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Abstract: The extracted position and characterization direction of specimens have an unignorable
effect on the microstructural characteristics of materials produced by electron beam melting (EBM).
This study focused on the effects of extracted position and characterization direction on the mi-
crostructure, defect distribution and Vickers hardness of TA15 titanium alloy fabricated by electron
beam melting. Results show that the microstructure at the bottom end of TA15 specimens is coarser
and hot cracks are visible at this end. Grain morphology in longitudinal direction is columnar while
that in transversal direction is chessboard-like. The results of defect analysis show that gas pores
are visible in transversal direction while lack of fusion exists in longitudinal direction. The average
relative density of TA15 specimens in transversal direction is higher than that in longitudinal direc-
tion. The results of energy spectrum analysis show that there is evaporation of Al during the forming
process, but no elements segregation and enrichment are observed. This study provides important
insights on the microstructure analysis and defect evaluation of materials made by EBM technology.

Keywords: titanium alloys; electron beam melting; microstructure; characterization direction; de-
fects; microhardness

1. Introduction

Electron beam melting (EBM) technology is a kind of additive manufacturing tech-
nology widely used in the aerospace field, which can form high-performance metal parts
with complex shapes [1-7]. Titanium alloy is one of the most widely investigated and
used materials in EBM. The microstructure and mechanical properties of Ti-6Al-4V alloy
have been investigated and reported by numerous investigations. Murr et al. [8,9] has
reported that the typical microstructure of EBM Ti-6Al-4V is acicular and lamellar & phase
together with a small amount of 3 phase. Tan et al. [10,11] has revealed the martensitic
transformation in the EBM fabrication of Ti-6Al-4V, indicating the existence of martensite.
Zhang et al. [12] claimed that abundant « lamellae with six variants were presented inside
the columnar prior-f3 grains and they observed multiple sub-variants in each « variant
for the first time. Their valuable research showed that the relative amount of six o vari-
ants could account for the anisotropy in the mechanical properties. Many factors such
as process parameters [13-15], scanning strategies [16-18], build orientation [13,19-24],
heat treatments [25-29] and hot isostatic pressing [28,30-33] affect the microstructure and
mechanical properties of EBM Ti-6Al-4V. Besides, columnar prior (3-grains were found to
epitaxially grow through a few layers and their major axis was found to orient parallel to
the build direction [2,11,12,23,26,34-36].
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The microstructures and mechanical properties of TiAl-based alloys were also dis-
cussed and investigated by numerous investigations. Yue et al. [7,37,38] investigated the
process window, defects, microstructures, heat treatment as well as tensile properties at
room and elevated temperatures of Ti-47Al-2Cr-2Nb alloy. Wimler et al. [39] reported the
development of novel process-adapted y-TiAl based alloys, showing that it was possible to
produce reliable high-performance TiAl components by the use of proper parameters in
combination with subsequent heat treatments. Lee et al. [40,41], Lin et al. [42] and Biamino
et al. [43] investigated the microstructure, compressive deformation, tensile properties,
creep resistance of Ti-48Al-2Cr-2Nb alloy in great detail. Kan et al. [44] investigated the
microstructural degradation of Ti-45A1-8Nb alloy and Juechter et al. [45] discussed the
performance optimization of Ti-45A1-4Nb-C alloy by optimizing scanning strategy and
introducing heat treatments.

Build height is an important factor that affects the microstructure and mechanical
properties of EBM materials. Murr et al. [8] reported that the average acicular a-plate
thickness was 3.2 pm in the top region of the EBM Ti-6Al-4V specimen while that was
1.6 um in the bottom region. A slight variation in both  grain size and « lath thickness at
different heights was identified by Galarraga et al. [36], showing that the « lath thickness of
EBM Ti-6Al-4V decreased as the build height increased. Tan et al. [46] discovered that both
prior 3 grain width and (3 phase interspacing of EBM Ti-6Al-4V continuously increased
with build height. Wang et al. [47] claimed that the « + 3 microstructure of EBM Ti-6Al-4V
finer with the increase of build height. Al-Bermani et al. [48] discovered that the presence
of martensite was seen at the top of 2-mm-tall and 5-mm-tall EBM Ti-6Al-4V samples,
while it was not evident at the top of an 18-mm-tall Ti-6Al-4V sample. Hrabe et al. [49]
reported a trend of increasing « lath thickness with increasing build height. It should be
noted that there is no conclusive result about the evolving trend of the microstructure when
increasing build height.

Microhardness is an important indicator to evaluate the mechanical properties of
materials. There remain some disputes regarding the relationship between build height
and microhardness. For EBM Ti-6Al-4V, Bruno et al. [20] and Wang et al. [47] found that
the microhardness increased with the increase of build height. Tan et al. [46] claimed that
the microhardness has decreased with the increase of build height. Galarraga et al. [36]
and Hrabe et al. [49] demonstrated that there was no obvious relationship between build
height and microhardness.

