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This study aims to investigate the effect of stress relieving heat treatment on the microstructure
and high-temperature compressive deformation behavior of the Ti-6Al-4V alloy, manufactured
by selective laser melting. Initial microstructural observation confirmed elongated prior f§ grains
in the building direction of both specimens (as-fabricated and heat-treated specimens). Along
with such, the as-fabricated specimen only featured o’-martensite phase, while the heat-treated
specimen featured o'-martensite and some o and 8 phases. Compression tests carried out at
room temperature gave yield strengths of 1365 and 1138 MPa for the as-fabricated and
heat-treated specimens, respectively. Such values are similar or greater than those of commercial
wrought materials. The compressive fracture strain significantly increased after heat treatment.
There was a general tendency of reducing yield strength as compressive temperatures increased.
At temperatures greater than 700 °C, the as-fabricated and heat-treated specimens achieved
similar strength. Microstructural observation after deformation confirmed that the initial
microstructure was retained up to temperatures of 500 °C. At 700 °C or greater, both specimens

showed drastic microstructural evolution.
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I. INTRODUCTION

POWDER-BED additive manufacturing (AM) is an
innovative technology that builds three-dimensional
parts based on continuous powder layering based on a
computer-aided design model.'?! Compared to conven-
tional manufacturing processes (e.g., casting, hot or cold
working, or machining), the AM model has the
advantage of fewer production stages and reduced
material wastage. Complex parts are also processed
easily with an increased flexibility of design.l*™!

AM has more than one metal forming process.
Selective laser melting (SLM) is the most widely used
process. It is a powder bed fusion method where
powdered metal is applied and a high-power laser is
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used for selective melting to manufacture complex and
elaborate free-form parts.[*” When compared to other
metal AM processes, such as direct energy deposition
and e-beam melting, SLM is characterized by a
relatively smaller layer thickness and fast cooling rate
(10° to 10® K/s).%) Due to such unique characteristics,
SLM can manufacture parts with excellent dimensional
accuracy and fine microstructure. The dislocation
density increases during rapid solidification, resulting
in increased hardness and strength.!'”

Among many alloys, Ti-6Al-4V (Ti64) alloy is one of
the most commonly used materials in the Ti market and
it has a variety of advantages such as outstanding
specific strength, corrosion resistance, and bioaffi-
nity.!""3 With post—heat treatment of o + f phases,
we can easily improve the microstructure, making it
highly demanded by aerospace, medicine, and auto-
motive industries and the military.[”*l(’] However, Ti64
alloy has high oxygen affinity, which requires particular
control during the manufacturing processes and post-
processing. Indeed, SLM can suppress oxidation and
has excellent dimensional accuracy, making it ideal for
manufacturing complex Ti64 alloy parts.

Due to the aforementioned advantage, various AM
processes, including SLM, are used to manufacture Ti64
alloy, and multiple studies, including microstructure and

VOLUME 49A, NOVEMBER 20185763


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-018-4864-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-018-4864-0&amp;domain=pdf

mechanical properties, have been conducted to allow its
application in various fields. In particular, microstruc-
ture control through process Varlables grocess types,
layering direction, and heat treatment!!” ™ and various
mechanical properties, including the tensile deformation
of each building direction (BD), high-cycle fatigue, and
fracture toughness, were reported.”*?? Also, the
authors recently reported heat treatment for i 1mpr0vmg
high-temperature creep properties.”®! Indeed, it is
commonly regarded that SLM Ti64 alloy forms full
martensite structures due to its fast cooling rate. Such a
martensite structure is highly brittle, which limits its
application in many structural applications; therefore,
heat treatment is beneficial in improving toughness and
ductility. However, despite the previous studies, to the
authors’ knowledge, there is a lack of sufficient studies
on the high-temperature deformation behavior of SLM
parts.

The goal of this study is to investigate the influence of
heat treatment on the microstructure and compressive
properties of SLM Ti64 alloy. The study also aims at
analyzing the deformed microstructure and surface after
compression, which varies according to temperature to
identify the high-temperature deformation/fracture
mechanism of SLM Ti64 alloy.

