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Abstract: To improve the mechanical properties of Ti6Al4V alloy prepared by selective laser melting (SLM) process, the precision
forging was conducted at 950 °C and different strains and strain rates. The microstructure evolution of as-built samples and forged
samples in both horizontal and vertical sections was visualized and analyzed by optical microscope and X-ray diffraction. The
microstructure was improved by the precision forging and subsequent water quenching. The porosity in each section was accounted.
It can be seen that high strain rate and large deformation result in low porosity, consequently contributing to a better fatigue
performance. The micro-hardness was lowered after precision forging and water quenching, while the difference of microhardness
between the horizontal and vertical sections became smaller, which illustrated that this process can improve the anisotropy of

structural components fabricated by SLM.

Key words: selective laser melting; Ti6Al4V alloy; precision forging; microstructure; anisotropy

1 Introduction

Titanium alloy is widely used in aerospace,
biomedical and nuclear industry due to its enticing
properties such as high specific strength, low density,
excellent corrosion resistance and biocompatibility [1—4].
However, it is usually time-consuming and expensive to
produce complex Ti alloy structural components by using
conventional manufacturing process. Recently, several
additive manufacturing (AM) techniques, such as
selective laser sintering, electron beam melting and
selective laser melting (SLM) have been proposed and
have gained a lot of interest from both industry and
academia [5—7]. However, each of the techniques has its
inherent advantages and drawbacks. If factors like
productivity, geometrical flexibility and equipment
availability are taken into account, SLM seems to be an
ideal method for additive manufacturing of complex
components with high quality and low to medium
quantities. Compared to conventional manufacturing
methods, SLM offers a wide range of advantages,
including shorter time-to-market, near-net forming
production without expensive dies, high material

utilization, direct production from CAD model, and a
high level of flexibility, etc [8]. Thus, SLM has been
gradually adopted in the production of Ti alloy
components.

However, characterized by high temperature
gradient and layer-wise building method, SLM process
always results in thermal stress, porosity and inherent
staircase effect. LEUDERS et al [9] and EDWARDS and
RAMULU [10] indicated that the residual stress,
porosity and surface finish greatly affect mechanical
properties, especially fatigue strength and fatigue crack
growth. Aiming to eliminate the influence of residual
stress, two issues should be taken into consideration. One
was that the temperature inside the building chamber
should be close to the melting point of the forming
material as can as possible [11]. However, this was
restricted by the peripheral equipment. The other was the
heat treatment of post processing. VRANCKEN et al [12]
found that heat treatment could improve mechanical
properties of SLM parts, but its influence on fatigue
performance and porosity was not researched. THIJS
et al [8] and LEUDERS et al [9] revealed that the
occurrence of porosity was related to laser scan strategy
and the purity of powder materials. GALINA and
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JOACHIM [13] reduced the porosity by optimizing the
process parameters, but this optimization was not
universal as it was closely related to the SLM equipment.
With respect to surface finish, the staircase effect could
be avoided with thinner layer thickness. Thus, a trade-off
between part quality and production efficiency should be
made.

In this research, a new process that combined SLM
with precision forging and water quenching was
proposed to improve microstructure and decrease
porosity. Different forging strains and strain rates were
used during the forging process. Aiming at evaluating the
influence of this process on part microstructure
evolution, metallographic examinations were conducted,
using optical microscopy and X-ray diffraction. The
porosity and micro-hardness of both as-built samples and
forged samples were accounted and measured.

2 Experimental

The material used in this investigation was Ti6Al4V
alloy powder, which was gas atomized in argon
atmosphere resulting in spherical particles. Its chemical
composition is shown in Table 1.

Table 1 Chemical composition of Ti6Al4V alloy (mass
fraction, %)

Al \Y% Fe C o N H Ti

6.2 4.1 0.17 0.06 0.14 0.03 0.009 Bal

All samples were made on the SPS250J] SLM
system in National Engineering Research Center of
Rapid Manufacturing, Xi’an Jiaotong University, China.
This SLM installation is equipped with a fiber laser, with
a maximum power of 300 W. The minimum laser spot
diameter is 60 um, the maximum scanning velocity is
6000 mm/s, and the minimum layer thickness is 40 pm.
The building chamber was first evacuated and then filled
with argon during building phase.

