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Abstract: The pure titanium prepared by selective laser melting (SLM) was modified by equal channel angular pressing (ECAP). The

pure titanium prepared by SLM was subjected to single-pass deformation modification at room temperature by a die with the angle of

@=120° and y=20° between two channels, and its microstructure and mechanical properties were evaluated. The results show that the

microstructure of SLM+ECAP pure Ti sample is refined, the grain size decreases from 13 um to 7 um, and the dislocation density

increases. During the ECAP deformation process, twinning and continuous dynamic recrystallization (CDRX) occur simultaneously.

The appearance of tensile and compression twin and the increase of dislocation density together promote the microhardness of SLM+

ECAP pure Ti samples, increased by 13%, and YS and UTS are increased by 18% and 20.4% respectively, while the elongation

decreases slightly.
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Titanium and titanium alloys are widely used in aerospace,
biomedicine, automotive and chemical fields because of their
low density, high specific strength, high temperature
resistance, corrosion resistance and other advantages”. The
titanium structural parts prepared by the traditional casting
process have the problems of shrinkage cavity, inner hole,
rough and uneven surface, easy cracking, poor precision, etc,
which deteriorate performances, and make it difficult to meet
the application needs of the current industry. Furthermore, the
casting process consumes a lot of energy, the production cycle
is long, the material utilization rate is low, and it is difficult to
form complex parts, which restricts the application and
development of titanium alloys™'". Therefore, it is necessary
to adopt a new technology to prepare titanium and titanium
alloys with more optimized properties.

Selective laser melting (SLM) is a new type of additive
manufacturing technology, Which not only breaks the
limitation of the traditional preparation process on the
geometric shape of the workpiece, but also can easily and
accurately obtain personalized, integrated, and functionalized

Received date: June 09, 2021

1214 However, in the

complex three-dimensional structure
SLM process, due to the rapid melting and cooling of the
material, the component has solidification defects such as
large deformation, easy cracking, and many pores, which
damage the normal function and structural integrity of the
component.

Equal channel angular extrusion (ECAP) does not change
the cross-sectional shape and area of the sample, so as to
obtain a large cumulative strain, thus realizing the refinement,
homogenization and densification of the microstructure of the

sample!>'"

, and thereby improving the mechanical properties
and corrosion properties of the sample. For example, Naseri et
al'” used room temperature tensile, three-point bending,
Charpy impact and Vickers microhardness test methods to
compare the mechanical properties of CP-Ti before and after
ECAP modification. The results showed that after ECAP
deformation for three times, the yield strength of the ECAP
samples was increased from 174 MPa to 273 MPa, the tensile
strength increased from 396 MPa to 715 MPa, and the
microhardness increased from 1530 MPa to 2470 MPa. In

Foundation item: National Natural Science Foundation of China (51474170); Special Fund of Shaanxi Provincial Department of Education (19JK0468)
Corresponding author: Luo Lei, Ph. D., Associate Professor, School of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055,

P. R. China, E-mail: luolei@xauat.edu.cn

Copyright © 2022, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



Luo Lei et al. / Rare Metal Materials and Engineering, 2022, 51(6):1964-1971 1965

addition, the ultimate bending strength of ECAP samples was
increased from 664 MPa to 1275 MPa, and there was no
obvious change in Charpy impact energy. Mishnaevsky et al"*
performed 6 passes of ECAP treatment for the titanium rod,
and found that the ECAP samples showed equiaxial crystal
grains with an average grain size of 150 nm, and the yield
strength and tensile strength were 1190 and 1250 MPa,
respectively.

Up to now, there are few reports on the modification of
SLM pure Ti by ECAP. The difference in the microstructure of
pure Ti obtained by SLM and traditional preparation
technology will inevitably lead to differences in the
microstructure after ECAP modification. Therefore, it is
necessary to clarify the effect of ECAP on the microstructure
and mechanical properties of SLM pure Ti. In this study, SLM
pure Ti was modified by ECAP, and its microstructure and
mechanical properties were characterized.