TA15 alloy, which is a kind of near « titanium alloy, has been widely applied in
aerospace application due to its good combination of excellent welding ability and me-
chanical properties at elevated temperature. However, it is still extremely challenging
for conventional machining, casting and forging technologies to fabricate complex-shape
TA15 titanium alloys. Metal additive manufacturing technology arises at the historic mo-
ment. Electron beam melting (EBM) and selective laser melting (SLM) are common metal
additive manufacturing technologies. SLM technology has been successfully adopted to
manufacture TA15 titanium alloys parts. Jiang et al. [50] fabricated nearly fully dense TA15
samples (99.98%) by utilizing SLM technology with the optimized processing parameters.
Wu et al. [51] successfully prepared TA15 samples with ultrafine crystallites and numerous
nano-scale twins by the use of SLM technology. Xu et al. [52] had carried out an investi-
gation on the tensile fracture properties of EBM TA15 specimen. However, there is still
little investigation about the microstructure of TA15 specimens built with EBM technology.
So, this study focused on the microhardness and various microstructures of metallurgical
samples extracted from different positions of one same EBM TA15 sample. By investigating
the microstructure and microhardness properties of different locations on samples, some
new insights are provided for the microstructure characterization of EBM parts.
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2. Materials and Methods
2.1. Materials and Processing Conditions

The precursor powders used in this investigation were gas atomized TA15 spherical
powders provided by Aerospace Hiwing (Harbin) Titanium Industry Co., Ltd. (Harbin,
China). These powders had a content of 50% reused and 50% new powders. Table 1 shows
the chemical composition of TA15 titanium alloy powders.

Table 1. Chemical composition of TA15 titanium alloy powder.

Element Ti Al Zr v Mo Si C (0] N H
wt.% balance 6.72 2.26 2.30 1.84 0.014  0.022 0.069 0.0055  0.0025

Figure 1 shows the morphology of TA15 powders, it should be noticed that there
were some powders with irrugular shape, which was marked by red dotted circles. This
phenomenon was also reported by [20] when reused Ti-6Al-4V powders were adopted
to build specimens. Figure 2 is an illustration showing the formation of irregular-shape
powders. In order to reduce spheroidization and temperature gradient, defocused electron
beams were used to preheat the newly added powders during the building process. The
energy of these electron beams was too low to completely melt these metal powders. As a
result, the metal powders were partially melted. The relatively smaller powders within
the metal powders were melted, which acted as a binder to bond those relatively larger
powders together, as is shown in Figure 2. When the building process was finished, the
powder recovery system was used to purge the remaining unmelted powders. Under the
action of high-velocity air flow, these metal powders connected by sintering necks were
purged into irregular pieces.

agalomeratior

Figure 2. Schematic diagram showing the formation of irregular-shape powders.
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Table 2 shows detailed processing parameters used for building TA15 specimens during
the EBM process. The EBM Q20 machine (Arcam AB, Sweden, software version 5.2, layer
thickness 90 pum, accelerating voltage 60 kV) was used to manufacture TA15 specimens.

Table 2. Process parameters used for building TA15 specimens in this study.

EBM Parameters Outer Contour Inner Contour Hatch Filling
Beam speed (mm/s) 450 450 4530
Beam current (mA) 9 9 15
Max current (mA) 9 9 28
Focus offset (mA) 6 6 45
Beam pattern spot spot snake
Speed factor o e 36
Line offset (mm) 0.27 0.18 0.20

Table 2. EBM: Prior to the start of the EBM process, the base plate was heated by
applying defocused electron beam until the thermocouple underneath reached a temper-
ature of 700 °C. All powder layers added during the build process were preheated with
the same preheating parameters throughout. A layer thickness of 90 um was adopted
in this study. All TA15 specimens were directedly built on the base plate without any
supporting structures. In the cooling stage, the cooling rate was increased by injecting high
purity helium gas. All specimens were built in one batch with no heat treatments or hot

isostatic pressing.

2.2. Sample Location and Preparation

Figure 3 shows the preparation and characterization of TA15 specimens. One 100-mm-
tall TA15 specimen was fabricated by EBM technology. Then, this specimen was cut into
10 pieces and each piece was successively marked with the number from 1 to 10. For
specimen No. 1, the top surface, bottom surface and side surface were characterized.
From specimen No. 2 to No. 10, the top surface and side surface were characterized. In
this way, the microstructure and Vickers hardness of these specimens in two directions
(direction parallel and perpendicular to build direction) can be characterized. For the
convenience of description, the direction parallel to the build direction was termed as
longitudinal direction, while the direction perpendicular to the build direction was termed
as transversal direction.

$10 mm A T - Top surface

L'\/:' e ~Side surface
EDM ';‘10 mm
sl '
- <l B—Top surface
| .
z $10 mm Bottom surface |"’T: Side surface

Y tz/'
X

Figure 3. The preparation and characterization schematic diagram of TA15 titanium alloy.