The precision forging process was performed on
Gleeble—3800 thermal-dynamic system made by the DIS
corporation. The as-built samples were machined into
cylinders (d8 mm x 12 mm) with finish turning and
burnishing; graphite gaskets were used at both ends of
the samples to reduce the friction between samples and
punches and to ensure homogeneous deformation.
Thermocouple wires were welded onto the samples and
fixed by high temperature cement to measure the
temperature. The forging process was performed at a
temperature of 30 to 50 °C lower than the beta phase
transition temperature. The beta phase transition
temperature range of Ti6Al4V material is from 980 to
1000 °C. Thus, the forging process was conducted at

950 °C. Prior to forging, samples were heated to 950 °C
at a heating rate of 10 °C/s , then were held for 30 s. In
order to remain their original forging microstructure and
to avoid growth of the recrystallized grains, all samples
were quenched in water after forging process. Only strain
rate (£) and strain (¢) were changed during the forging
experiments. The strain and strain rate used for each
sample are shown in Table 2. The deformation chamber
was filled with argon atmosphere during forging
experiments.

Table 2 An overview of process parameters for different

samples
Sample No. Strain rate, &/s ' Strain, ¢
A 0 0
B 0.1 0.7
C 0.01 0.7
D 0.1 0.35

Before microstructural examination, the samples
were polished as indicated in the following steps, first
with SiC grinding paper up to 3000 grit size, then with
diamond powder and polishing solution. To reveal the
microstructure, all samples were etched with a 1 mL HF,
2 mL HNO; and 7 mL H,O solution. Microstructural
anisotropy might exist in SLM specimens, therefore two
cross sections were examined: vertical view along the
building direction (vertical section) and top view
(horizontal section) perpendicular to the building
direction, as shown in (Fig. 1). A Nikon optical
microscope (OM) LVISON and a Hitachi scanning
electron microscope (SEM) SU8010 were used for
metallography examinations. The phase composition was
examined by a Brukers D8 ADVANCE X-ray diffraction.
The Vikers micro-hardness tests were performed on a
TIME6610A micro-hardness tester and at least five
readings were taken for each sample.

Horizontal section

\\\'\
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Vertical
section
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Fig. 1 Horizontal view and vertical view
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3 Results and discussion

3.1 Microstructure of as-built samples

Both the horizontal and vertical views of sample A
presented very similar microstructures, as shown in
Figs. 2(a) and (b), respectively. Due to the high
temperature gradients during the SLM process, the S
phase transformed into supersaturated solid solution,
namely martensite. The present microstructure of SLM
Ti6Al4V was of fine acicular martensite (Figs. 2(c) and
(d)). This microstructure was lamellar structure, which
was the same as that observed in previous studies on
Ti6Al4V [8,10]. As large number of dislocation pile-up
would be easily formed at grain boundary in lamellar
microstructure that will promote the formation and
development of the cavity which can lead to fracture of
parts in advance, this lamellar microstructure always is
characterized with lower ductility.

3.2 Influence of forging process
3.2.1 Effects of strain rate

In the horizontal views (Figs. 3(a) and (c)), the grain
boundaries were obviously broken and discontinuous and
the microstructure had become oval and long strip rather
than acicular. At the same time, due to the large
deformation along the axial direction of the part, the
microstructures observed in the vertical views of samples
B (Fig. 3(b)) and C (Fig. 3(d)) also showed grain
boundaries broken and fine acicular martensite was
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transformed into long strips. The main difference
between samples B and C was that the microstructure of
sample B was shorter and wider. Those microstructures
were basketweave microstructure. Compared with
lamellar microstructure, basketweave structure had finer
microstructure and smaller slipping distance. Thus, those
microstructure had more excellent ductility performance
than lamellar microstructure [14].

3.2.2 Effects of strain

Compared with the as-built samples, the forged
samples have undergone extensive plastic deformation,
leading to breaking of initial grain boundaries and
recrystallization. That is confirmed by the photographs
of horizontal and vertical views of samples B and D. The
microstructure became columnar and oval, as presented
in Figs. 3(a), (b), (e) and (f).

The microstructures of forged samples always
characterize with better ductility performance than those
of the as-built ones. The compressive stress—strain
curves (Fig. 4) obtained from compression tests were
conducted to illustrate the influence of forging
parameters on mechanical property. It could be observed
clearly that the strain hardening phenomenon occurred at
the strain below 0.05 and that the strain softening
phenomenon occurred at the beginning of yielding.
Obviously, there was a notable increase of the flow stress
with the increase of strain rate. This is probably because
at high strain rate of 0.1 s”', there is no enough time for
dynamic recrystallization softening to occur, and for the
slower strain rate of 0.01 s™', dynamic recrystallization

Fig. 2 Micrographs of as-built Ti6Al4V specimens: (a) Horizontal view; (b) Vertical view; (c, d) High magnification of horizontal

section
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Fig. 3 Micrographs of Ti6Al4V specimens following SLM processing, subsequent forged and water quenching: (a) Horizontal view
of sample B; (b) Vertical view of sample B; (c¢) Horizontal view of sample C; (d) Vertical view of sample C; (e) Horizontal view of

sample D; (f) Vertical view of sample D
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Fig. 4 Compressive stress—strain curves of Ti6Al4V samples
produced by SLM process at different strain rates

softening become more prevalent [15]. Furthermore, it
could be observed that large strain rate may contribute to
high yield strength and compressive strength.