II. EXPERIMENTAL METHOD

This study used Ti-6A1-4V (Ti64) manufactured by
EOS. The specimen had BD, transverse direction (TD),
and scanning direction (SD) sizes measuring 74.5, 12,
and 7 mm, respectively. In addition, in the present study,
a unidirectional scanning strategy was adopted. The
chemical composition (wt pct) analysis of Ti64 alloy
manufactured by SLM implemented using an X-ray
fluorescence spectrometer (ZSX Primus II) confirmed Ti
as well as 5.50Al, 3.87V, and 0.22Fe. Also, to identify
the influence of stress-relieving heat treatment on the
microstructure and mechanical property of the preced-
ing materials, SLM Ti64 alloy was heat treated (stress
relieving) in an Ar atmosphere at 650 °C for 3 hours and
then cooled under furnace. The heating rate for the
process was set at 10 °C/min.

To evaluate the room- and high-temperature com-
pressive properties of SLM Ti64 alloy, a cylindrical
compression sample in the BD direction was produced
with a size of ® 4-mm o.d. x 6-mm height. The
compression tests were performed using MTS-810
equipment at room temperature, 500 °C, 700 °C, and
900 °C, and tests were conducted until total stram (&tor)
= 0.6 with an initial strain rate 1 x 10 °/s. The
compression tests were conducted 3 times for each
datum point. Hardness measurement was conducted
using a Vickers hardness tester (Mitutoyo HV-100) at
constant load 2 Kgf and holding time 10 seconds. A
total of 12 measurements were made, and the average
was calculated.

To analyze the phase transformations of SLM Ti64
alloy, an X-ray diffractometer (XRD, Ultima IV) was
used. Further, to observe the microstructure before and
after heat treatment, the specimens were cut at a vertical
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angle in the TD and then mechanically polished using
silicon carbide papers (#100 to #2000) and diamond
suspension of 1 um. The specimen was then etched in 50
mL H,O + 25 mL HNO; + 5 mL HF solution before
being observed using an optical microscope (OLYM-
PUS BX53M) and scanning electron microscopy (SEM,
Tescan VEGA II LMU). Internal grain orientation and
disorientation angle distribution were analyzed using
electron backscatter diffraction (EBSD, Nordlys nano
detector, binning: 4 x 4) analysis. The specimen was
polished using silicon carbide paper and diamond
suspension and was polished further with 0.01-um
colloidal silica before observation. EBSD observation
was made at a step size of 100 nm and 15 kV, and the
data obtained were analyzed using an imaging micro-
scopy software (AZTecHKL) program. SEM and
field-emission—-SEM (Tescan MYRA 3 XMH) equip-
ment were used to observe the compression specimen
surface and microstructure after deformation, to iden-
tify deformation and fracture mechanisms according to
temperature, after high-temperature compression.

III. RESULTS AND DISCUSSION
A. Microstructures of SLM Ti-6Al-4V Alloys

Figures 1(a) and (b) show macroscopic observations of
microstructure before and after heat treatment, respec-
tively, in the plane perpendicular to the TD; both speci-
mens feature coarse columnar grains of approximately 50
to 100 um in width along the BD. This observation
occurred due to the unique characteristic of AM where heat
is discharged during solidification in a single direction.
While in conventional casting processes heat discharge is
relatively even without a particular direction, SLM, in
contrast, is known to discharge heat along the laser
irradiation direction as the solid powder is melted.”* As
such, the structure of SLM Ti64 alloy develops in a single
direction forming columnar grains and the structure
observed is reported as }grlor f grain, which remains due
to the fast cooling rate."® The microstructural differences
between the two specimens were the elimination of dark
bands, expected as the track line of the laser after heat
treatment, and the decrease of the size and distribution of
some defects. The density of the as-fabricated and
heat-treated specimens, measured us1n§ Archimedes’
principle, were 4.372 and 4.411 g/cm’, respectively,
confirming that density increased after heat treatment.