1 Experiment

Metal powder with particle size of 25~45 um was prepared
from industrial-grade pure titanium powder by gas
atomization method, and the chemical composition was Ti-
0.03Fe (Wt% ). In the SLM process, high-purity argon was
used as the protective gas to prepare CP-Ti rods with a size of
@20 mm. SLM pure Ti bar was cut into a bar sample with the
size of @20 mmx200 mm. The single pass ECAP extrusion
was carried out by the die with the channel angle of @=120°
and the outer fillet w=20° at room temperature. The extrusion
speed was 2.5 mm-s’, and MoS, and graphite were used as
lubricants.

The sample with the size of 0.5 mmx @10 mm was cut
along TD direction, as shown in Fig. la. After grinding with
different specifications of sandpaper, the double jet thinning
was carried out in the environment of methanol: n-butanol:
perchloric acid=60:30: 5. The microstructure and grain size,
orientation difference angle and grain orientation of the center
position of the SLM pure Ti and SLM + ECAP pure Ti
samples was analyzed by TEM and EBSD technology. Low
angle and high angle grain boundaries (LAGBs/ HAGBs) are
defined as orientation angles of 2°~15° and >15°, respectively.

The longitudinal section (TD-ND plane) of SLM pure

ND a

titanium and SLM+ECAP pure titanium specimens were cut
on a 12 mmx12 mm plane for microhardness test; tensile test
was conducted at room temperature with an initial strain rate
of 1x107 s. Fig.1b and Fig. Ic are the hardness point diagram
and the tensile sample size diagram, respectively. Three
parallel samples are selected for each group of tensile samples
to ensure data reliability. After the tensile test, the fracture
surface was observed by SEM technology.

2 Results and Discussion

2.1 Microstructural evolution

Fig.2 shows the TEM microstructure of SLM pure Ti and
SLM+ECAP pure Ti samples. It can be seen from Fig.2a and
2b that the SLM pure Ti sample has clear grain boundaries,
unevenly distributed dislocation lines in the grains and high
dislocation density near the grain boundaries; while the SLM+
ECAP pure Ti sample in Fig.2c and 2d shows elongated lath
structure; the lath boundary is straight, and there is a small
amount of equiaxed cell structure. The dislocation density at
the cell wall is higher, and there is almost no dislocation in the
cell, as shown by the red and white arrows in Fig. 2d,
respectively, indicating that SLM pure Ti undergoes dynamic
recovery during the single-pass ECAP deformation process at
room temperature, and there are needle-like contracture
crystals of different sizes, as shown by the white arrow in
Fig.2c.

Fig.3 shows the grain orientation of SLM pure Ti and SLM+
ECAP pure Ti samples. It can be seen from Fig.3a that the
grain size of SLM pure Ti sample is different, and the average
grain size is about 13 pum. The color changes in the crystal
grains, indicating that a small misorientation has accumulated
in the crystal grains. A small amount of tensile twins of 85°/
(1120) are distributed inside the crystal grains, as shown by
the white arrow in Fig.3a. In the metal with hep structure,
twinning is the main plastic deformation mechanism,
coordinating the dislocation slip deformation, and jointly
affecting the microstructure. The grain orientation of the
SLM+ECAP pure Ti sample is shown in Fig.3b, and the grain
size is also different and unevenly distributed. The uneven
microstructure is caused by the difference of original grain
orientation, which is due to the difference of Schmidt factor
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Fig.1 Definition of sample axis (a); schematic diagram of hardness points for cross-section measurement (b) and tensile specimen at room

temperature (c)
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Fig.2 TEM images of SLM pure titanium (a, b) and SLM+ECAP pure titanium samples (c, d)

leading to different deformation resistance. After ECAP single-
pass deformation, the microstructure has strong directionality;
most of them are plate-like grains and ultrafine grains, which
are typical structures after ECAP deformation. At the same
time, there are some grains close to equiaxed morphology and
some sharp grain boundaries at the large grain boundaries, as
shown by the white arrow in Fig.3b, which indicates that the
dislocation annihilation and dynamic recovery occur during
the ECAP process, and the average grain size is 7 um.