Build direction

Build direction
100 mm

2.3. Characterization Methodology
2.3.1. Microstructure and Porosity Characterization

No. 1 to No. 10 TA15 specimens were cut from the whole TA15 specimen by electrical
discharge machining. These specimens were grounded with water-proof sandpapers (80 #
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to 5000 #) and polished with colloidal suspension (Struers 50 nm, Cleveland, OH, USA). For
porosity observation and evaluation, these specimens were only polished so as to avoid the
formation of etch pits. DMI 5000 M (Shenyang Changxiao Instrument Co., Ltd., Shenyang,
China) metallographic microscope was used to measure the porosity with a magnification of
50 x 20 micrographs were obtained at this magnification with the same light condition for
each TA15 specimen. These 20 micrographs were randomly taken from the same plane for
each TA15 specimen so as to evaluate the average porosity rate. For comparison considera-
tion, two orientations, namely the transversal direction (normal to the build direction) and
longitudinal direction (parallel to the build direction) were characterized. Image-J software
(V1.8.0.112, National Institutes of Health, Bethesda, MD, USA) was adopted to deal with these
micrographs with the same threshold. The porosity rate is defined as the ratio between the
pixels of porosity and the pixels of the corresponding micrograph.

Kroll’s reagent (a solution containing 10 mL HEF, 30 mL HNO; and 70 mL distilled
water) was used to etch these TA15 specimens about 15 s. DMI 5000M (Shenyang Changxiao
Instrument Co., Ltd., Shenyang, China) optical microscope and FE-SEM SU5000 (Hitachi
High Technologies corporation, Shanghai, China) scanning electron microscope were used
for microstructure observation and evaluation. For specimen No. 1, microstructures of the
top surface, bottom surface and side surface were characterized. As for specimen No. 2 to
No. 10, microstructures of the top surface and side surface were characterized.

2.3.2. Microhardness

The surface finish of samples has a significant effect on the accurate measurement of
Vickers hardness. As a result, all these metallographic specimens were polished but not
etched. TMVS-1S (Future technology, Beijing, China) digital microhardness tester was used
to measure the Vickers hardness of these TA15 specimen in two orientations with a load
of 9.8 N dwelled for 15 s. Five measurements were taken for each sample. For specimen
No. 1, Vickers hardness of the top surface, bottom surface as well as side surface were
characterized. As for specimen No. 2 to No. 10, Vickers hardness of the top surface and
side surface were characterized.

3. Results
3.1. Phases of TA15 Specimens Fabricated by Electron Beam Melting

Figure 4 shows the X-ray diffraction (XRD) patterns of TA15 specimens fabricated by
EBM. Specimen No. 1, No. 5 and No. 10 were taken from the bottom end, middle end and
top end of a 100-mm-tall TA15 specimen, respectively. Thus, these three metallographic
specimens can present the evolving trend of phases corresponding to the build height.

—— TAI1S5 Specimen 10# ] —— TAI1S5 Specimen #1
(a) —— TAI1S5 Specimen 5# (b) —— TAIS Specimen #5
—— TAIS Specimen 1# & o-Ti —— TAI1S5 Specimen #10
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= - =
& 101) 1 &
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Figure 4. X-ray diffraction patterns of EBM TA15 specimen (a) and the enlarged views of selected

area (b).

It can be seen from the XRD patterns in Figure 4 that the diffraction peaks of these
three TA15 samples all reflect characteristics of the close-packed hexagonal structure and no
diffraction peaks of 3 phase are observed. Jiang et al. [50] has proved that these diffraction



Crystals 2021, 11, 495

60f23

peaks originate from titanium. The diffraction peaks of these three samples are similar to
each other, indicating that the constituent phases of metallographic samples extracted from
different build heights of one same sample is almost identical.

3.2. Microstructure in Longitudinal Direction of EBM TA15 Specimen

Figures 5 and 6 show the porosity distribution and its morphology in longitudinal
direction of No. 1, No. 4, No. 7 and No. 10 TA15 specimen. It is evident that the porosity
distribution of these four specimens is different from each other. The number and size of
pores of No. 7 TA15 specimen are the least compared to the other three specimens. Pores
are unevenly distributed on the measured surface, and their morphology is also irregular.
Pores with a large size are easier to have adverse effects on the mechanical properties of
metallic materials. Thus, the pores with a larger size are selected and characterized, which
are shown in Figure 5(al-a4,b1-b4) and Figure 6(al-a4,b1-b4). Most of these pores are
oval-like in shape. The major axis of these holes with large size presents a specific angle
with the build direction. Generally, this type of defect is considered as lack of fusion, which
is attributed to the insufficient energy input during the building process. There are two
possible reasons accounted for the insufficient energy input. On the one hand, improper
process parameters may lead to insufficient energy density, leading to the formation of
defects. On the other, an electromagnetic interference could also lead to insufficient energy
density input during the build process [36].
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Figure 5. Porosity distribution and its morphology in longitudinal direction (parallel to build
direction, BD) of TA15 specimen No. 1 (a) and No. 4 (b). (al-a4,b1-b4) are enlarged bilaterally
symmetric views of A, B, C and D in (a) and (b), respectively.
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Figure 6. Porosity distribution and its morphology in longitudinal direction (parallel to build direction, BD) of TA15 specimen
No. 7 (a) and No. 10 (b). (al-a4,b1-b4) are enlarged bilaterally symmetric views of A, B, C and D in (a) and (b), respectively.