Meanwhile, when the focus was shifted to the interior
microstructure of columnar grains, fine acicular type
structures were observed. These structures are suspected
to be o’-martensite, and in general, Ti64 alloy, which has
a low /3 stabilizing element concentration, is known to
form o’-martensite with a dlstorted hexagonal crystdl
lattice during rapid solidification.!”” In other words, it is
suspected to be the result of the insufficient time for ﬁ
phase into the stable o + [ phase. Becker er all
reported that the SLM process has a narrow layer
thickness, which causes fast cooling rates, and this, in
turn, results in the formation of fully martensite
structures.
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Fig. 1—Optical micrographs illustrating the wide columnar grains of
the (a) as-fabricated specimen and (b) heat-treated specimen.
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X-ray diffraction analysis results of the as-fabricated
and heat-treated specimens are shown in Figure 2.
When the peaks at 20 to 100 deg 2-theta were compared
(Figure 2(a)), both specimens featured o or o’-martensite
phase as their main phase and there were no significant
differences between the two specimens. However, when
the peaks were compared at 34 to 44 deg 2-theta with a
slow scan rate (0.02 deg/min) (Figure 2(b)), some f§ peak
was detected, while the peak of o or o’-martensite peak
showed tendencies of shifting to lower 2-theta. This is
commonly found when the martensite phase is decom-
posed into « phase. In other words, the material consists
of o phase before heat treatment, and after heat
treatment, the material consists of o’ phase along with
some o and f phases.

Figure 3 is a high-magnification observation of the
initial microstructure using SEM. As the XRD findings
suggest, before heat treatment (Figure 3(a)), the speci-
men consisted dominantly of «’-martensite phase. The
thickness of o" measured approximately 0.1 to 1 um.
Meanwhile, the heat-treated specimen consisted of o
phase along with o and f phases, and such a finding
confirmed that ¢’ phase underwent phase decomposition
during heat treatment.

The EBSD analysis was performed to identify the
microstructural characteristics of the material men-
tioned previously in detail, and the findings are shown
in Figure 4. First, the grain orientation map observation
before and after heat treatment confirmed prior-f grain
elongation and the columnar structures around the prior
p-grain boundary were completely different. Also, a
misorientation angle distribution analysis of the two
specimens (Figure 5) shows dominant fractions of low-
angle boundaries (LABs) at an angle less than 5 deg and
high-angle boundaries (HABs) near 60 deg. This is
assumed to be due to the unique characteristic of Ti and
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Fig. 2—X-ray diffraction analysis results of an as-fabricated specimen and heat-treated specimen: (a) 20 to 100 2-theta and (b) 34 to 44 2-theta.
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Fig. 3—SEM observation results after chemical etching showing the
microstructures of (a) an as-fabricated specimen and (b) a
heat-treated specimen.

Ti alloy during martensite structure formation where
dislocation density drastically increases in the process of
individual plane twinning. Simonelli ez al.*” reported
that, generally, SLM Ti64 alloy has five to six o planes
within the prior -grain, including (1120)o/ with 60 deg
orientation and martensite with 63.26 deg orientation.
In other words, martensite can be formed by HABs
around 60 deg, and it is assumed that dislocation density
increases in this process through HABs, which also lead
to an increase in LABs. Another point to note in the
orientation angle distribution is the drastic decrease of
the ratio of LABs after heat treatment.

In general, it is possible to calculate the geometrically
necessary dislocation through the orientation difference
near the point measured using EBSD and the continuum
dislocation mechanics proposed by Nye and
Kroner.”® 3% Thus, the geometrically necessary disloca-
tion density distribution maps were analyzed and the
results are shown in Figure 6. In the GND distribution
maps, it can be seen that the as-fabricated specimen (a)
has a relatively large amount of GNDs compared to the
heat-treated specimen (b). In addition, the average
GND densities were measured as 4.3 x 10"*/m? and
2.2 x 10"”/m? in the as-fabricated and heat-treated
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specimens, respectively, and the GND density tended to
decrease after heat treatment. In other words, the stress
relieving heat treatment performed in this study was
found to effectively reduce the internal dislocation
density.