In order to investigate the evolution of the a and S
phases, XRD measurement was conducted. According to
Figs. 2, 3 and 5, the f phase fraction increased obviously
after precision forging and water quenching. Therefore, it
can be concluded that precision forging and water
quenching after SLM could encourage the transition
from a phase to f phase. WANG et al [16] found that this
transition could improve the creep resistance, fracture
toughness and crack propagation resistance.

3.2.3 Influence on porosity

Porosities were observed in both the as-built

samples and forged samples. These porosities, which
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Fig. 5 XRD patterns for specimens A, B, C and D: (a) Sample A; (b) Sample B; (c) Sample C; (d) Sample D

originate  from initial powder contaminations,
evaporation or local voids after powder deposition, may
result in stress concentration and origin sites for fatigue
crack initiation, and are likely to be a key contributor to
the low fatigue performance of the parts produced by
SLM process compared with wrought materials.
Therefore, reducing porosity is an efficient method to
improve the fatigue performance of the SLM parts. In
this research, the forging process is expected to improve
the microstructure and to reduce porosity as well. For the
samples tested in this study, the size of porosity was
measured on both horizontal and vertical faces, and the
results are shown in Fig. 6.

It can be seen that the porosity after precision
forging was obviously decreased in both sections. In the
horizontal section, it decreased from a maximum 1.14%
of sample A to a minimum of 0.7% of sample D, reduced
by about 61.4%. However, there is little difference
among samples B, C and D, only 0.09% in the horizontal
section. As to the vertical section, the porosity decreased
from maximum 1.3% of sample A to a minimum 0.33%
of sample B, decreasing by about 74.6%. Thus, it can be
concluded that forging process can minimize or eliminate
the porosity, and hence improve the mechanical

2.0

1 Horizontal section
I Vertical section

2 15F

S 1._30

3 1.14]

[

= 10} 0.93
S 0.35

(o8

2

~ 05F 0% 0.79

Sample A Sample B Sample C Sample D
Fig. 6 Proportion of porosity at horizontal section and vertical
section

properties, especially the fatigue performance of the
SLM components.
3.2.4 Influence on microhardness

The Vickers microhardness values are shown in
Fig. 7. It can be seen from Fig. 7 that the microhardness
of vertical sections is lower than that of horizontal
section for all samples. Especially for the as-built
specimens, the microhardness on horizontal section is
about 7.2% larger than that in vertical section, which
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exhibits obvious anisotropy. The microhardness of the
as-built sample is larger than the forged samples, which
is similar to the observation in other studies on SLM
Ti6Al4V alloy [8]. It is known that strength is positively
related to hardness, therefore, the strength may be
decreased. On the other hand, we can find that minor
strain rate and large deformation may contribute to the
low microhardness, but on the other hand, they also
reduce the difference between the two sections, namely
reducing the anisotropy of the SLM parts. So, it could be
accepted that while the precision forging process
decreased the microhardness of SLM samples,
anisotropy was significantly improved at the same time.

460
= Microhardness on horizontal section
4349 = Microhardness on vertical section

—~ 42 =
S 0
T 405.4 T
1]
5]
= 380.0
< 380F 374.4 3743
= 363.4
e 353.9
2
= 340}

300

Sample A Sample B Sample C Sample D

Fig. 7 Microhardness on horizontal section and vertical section
4 Conclusions

1) The original phase of SLM samples is a phase,
and the f phase fraction is increased obviously after the
precision forging and water quenching. At the same time,
the microstructure is improved.

2) The porosity presents a decreasing trend with the
increase of deformation and strain rate. The maximum
reduction of the average porosity is 74.6%. Large
deformation and high strain rate contribute to a better
fatigue performance.

3) The forging process can decrease microhardness
of the SLM specimens significantly. With strain rate of
0.1 s ! and strain of 0.7, the difference of microhardness
between two sections is reduced to HV 0.1, from which
it can be concluded that precision forging after SLM
process can improve anisotropy of the SLM parts.
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