Figure 7 shows the characterization and evaluation of pores in longitudinal direction
of ten TA15 specimens. Figure 7a shows the pores area fraction of ten TA15 specimens. The
area fraction of pores is defined as the ratio of the pixels of the porosity to the total pixels of
one micrograph. TA15 specimen No. 1 to No. 10 were successively cut from the bottom to
the top of one same TA15 specimen with a height of 100 mm, thus, Figure 7 can represent
the relationship between porosity and build height. The maximum porosity area fraction
is measured as 0.94% while the minimum porosity area fraction is measured as 0.28%. In
other words, the corresponding maximum relative density is 99.72% while the minimum
relative density is 99.06%. Additionally, the average porosity area fraction is measured
as 0.58%, corresponding to a relative density of 99.42%. Guschlbauer [53] has reported
99.95% pure copper produced by electron beam melting. Zhai et al. [27] has reported
99.85% Ti-6Al-4V for the A2 batch specimens built by electron beam melting. Galarraga
et al. [36] has discovered 99.75% Ti-6Al-4V samples fabricated by electron beam melting.
These results show that EBM technology can be used to produce nearly fully dense metal
parts. Figure 7b shows the maximum size of porosity in longitudinal direction of ten TA15
specimens. The length of major axis of pores varies from 80 pm to 170 um while that of
minor axis varies from 20 pum to 110 pm. Figure 7c shows the measured porosity area in
um?. The porosity area varies from 2000 to 14,000 um?. Figure 7d shows the aspect ratio
of pores with the largest size of each TA15 specimen. Aspect ratio is defined as the ratio
between the length of major axis and minor axis. When the aspect ratio is close to 1, it
means that these pores are spherical or near spherical. Unfortunately, the measured aspect
ratio of these pores are greater than 1, sometimes even as high as 3, indicating that these
pores are linear or ellipsoidal in shape.
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Figure 7. The evaluation of pores in longitudinal direction (parallel to build direction) of TA15
specimen: (a) pore area fraction; (b) length of major and minor axis of pores with the largest size; (c)
area of pores with the largest size and (d) aspect ratio of pores with the largest size.

It can be seen from Figure 7 that when increasing build height, area fraction, size
and aspect ratio of pores show no obvious trend. The comprehensive analysis results of
Figures 5-7 show that there are substantial differences in relative density, pore size and
distribution of samples extracted from different build heights. When comparing the relative
density of different samples, it is necessary to explain the different locations of samples.

Figure 8 shows the microstructures and scanning layers in longitudinal direction of
TA15 specimen No. 1, No. 4, No. 7 and No. 10. Columnar grain structure was found to
orient approximately along the build direction and epitaxially grow across multiple powder
layers, this phenomenon was also reported by numerous investigations [23,27,35,36,54].
The morphology of columnar grains is irregular and there are huge difficulties in accurately
distinguish their boundaries, so it is difficult to quantitatively evaluate the size of columnar
grains. However, the morphology, distribution and quantity of these columnar grains
are not identical for these four specimens. Since these specimens were cut from different
build heights, a conclusion can be drawn that build height has an important effect on the
microstructures of TA15 specimens. High thermal gradient, heat dissipation along the
build direction during the electron beam melting of TA15 titanium alloy are underlying
factors contributed to the epitaxial growth of columnar grains.
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Figure 8. Microstructures and scanning layers in longitudinal direction (parallel to build direction) of TA15 specimen No. 1
(a), No. 4 (b), No. 7 (c) and No. 10 (d). The build direction is indicated by the arrow.

Figure 9 (low magnification) and Figure 10 (high magnification) show the scanning
electron microscope photographs of the microstructure in longitudinal direction of TA15
specimen No. 1, No. 4, No. 7 and No. 10. Some apparently visible grain boundaries
are marked by red dotted lines. It can be shown that grain boundaries are not always
visibly distinguishable. Thus, it is virtually impossible to quantitatively evaluate columnar
grains. However, these columnar grains are arranged along the build direction, which is in
consistent with the results of optical micrographs illustrated in Figure 8. Lack of fusion
defect is observed and a huge number of bulk « grains are also visible in Figure 10a. Bulk
« grains and acicular 3 phases are observed in Figure 10b—d, however, much more acicular
{3 phases are observed in Figure 10d. What is more, these 3 phases in Figure 10d are finer
and longer. The number, morphology and size of « phases and 3 phases are different for
these four specimens. Considering that they are taken from different build heights of the
same part, it can make a conclusion that the extracted position has a significantly important
effect on the microstructures of EBM TA15 specimens. These four samples are extracted
from different build heights, so they are subjected to different thermal cycles in the forming
process. The difference of thermal cycles is one of the fundamental reasons accounted for
the various microstructures of these four samples. Samples at the bottom end are subjected
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to an elevated temperature for a longer time, resulting in the growth and coarsening of «
phases and 3 phases.