B. Room-Temperature Hardness Properties

Figure 7 shows the hardness measurement according
to the direction of the as-fabricated and heat-treated
specimens. In the case of the as-fabricated specimen, the
hardnesses of planes perpendicular to the TD, SD, and
BD measured 413 £ 6, 402 £ 7, and 448 £ 5 HYV,
respectively. Compared to planes perpendicular to the
TD and SD, BD achieved approximately 10 pct higher
hardness, indicating anisotropy in the mechanical
properties. On the other hand, in the heat-treated
specimen, the hardnesses of planes perpendicular to
the TD, SD, and BD measured 369 + 5 HV, 368 £ 5
HV, and 368 4+ 3 HV, respectively, showing an overall
decrease in average hardness and the removal of
anisotropy in hardness. Hardness measured in this
study was confirmed to be within the hardness range
(352 to 521 HV) of previous SLM Ti64 alloy®®" studies.
The decreased hardness is assumed to be due to the
partial phase decomposition after heat treatment and
lower dislocation density. Meanwhile, directional hard-
ness measurement confirmed that heat treatment is an
effective method to reduce the hardness anisotropy of
SLM Ti64 alloy.

C. Room and High-Temperature Compressive Properties

Figure 8(a) shows the room- and high-temperature
compressive results of the as-fabricated and heat-treated
specimens. The room-temperature yield strengths before
and after heat treatment measured 1365 £+ 13 and
1138 £+ 7 MPa, respectively, indicating a slight decrease
in yield strength after heat treatment. Meanwhile, some
fracturing occurred at a low strain (g, ~ 0.1) before heat
treatment, but the fracture strain significantly increased
(¢, ~ 0.35) after heat treatment. The reason for the
strength decrease and fracture strain increase is assumed
to be the complex interaction between the decomposi-
tion of the brittle o’ phase, which was confirmed in the
XRD and SEM observation mentioned previously and
the dislocation density decrease suspected from EBSD
orientation angle distribution.

The room-temperature characteristics of the two
specimens used in this study were compared to
commercial cast and wrought materials®? and the other
SLM Ti64 alloys.?"*3-** The as-fabricated and heat-
treated specimens achieved 200 MPa or greater yield
strength than cast materials and similar or slightly
greater strength than wrought materials. The findings on
SLM Ti64 alloy in this study were within the yield
strength range previously reported. In particular, the
as-fabricated specimen exhibited similar or greater yield
strength compared to previous SLM materials. The
SLM Ti64 alloy achieved greater strength due to the fast
cooling rate that occurred during the melting and
solidifying of initial solid powder. In other words, the

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 4 —EBSD grain orientation maps of SLM Ti-6Al-4V alloys: (a) as-fabricated specimen and (b) heat-treated specimen.

as-fabricated specimen formed fine martensite structures
according to the aforementioned fast cooling rate
(approximately 10° to 10® K/s)!®*! that achieved greater
strength.

The yield strength at various compression tempera-
tures is shown in Figure 8(b). The yield strengths of the
as-fabricated specimen tested at 500 °C, 700 °C, and 900
°C are 930 + 9, 242 + 8, and 45 4+ 4 MPa and those of
the heat-treated specimen are 600 + 5, 246 £ 5, and
47 + 3 MPa, respectively. The as-fabricated specimen
achieved greater yield strength at room temperature up
to 500 °C. However, in the 700 °C to 900 °C range, a
drastic yield strength decrease occurred and the strength
difference between the two specimens nearly disap-
peared. This drastic yield strength decrease at high
temperature is assumed to be due to the extreme
microstructural change around 700 °C. In general, the
f recrystallization temperature of Ti-6Al-4V (manufac-
tured by other conventional processes) is known to be
approximately 800 °C to 850 °C, but there are incidents
of dynamic recrystallization (DRX) occurring during
high-temperature deformation (approximately 650 °C to
750 °C) reported.> Details of such shall be discussed
along with the microstructural observation after defor-
mation in Section III-D.

D. Fracture and Compressive Deformation Behaviors

The specimen surfaces were observed after room- and
high-temperature compression tests, to identify the
deformation/fracture behavior of the as-fabricated and
heat-treated specimens; findings from the experiment are
shown in Figure 9. Observation of room-temperature
compression surfaces of the as-fabricated specimen
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Fig. 5—EBSD misorientation angle distribution of SLM Ti-6Al-4V
alloys: (a) as-fabricated specimen and (b) heat-treated specimen.
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Fig. 6—EBSD geometrically necessary dislocation distribution maps of the SLM Ti-6Al-4V alloys: (a) as-fabricated specimen and (b)

heat-treated specimen.