Fig.4 shows the grain boundary diagram of size and angle
of SLM pure Ti and SLM+ECAP pure Ti samples. From

Fig.3 Grain orientation of SLM pure titanium (a) and SLM+ECAP

pure titanium samples (b)

Fig. 4a and 4c, small angle grain boundaries are the main
grains in SLM pure Ti samples, and the proportion of grain
boundaries of big and small angles is 17% and 83%,
respectively. The proportion fraction of small angle grain
boundary of SLM+ECAP pure Ti sample shown in Fig.4b and
4d is reduced, while that of large angle grain boundary
increases, and the proportion of grain boundaries of big and
small angles is 40% and 60%, respectively. Fig.4b shows the
incomplete high angle grain boundary (HAGB) fragments,
that is, they do not form completely enclosed grains,
combined with the large misorientation angles produced in the
grains, etc, indicating that continuous  dynamic
recrystallization (CDRX) occurs after ECAP™". CDRX is easy
to appear in titanium and titanium alloys, because it has a high
interlaminar energy”?". CDRX is the process of absorbing
dislocation with low angle grain boundary (LAGB). With the
continuous deformation, new and smaller grains with HAGBs
are formed.

It can be observed from Fig. 4d that there are two main
peaks that are relatively wide, located in the vicinity of 62°~
65° and 86°~90°. This is because the axis angle pair is 57.2°/
(1120), that is, {10T1}<T012> compression twins and axis
angle is 85°(1120), that is, {1012)(1011) tensile twins are
caused. They are shown by the blue arrow and black arrow in
Fig.4b, which are consistent with the conclusions of Chen et
al®. Studies™ have shown that twinning and CDRX exist at
the same time in single-pass deformation. More specifically,
twinning is the main deformation mechanism in the initial
stage of single pass deformation. However, with the
continuous deformation, many of their orientations are
conducive to dislocation activity. Therefore, in the later stage
of single pass deformation, CDRX process plays a dominant
role in twinning deformation, forming new fine grains and
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Fig.4 Grain boundary diagram (a, b) and misorientation distribution (c, d) of SLM pure titanium (a, ¢) and SLM+ECAP pure titanium (b, d)

promoting CDRX to become larger grains. Fig.4b shows these
processes in the section circled by the rectangular square.
2.2 Mechanical properties

Fig.5 shows the microhardness distribution of SLM pure Ti
and SLM+ECAP pure Ti samples. It can be seen that the
hardness of the pure Ti sample is significantly improved after
ECAP. The average hardness values of SLM pure Ti and SLM+
ECAP pure Ti samples are 2570 and 2900 MPa, respectively.
Compared with SLM pure Ti samples, the hardness of SLM+
ECAP pure Ti samples is increased by ~13%. The main reason
for hardness improvement is that shear strain occurs when the
sample passes through the extrusion angle of the die, and the
deformation is severe and the grains are broken obviously,
which leads to an increase in dislocation density, dislocation
clusters, dislocation strengthening inside the structure, and
smaller grains. So that the microstructure is refined and the
hardness is improved. Twins in the deformation of titanium
and titanium alloys are usually {1012K1011) tensile twin formed
under tension parallel to the c-axis direction and {1011[1012)
compression twin formed under compression parallel to the c-
axis direction®, and the critical shear variables formed are
0.167 and 0.099, respectively™?". Therefore, under the action
of compressive stress, the material is more likely to form twin
crystals and relax the internal stress. At the same time, the
twin crystals become the nucleation center of the
recrystallization stage. Compared with the part under tensile
stress, the recrystallized grains in the part under compressive
stress are more, so the average grain size is smaller, which is
consistent with the results of EBSD. At the same time, the part
with fine structure is more prone to grain boundary sliding,
and the resistance of the material to deformation is small, so it
is reflected as a lower hardness in the macroscopic view. This
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Fig.5 Micro-hardness diagram of SLM pure titanium (a) and SLM+
ECAP pure titanium samples (b)

can also explain the phenomenon that the hardness of the
lower surface of the sample after ECAP is slightly lower than
that of the upper surface.