Figure 9. SEM images showing various microstructures (low magnification) in longitudinal direction
(parallel to build direction) of TA15 specimen No. 1 (a), No. 4 (b), No. 7 (c) and No. 10 (d).

Figure 10. SEM images showing various microstructures (high magnification) in longitudinal direction
(parallel to build direction) of TA15 specimen No. 1 (a), No. 4 (b), No. 7 (c) and No. 10 (d).

Figures 11 and 12 are the energy spectrum analyses showing the chemical composition
variation in different positions of vertical sides from No. 1, No. 4, No. 7 and No. 10 TA15
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specimens. Figure 11 (left) and Figure 12 (left) are the positions selected for energy spectrum
analysis while Figure 11 (right) and Figure 12 (right) are the corresponding energy spectrum.
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Figure 11. Energy spectrum analysis showing the chemical composition variation in « phase, 3
phase and grain boundaries in longitudinal direction (parallel to build direction) of TA15 specimen
No. 1 (a) and No. 4 (b).
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Figure 12. Energy spectrum analysis showing the chemical composition variation in « phase,
phase and grain boundaries in longitudinal direction (parallel to build direction) of TA15 specimen
No. 7 (a) and No. 10 (b).
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Table 3 shows the mass fraction (wt.%) of major metal elements of different positions
in longitudinal direction (parallel to build direction) of TA 15 specimen No. 1, No. 4, No.
7 and No. 10. Al element is a typical « stable element. Mo and V elements are typical 3
stable elements while Zr element is a typical neutral element. For No. 1 and No. 4 TA15
specimens, the mass fraction of Al in « phase is noticeably higher than that in 3 phase.
While for No. 7 and No. 10 TA15 specimens, an opposite phenomenon is observed. The
content of Al in « phase and 3 phase of No. 7 and No. 10 TA15 samples is nearly the
same. It is noted that the content of Al in grain boundary is lower than that in « phase but
higher than that in (3 phase for No. 1 and No. 4 TA15 specimens. As for No. 7 and No. 10
TA15 specimens, the content of Al in grain boundary is higher than that in both « phase
and {3 phase. This phenomenon demonstrates that Al concentration is related to the build
height. The mass fraction of Mo and V elements in « phase is noticeably lower than that in
 phase for these four TA15 specimens. However, the mass fraction of Mo and V elements
in grain boundaries is lower than that in both « phase and 3 phase. The mass fraction of Zr
element is almost the same in « phase, 3 phase and grain boundaries for these four TA15
specimens. This phenomenon indicates that the Mo, V, Zr concentration may not be related
to the build height.

Table 3. The mass fraction (wt.%) of major metal elements of different positions in longitudinal
direction (parallel to build direction) of TA 15 specimen No. 1, No. 4, No. 7 and No. 10.

Sample ID Position Al v Zr Mo
Powders 6.72 2.3 2.26 1.84
Point A 3.83 3.04 1.40 4.85

No. 1 Point B 478 1.75 1.86 1.49
Point C 5.49 2.25 1.86 2.80

Point D 441 2.53 1.98 3.37

No. 4 Point E 4.60 3.55 2.00 4.55
Point F 5.17 2.05 1.83 1.89

Point G 4.30 2.68 1.97 3.71

No. 7 Point H 4.07 2.54 1.74 2.76
Point I 4.42 2.32 2.10 2.11

Point J 477 2.92 2.09 3.60

No. 10 Point K 5.09 2.13 2.06 1.73
Point L 4.76 2.50 2.16 2.86

Figure 13 shows the EDS maps of major metal elements in longitudinal direction of
TA15 specimen No. 1. The extracted position of sample No. 1 is close to the stainless-steel
base plate. During the forming process, the major metal elements in TA15 titanium alloy
may diffuse to stainless substrate, resulting in the uneven distribution of metal elements.
Therefore, sample No. 1 is selected for area scan analysis. It can be seen from Figure 13 that
the major metal elements are evenly distributed on the whole scanning area. No element
segregation or enrichment is observed. When casting technology is used to produce metal
parts, it is easy to form segregation zone with rich elements in the center of these parts.
Since no element enrichment or segregation was observed during the elctron beam melting
of TA15 titanium alloy, this suggests that EBM technology can be used to form TA15
titanium alloy parts.
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Figure 13. EDS maps showing the major metal elements distribution in longitudinal direction
(parallel to build direction) of EBM TA15 specimen No. 1.