(Figure 9(a)) and heat-treated specimen (Figure 9(b))
confirmed a key difference in fracture behavior. In the
as-fabricated specimen, there was nearly no morpholo-
gical change (¢, ~ 0.1) and there was a brittle fracture
tendency in the 45 deg direction from the compression
load application direction. On the other hand, the
heat-treated specimen showed morphological change (e,
~ 0.35) due to deformation and only significant cracks
were formed in the 45 deg direction without fracturing.
In the observation of as-fabricated and heat-treated
specimen surfaces after the 500 °C compression test, the
as-fabricated sample showed relatively uneven deforma-
tion and some shear bands (or cracks) while the
after-treatment specimen showed swelling of the speci-
men center according to a barreling effect without any
further massive cracks. After the 700 °C compression
test, surface oxidation was confirmed in both specimens
regardless of heat treatment, and after the 900 °C
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compression test, surface oxidation developed further in
both specimens.

To further identify the surface characteristics of the
findings mentioned previously, a high-magnification
observation was conducted, as shown in Figure 10. In
this case, the high-magnification observation was aimed
at the specimen center where deformation was concen-
trated aside from the surfaces where massive cracks or
fractures occurred. The as-fabricated specimen after the
room-temperature compression test (Figure 10(a)) had
well-developed shear bands unlike the brittle fracture
tendencies observed in the low-magnification image. The
heat-treated specimen (Figure 10(b)) also had well-
developed shear bands. These shear bands are formed
when deformation is concentrated in a localized
region,”® and generally, shear band formation can be
considered as the evidence of deformation. In other
words, while the macroscopic surface observation of the
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Fig. 7—Vickers hardness results of SLM Ti-6Al1-4V alloys: (a)
as-fabricated specimen and (b) heat-treated specimen.

as-fabricated specimen after the room-temperature
compression test showed brittle fractures, microscopic
observation showed ductile characteristics, such as shear
band, indicating that partial deformation was accom-
modated. Meanwhile, high-magnification surface obser-
vation of the as-fabricated specimen after the 500 °C
compression test confirmed massive cracks along the
formation direction of shear bands. With such a finding,
the massive cracks and fractures (500 °C and room
temperature) are suspected to be related to shear band
formation according to deformation concentration. On
the other hand, high-magnification observation of the
heat-treated specimen after the 500 °C compression test
did not show any cracks. This is evidence that the
heat-treated specimen achieved relatively ductile char-
acteristics up to 500 °C compression conditions. In the
case of specimens deformed at 700 °C, both specimens
developed fine vertical cracks and surface oxidation was
confirmed. After the 900 °C compression test, surface
oxidation developed. Further, cracks became larger and
vertical cracks developed unevenly.

However, in the room- and high-temperature com-
pressive deformation behaviors of the preceding mate-
rial, it is expected that the microstructure after
deformation will have a greater influence than the
surface characteristics. Thus, the microstructure after
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Fig. 8—(a) True stress vs true strain compression curves and (b)
yield strengths at various temperatures for a nominal strain rate of
107%s.

compressive deformation at 25 °C and 500 °C of the two
materials was observed, and the results are shown in
Figure 11. After the room-temperature compression
test, the as-fabricated specimen (Figure 11(a)) showed
a dominant martensite phase without significant differ-
ences compared to the initial microstructure. This is
assumed to be due to deformation being concentrated in
some regions and the plastic deformation not being
accommodated. On the other hand, the deformation
structure of the heat-treated specimen (Figure 11(b))
showed o', o, and f§ phases coexisting, similar to the
initial microstructure, and bending of martensite due to
deformation was observed. In other words, the as-fab-
ricated specimen had deformation concentrated in
localized regions, causing brittle fracture tendencies
without microstructural change, while the heat-treated
specimen accommodated even deformation, resulting in
the bending of the martensite plane and relatively ductile
crack formation behaviors. Unlike the room-tempera-
ture condition, the 500 °C deformed microstructure of
the as-fabricated specimen (Figure 11(c)) showed bend-
ing of some martensite planes, which is considered to be
evidence of another deformation along with the
morphological deformation found in the surface obser-
vation. When compared to the room-temperature
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Fig. 9—Macrosurface images of (a) an as-fabricated specimen and
temperatures.
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Fig. 10—SEM microimages of (a) an as-fabricated specimen and (b) a heat-treated specimen after hot compression tests at various temperatures.

