM built Ti-6Al-4V alloy.

However, they do result in different o lath widths that decrease with

increasing the speed factor of the build strategy used.

2. An inhomogeneous graded microstructure with increase in prior § grain width
and o lath width observed along the build direction is the consequence of

decreasing cooling rate along the build.
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3. The log-normal distribution of a lath width maps the big variation in o lath
width distribution due to a small variation in temperature. The log-normal
distribution gives the best fitting for the o lath width variation with build
height.

4. The graded microstructure along the build has resulted in graded micro-
hardness, higher and lower hardness at the bottom and top of the build
respectively. The micro-hardness shows strong correlation with the mean a
lath width and follows Hall-Petch relation. The o lath width instead of the
prior B grain width is very likely to be primary microstructural scale parameter

that controls the mechanical properties in as-EBM Ti-6Al-4V.
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