Figure 14 shows the optical micrographs of microstructures in longitudinal direction
(parallel to build direction) of TA15 specimen No. 1 (a), No. 3 (b), No. 5 (c), No. 7 (d), No. 9
(e) and No. 10 (f).

Figure 14. Optical micrographs showing different microstructures in longitudinal direction (parallel
to build direction) of TA15 specimen No. 1 (a), No. 3 (b), No. 5 (¢), No. 7 (d), No. 9 (e) and No. 10 (f).

It can be seen from Figure 14 that the size of x grains of TA15 specimen No. 1 is the
largest of these six specimens. Notice that these metallographic samples are extracted
from different build heights and that TA15 specimen No. 1 is cut from the bottom end,
this indicates that the microstructures of specimen cut from the bottom end of one part
are coarser. The morphology and distribution of « phases within these six samples are
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different from each other. A huge number of strip-like « grains are observed within TA15
specimen No. 1 and No. 3. Massive and acicular « grains are visible within TA15 specimen
No. 5 and No. 7. Rodlike and needle-like o grains are found to exsit within TA15 specimen
No. 9 and No. 10. During EBM process, cooling rate has a significant effect on the phase
transformation behavior and microstructure size. The repeated heating and cooling process
in the electron beam melting of TA15 materials will affect the microstructures formed
later. TA15 specimen No. 1 is kept at an elevated temperature longer than other parts, this
temperature is below martensitic transformation temperature, resulting in a coarsening
effect of « phases. The growth of « phases makes their size larger than that of other parts.
Specimen No. 10 is at the top, the dwell time at elevated temperature is too short for the
growth of « grains. As a result, the size of « grains is smaller compared to that in the
bottom end.

3.3. Microstructure in Transversal Direction of TA15 Specimen

Figures 15 and 16 show the porosity distribution in transversal direction (perpendic-
ular to build direction) of TA15 specimen No. 1, No. 4, No. 7 and No. 10. The number,
size and distribution of pores are obviously different for these four specimens. For TA15
specimen No. 1, hot cracks are visible in the bottom surface, as is shown in Figure 15(al). It
should be noted that this metallographic specimen is the only one with hot cracks. The
formation of hot cracks is related to thermal stress. During the electron beam melting of
these powders, the molten pool temperature is higher than 1600 °C, while the preheating
temperature of the base plate is about 700 °C. After the electron beam leaves the molten
pool, the material begins to cool off rapidly from the molten temperature and then solidifies.
As the cooling time of material is very short, the thermal stress produced can not be released
in time, which exceeds the strength limit of the material, so the hot cracks come into being.
Increasing the preheating temperature or decreasing the scanning speed of electron beam
can reduce the temperature gradient and thermal stress in the building process to a certain
extent, so as to reduce or even completely avoid the formation of hot cracks.
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Figure 15. Pore distribution and its morphology in transversal direction (perpendicular to build
direction, BD) of TA15 specimen No. 1 (a) and No. 4 (b). (al-a4,b1-b4) are enlarged bilaterally
symmetric views of A, B, C and D in (a) and (b), respectively.



Crystals 2021, 11, 495

15 0f 23

° b
L
1001 pm 100 pm
— —

100 pm 100 pm
— —
7 ®
(b,)
[
100 pm 100 m
— —
100 pm 100 pum
— L

Figure 16. Pore distribution and its morphology in transversal direction (perpendicular to build
direction, BD) of TA15 specimen No. 7 (a) and No. 10 (b). (al-a4,b1-b4) are enlarged bilaterally
symmetric views of A, B, C and D in (a) and (b), respectively.

In addition to hot cracks, build defects can be classified into two categories, spherical
defects and linear defects. Obviously, the morphology of most defects is spherical. This
kind of defects is very common in electron beam melting process. Such spherical defects
are usually regarded as gas pores. Three possible reasons are accounted for the formation
of gas pores. First of all, these gas pores may result from the entrapped gas inner the metal
powders [36]; Secondly, there may exist residual gases in the gaps among metal powder
particles, which are not able to escape from molten pool in time during the melting process.
Last but not least, plasma gases are produced because of the vaporization of low melting
point metals during the melting process.

Figure 17 shows the characterization and evaluation of pores in transversal direction
(perpendicular to build direction) of ten TA15 specimens. TA15 specimen No. 1 to No. 10
were successively cut from the bottom to the top of one same TA15 specimen with a
height of 100 mm, thus, Figure 17 can represent the relationship between porosity and
build height.