compressive-deformed microstructure of the heat-
treated specimen, the 500 °C compressive-deformed
microstructure  of  the  heat-treated  specimen
(Figure 11(d)) had o', o, and f phases coexisting, but
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they featured microstructural characteristics that further
accommodated the deformation (wavy martensite laths).

Figure 12 shows the microstructure after deformation
at 700 °C or higher, where a difference in mechanical
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Fig. 11—Microstructures after compressive deformation of SLM Ti64 alloys at 25 °C and 500 °C: (a) as-fabricated specimen and (b) heat-treated
specimen.

(a)

Fig. 12—Microstructures after compressive deformation of SLM Ti64 alloy at 700 °C and 900 °C: (a) as-fabricated specimen and (b)
heat-treated specimen.
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properties is expected to have disappeared due to DRX.
Deformed microstructure before and after the heat
treatment specimen tested at 700 °C showed nearly no
martensite phases, unlike the room-temperature and 500
°C conditions, and a fine « + f lamellar structure was
observed. In other words, martensite phase is completely
decomposed through DRX and this is assumed to be the
cause of the dislocation density decrease, which results
in the decrease and elimination of mechanical property
differences. In the 900 °C, compressively deformed
microstructure, where yield strength is decreased
further, a relatively coarse oo + f lamellar structure
compared to 700 °C was observed. More importantly,
the as-fabricated and heat-treated specimens achieved
excellent mechanical properties due to the formation of
o -martensite structure as a result of the fast cooling rate
and the increase in dislocation density. Also, the
martensite fraction was confirmed to be the source of
differences in mechanical properties and deformation/
fracture behavior between the two specimens; the
microstructural evolution, such as DRX, at tempera-
tures of 700 °C to 900 °C was also confirmed to cause
similar behaviors.

IV. CONCLUSIONS

This study investigated and analyzed the influence of
stress relieving heat treatment (650 °C, 3 hours) on
microstructure and room- and high-temperature com-
pressive properties of Ti64 alloy manufactured by SLM.
The following are the main conclusions.

1. Initial microstructural observation confirmed that
prior f grain elongated in the direction where heat is
discharged and acicular type «’-martensite struc-
tures were formed within the f grain. Also, XRD
and misorientation angle distribution analysis con-
firmed that phase decomposition of some o  and
dislocation density decreased after stress relieving
heat treatment

2. Room-temperature hardness anisotropy appeared
in the as-fabricated specimen; on the other hand,
the average hardness decreased by 10 pct, and at the
same time, the hardness anisotropy disappeared in
the heat-treated specimen. Room- and high-tem-
perature compression tests confirmed that the
room-temperature yield strength was approximately
1365 MPa for the as-fabricated specimen and 1138
MPa for the heat-treated specimen, which is similar
to or greater than those of wrought materials. The
as-fabricated specimen had greater yield strength
than the heat-treated specimen up to the 500 °C
condition, but at temperatures of 700 °C or higher,
both specimens showed a drastic strength decrease
and differences in  mechanical properties
disappeared.

3. Surface observation after the room-temperature
compression test confirmed that the as-fabricated
specimen failed to accommodate most of the
deformation, resulting in fractures, while the heat-
treated specimen accommodated most of the

METALLURGICAL AND MATERIALS TRANSACTIONS A

deformation. At temperatures of 500 °C or higher,
both specimens showed ductile characteristics where
fractures or shear cracks were not formed. Mean-
while, for room-temperature to 500 °C compression
specimens, which did have differences in mechanical
properties, the microstructure after the compression
test was similar to that of the initial microstructure.
The martensite structure was completely decom-
posed in the case of the specimens compressed at
temperatures of 700 °C or higher with similar
mechanical properties
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