Fig. 6a shows the engineering stress-strain curves of SLM
pure Ti and SLM+ECAP pure Ti samples. It can be seen that
the YS, UTS, and elongation of the SLM pure Ti sample are
621 MPa, 687 MPa, and 19.5%, respectively, while the YS,
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Fig.6 Mechanical properties of SLM pure titanium and SLM+ECAP
pure titanium samples: (a) stress-strain curve and (b) work
hardening rate

UTS, and elongation of the SLM+ECAP pure Ti sample are
733 MPa, 827 MPa, and 17.5%, respectively. Compared with
those of SLM pure Ti, the YS and UTS of SLM+ECAP pure
Ti samples are increased by 18% and 20.4%, respectively,
while the elongation is decreased by 10.3%. At lower strain
rates, as shown in Fig.6b, compared to SLM pure Ti samples,
SLM+ECAP pure Ti samples have a higher work hardening
rate, but the slope of the work hardening rate curve is almost
the same. With the increase of strain rate, when the strain rate
is greater than 8%, the work hardening rate of SLM+ECAP
pure Ti sample is lower than that of SLM pure Ti sample.
Generally speaking, the work hardening rate of both samples
decreases, which is consistent with the research results of
Becker et al®”. Ref [28] found that the reduction or
disappearance of the strain hardening ability of severely
plastically deformed materials is due to the easy dynamic
recovery during the tensile deformation process, which makes
the increases in dislocation density negligible. Park™ believed
that the decrease of strain hardening ability of materials after
severe plastic deformation is due to the decrease of average
free path of dislocations in the materials, which is because
there are high internal stress non-equilibrium grain boundaries
in the materials after severe plastic deformation, and the
decomposition of dislocations at the non-equilibrium grain
boundaries induces the recovery process.

As the grain size decreases after ECAP, the total elongation
of the sample decreases slightly. This is because in the process
of tensile deformation of fine-grained materials, as the grain

size decreases, the ability of the grains to accommodate
dislocations decreases, so the plastic elongation decreases, but
the uniform elongation slightly increases.

Fig.7 shows the fracture morphologies of SLM pure Ti and
SLM+ECAP pure Ti samples, both of which exhibit typical
ductile fracture characteristics. SLM pure Ti samples show a
large number of dimples and pores on the fracture surface,
with mixed distribution of large and small dimples; the size
and depth of dimples are not uniform, and the fracture surface
is rough. In contrast, SLM+ECAP pure Ti samples show more
stable small dimples and fewer pores, and the average sizes of
dimples and pores are 1 and 8 um, respectively.

3 Discussion

After single pass deformation, the dislocation density in the
ECAP sample increases, the grains are refined, and different
types of twin crystals appear. According to the theory of grain
refinement, the strength of ECAP specimens is improved as
the grains are refined, as shown in the Hall-Petch formula:

o,=0,+ k,d"”? (1)
where o, is the yield strength, and o, is the yield strength of
the single crystal; k,is the influence coefficient of the grain
boundary on the strength, and d is the grain size. Due to the
close packed hexagonal structure and less slip system of
titanium, k, is larger than that of face centered cubic metal. It
can be seen from the formula that the yield strength of
polycrystalline materials is inversely proportional to the grain
size, that is, the smaller the grain size, the higher the yield
strength. It can be seen from the orientation diagram that after
a single pass of ECAP deformation, the grain size decreases,
and the grain boundaries increase, which increases the
obstacle to the movement of dislocations, and it is difficult to

Fig.7 Fracture morphologies of SLM pure titanium (a) and SLM+
ECAP pure titanium (b) samples
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pass through the grain boundaries, so as to accumulate at the
grain boundaries, causing stress concentration and leading to
the increase of material strength.

Secondly, the appearance of twins will also affect the
microstructure and mechanical behavior during deformation.
At room temperature, pure Ti is a single closely packed
hexagonal (hcp) a phase. Its crystal structure has low
symmetry and few independent slip systems at room
temperature, so the deformation is difficult and complex,
which is mainly accomplished by dislocation slip and
deformation twinning®. In the process of plastic deformation,
slip and twinning are complementary and competitive with