Figure 17a is the measured porosity area fraction. The maximum porosity area fraction
is measured as 0.72% while the minimum porosity area fraction is measured as 0.36%. In
other words, the corresponding maximum relative density is 99.64% while the minimum
relative density is 99.28%. Additionally, the average porosity area fraction is measured
as 0.5%, corresponding to a relative density of 99.5%. Figure 17b is the length of major
and minor axis of the pores with the largest size for each TA15 specimen. Surpringly,
almost all of these pores are spherical or nearly spherical, thus, the length of major and
minor axis is approximately equal to each other. The measured length of major axis varies
from 80 um to 120 pm. Figure 17c shows the measured porosity area and its value varied
from 3000 to 10,000 um?. Figure 17d shows the aspect ratio of the largest pore of each
TA15 specimen. For TA15 specimen No. 1 to No. 9, the aspect ratio of pores is close to 1,
indicating that these pores are spherical or nearly spherical. This type of pores is usually
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treated as gas pores. Gas pores were reported by numerous investigations [23,27,36] and
entrapped gas within powders were attributed to the formation of gas pores when gas
atomization process was used to produce precursor powders. While for TA15 specimen
No. 10, a huge non-spherical pore is observed and the rapid cooling of these layers in the
top end may account for the formation of this defect.
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Figure 17. The evaluation of pores in transversal direction (perpendicular to build direction) of TA15
specimen: (a) porosity area fraction; (b) length of major and minor axis of pores with the largest size;
(c) area of pores with the largest size and (d) aspect ratio of pores with the largest size.

It can be seen from Figure 17 that there is no remarkable trend of pore area fraction,
pore size and aspect ratio with increasing build height. The comprehensive analysis
results of Figures 15-17 show that there is huge difference in relative density, pore size
and distribution of samples extracted from different build heights. There is a need to
provide the extraction position of samples for the comparation of the relative density of
different samples.

Figure 18 (low magnification) and Figure 19 (high magnification) show the SEM
photographs of various microstructures in transversal direction (normal to build direction)
of TA15 specimen No. 1, No. 4, No. 7 and No. 10. Some obvious grain boundaries are
characterized by red dotted lines. Grain boundaries are not always visible for all specimens,
thus they are only characterized in Figure 18a. Quantitative evaluation of grain size is
also difficult because it is hard to distinguish grain boundaries accurately. Obviously,
the grain morphology in the transversal direction shows a chessboard or reticulate-like
structure, which is different from the columnar structure in longitudinal direction (Figure 9).
In transversal direction, there is no specific direction for heat dissipation and the trend
of grain growth in all directions is nearly the same. Thus, these grains develop into
chessboard or reticulate-like structure. It can be seen from Figure 19 that some « phases
in (a) are much coarser than in (b-d), indicatding a coarsening effect of microstructures
of specimens cut from the bottom end. The size, number and morphology of « phases
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and (3 phase are different for these specimens, which are in consistent with the results in
longitudinal direction.

U

Figure 18. SEM images showing various microstructures (low magnification) in transversal direction
(perpendicular to build direction) of TA15 specimen No. 1 (a), No. 4 (b), No. 7 (c) and No. 10 (d).

Figure 19. SEM images showing various microstructures (high magnification) in transversal direction
(perpendicular to build direction) of TA15 specimen No. 1 (a), No. 4 (b), No. 7 (c¢) and No. 10 (d).
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Figures 20 and 21 are the energy spectrum analyses in the bottom surface of No. 1 and
the top surfaces of No. 4, No. 7 and No. 10 TA15 specimens.
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Figure 20. Energy spectrum analysis showing the chemical composition variation in « phase, 3

phase and grain boundaries in transversal direction (perpendicular to build direction, BD) of TA15

specimen No. 1 (a) and No. 4 (b).
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Figure 21. Energy spectrum analysis showing the chemical composition variation in in « phase, 3
phase and grain boundaries in transversal direction (perpendicular to build direction, BD) of TA15

specimen No. 7 (a) and No. 10 (b).
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Table 4 shows the corresponding mass fraction of Al, Mo, V and Zr elements in
different positions. Al, Mo, V and Zr elements are selected for chemical composition
analysis. It can be seen from Figures 18 and 19 and Table 4 that the mass fraction of Zr
element is almost the same in « phase, 3 phase and grain boundaries. For No. 1 and
No. 10 TA15 specimens, the content of Al in « phase is the highest, followed by in grain
boundaries and the lowest in 3 phase. For No. 4 and No. 7 TA15 specimens, the content of
Al in o phase is the highest, followed by in 3 phase and the lowest in grain boundaries. It
is noted that the mass fraction of Al in the precursor powders is 6.72%, the mass fraction of
Al in different phases of the bulk sample is obviously lower than that in powders; thus,
a conclusion can be made that there is remarkable vaporization of Al element during the
melting process.

Table 4. The mass fraction (wt.%) of major metal elements of different positions in transversal direction
(perpendicular to build direction, BD) of TA15 specimen No. 1, No. 4, No. 7, No. 10 specimen.

Sample ID Position Al v Zr Mo
Powders 6.72 2.3 2.26 1.84
Point A 3.17 2.72 1.60 1.72

No. 1 Point B 297 2.32 1.76 1.06
Point C 2.70 2.81 1.66 2.00

Point D 2.53 2.59 1.88 1.31

No. 4 Point E 3.28 2.61 2.02 1.87
Point F 3.08 3.20 1.89 2.57

Point G 293 2.62 1.92 1.15

No. 7 Point H 3.32 2.49 1.78 1.84
Point I 3.07 3.00 2.01 2.41

Point J 3.46 2.60 2.08 1.54

No. 10 Point K 3.05 2.67 2.09 1.42
Point L 2.76 2.61 2.13 1.42

The content of Zr in « phase, 3 phase and grain boundary is almost the same, which is
close to that of Zr in the precursor powders. This phenomenon shows that Zr element is a
neutral element from the experimental point of view. For No. 1 and No. 4 TA15 specimens,
the content of Mo and V in 3 phase is the highest, followed by in « phase and the lowest
in grain boundaries. For No. 7 TA15 specimen, the content of V in  phase is the highest,
followed by in grain boundaries and the lowest in « phase. For No. 10 TA15 specimen, the
content of Mo in « phase is slightly higher than that in 3 phase. This may be attributed
to the rapidly cooling down of the molten, resulting an insufficient diffusion of elements.
Nevertheless, the content of Mo in « phase, 3 phase and grain boundary is nearly identical.

Figure 22 shows the EDS maps of major metal elements distribution in transversal
direction (perpendicular to build direction) of EBM TA15 specimen No. 1. The bottom of
specimen No. 1 is in direct contact with the stainless-steel start plate during the electron
beam melting of TA15 titanium alloys. The chemical composition of the stainless-steel
substrate is different from that of TA15 alloys, this may lead to the diffusion of metal
elements. So, specimen No. 1 was selected for characterization.
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V Mo Zr

Figure 22. EDS maps showing the major metal elements distribution in transversal direction (perpen-
dicular to build direction) of EBM TA15 specimen No. 1.

It can be seen from Figure 22 that the major metal elements are evenly distributed
within the measured area, with no element segregation or enrichment. This result shows
that electron beam melting technology can be used to fabricate TA15 materials.

3.4. Microhardness in Longitudinal and Transversal Direction of EBM TA15 Specimen

Figure 23 shows the Vickers hardness in both longitudinal and transversal direction
of EBM TA15 specimens. Since these 10 specimens were taken from different build heights,
Figure 23 could show the relationship between Vickers hardness and build height. Obvi-
ously, there are no evident relationship between Vickers hardness and build height both in
transversal and longitudinal direction. This phenomenon is consistent with the evolving
trend of Vickers hardness of EBM Ti-6Al-4V [49]. Interestingly, the Vickers hardness in the
transversal direction of TA15 specimen No. 1 to No. 6 shows a decreasing trend, which is
in good agreement with the existed research [46]. On the other hand, the Vickers hardness
in the transversal direction of TA15 specimen No. 6 to No. 9 shows an increasing trend.
Wang et al. [20,47] had reported an increasing trend of Vickers hardness of EBM Ti-6Al-4V.
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Figure 23. Variation of Vickers hardness in a transversal direction (a) and longitudinal direction (b)
of TA15 specimen No. 1 to No. 10.

The average value of Vickers hardness of 10 TA15 specimens in transversal direction
is about 358 HV, while that in longitudinal direction is about 366 HV. Considering the
measurement accuracy and error, the Vickers hardness of these samples in two directions
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can be considered to be equal with each other. Thus, the Vickers hardness of EBM TA15
in this study is about 360 HV, which is comparable to that of EBM Ti-6Al-4V. Combined
with the previous investigations and the phenomenon observed in this study, it can be
concluded that there is no obvious relationship between Vickers hardness and build height.
The variation of build height has little effect on the Vickers hardness of EBM TA15 specimen.

4. Conclusions

This study has investigated the effects of characterization direction and extracted
position on the microstructure, defects and microhardness of TA15 samples fabricated by
electron beam melting technology. Some conclusions can be drawn:

(1) Gas pores are visible in a transversal direction (perpendicular to build direction)
and they are spherical or nearly spherical in shape, while lack of fusion defect exists in
longitudinal direction (parallel to build direction) and they are ellipsoidal or linear in shape;

(2) There is no obvious change of microstructures and microhardness when increasing
build heights. However, microstructure at the bottom end of one part is coarser and hot
cracks are visible at this end. Thus, the characterization of microstructures of EBM materials
should avoid taking metallographic specimens from the bottom of one part;

(3) Compared with the as-received powders, the content of Al within samples de-
creased, indicating that there is evaporation of Al in the forming process. The results of
energy spectrum analysis show that there is no elements segregation and enrichment in
the process of electron beam melting TA15 titanium alloys;

(4) The average relative density in transversal direction is slightly higher than that in
a longitudinal direction. Additionally, the change range of relative density in transversal
direction is smaller than that in longitudinal direction. This suggests that the transversal
direction is a better choice for the evaluation of relative density.
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