B Twinning occurs in the process of slip. Twinning

each other
deformation makes the crystal orientation change, so it is easy
to continue to slip. When crystal sliding encounters grain
boundaries or obstacles, it will produce higher stress
concentration, or make the crystal in an orientation
unfavorable to slip, which will also induce twinning
deformation”". Comparing Fig.5a and Fig.6a, it can be seen

that after ECAP single pass deformation, {10T2}<T011> tensile
twins and {1011}<T012> compression twins appear, while the
proportion of LAGB decreases and the proportion of HAGB
increases, which is inconsistent with the conventional
conclusion. It is well known that {10T2}<T011> tensile twins
and {1 122}<11§§> compression twins are the most commonly
observed at room temperature™*. Because {1011(1012) twin
needs larger atomic movement than {1122}<11§§> compres-
sion twin, the interface energy of twin grain boundary is high,
so it is not easy to produce at room temperature, and it is
generally believed that it will occur at high temperature
deformation. Shin et al®
deformation on pure Ti at an extrusion temperature of 350 °C.
The results show that there are a large number of fine
{10111012) twin bands in both OM and TEM structures. A
large number of {1011}<T012> twin bands have also been
observed in the ECAP single pass deformation of pure Ti at
400~450 ° C by many scholars”*®. However, Zhao et al””
found a large number of small {IOTI} twin bands similar to

performed ECAP single-pass

those during high temperature deformation in the TEM
microstructure of pure Ti under room temperature ECAP
single-pass deformation (120° mold), but did not observe the
common {IOTZ}, {1121} and {1122} twin deformation of pure
titanium during room temperature deformation. Chen et al®"
carried out single pass ECAP deformation on pure Ti at room
temperature. The results show that there are many kinds of
twins in the structure, which are {IOTI}, {IOTZ}, {1121} and

{1122}, among which {1011} and {1121} are the main twins.
The EBSD results of the SLM pure Ti and SLM+ECAP pure
Ti samples show that the increase in the proportion of HAGB
is also caused by {1OTI}<T012> twin and continuous dynamic
recrystallization (CDRX), which is also consistent with the
conclusion of Chen™",

On the one hand, the appearance of twins changes the

orientation of the crystal lattice, more slip systems in the
crystal are activated, and the resistance of dislocation slip is
reduced; at the same time, the shear strain is directly provided
to reduce the hardening rate; on the other hand, the
appearance of twins changes the orientation of the crystal
lattice and turns the original movable dislocations into
immovable dislocations, which increases the strength of the
material, that is, Basinski strengthening. In addition, twins
have the effect of refining the crystal grains, reducing the
distance of dislocation slippage, and playing a strengthening
effect, that is, Hall-Petch strengthening. After ECAP, the
hardness of the sample is improved by the change of
microstructure and the appearance of more twins, which leads
to the increase of twin interfaces, which can effectively hinder
dislocation movement. This is similar to the effect of grain
boundary on material strengthening. With the increase of
shear stress, the more dislocations accumulated at the twin
interfaces, the higher the stress concentration caused at the
twin interfaces. In a word, the mechanism of twin
strengthening is similar to that of fine grain strengthening.
Both of them use more grain boundaries to hinder dislocation
slip, thus increasing the hardness and strength of materials.

Table 1 shows the UTS and elongation of SLM pure Ti
samples processed before and after different processing
techniques™***), including ECAP, annealing, static magnetic
field (SMF) and atmosphere assisted method (AA). It can be
seen that after ECAP, annealing, SMF and AA treatments, the
UTS of SLM CP-Ti is increased by 140, —10, 28, 274 MPa,
while the elongation is increased by —2%, 2%, 7%, —11%,
respectively. The different techniques change the UTS and
elongation of SLM pure Ti, mainly due to the following facts:
among them, annealing is a high temperature and long-term
processing which causes grain coarsening; the addition of
SMF can affect the temperature gradient field of the SLM
process and improve the cooling rate of the molten pool; AA
introduces N, to form nitrides and then to strengthen the
second phase. As a severe plastic deformation technology,
ECAP can not only eliminate some defects, but also refine and
homogenize the microstructure, so that the UTS of SLM pure
Ti can be significantly improved, while the elongation is only
slightly reduced. Considering the comprehensive mechanical
properties, the use of ECAP technology to improve SLM pure
Ti samples is satisfactory. Therefore, it can be concluded that
ECAP deformation is a good way to change the structure of
SLM pure Ti specimens to obtain the best comprehensive
mechanical properties.

Table1 Mechanical properties of SLM pure Ti before and after

different processing techniques

ECAP Annealing SMF AA

Property
Before After Before After Before After Before After

UTS/MPa 687 827 682 672 766 794 714 988

0/% 19.5 175 22 24 28 35 17 6
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4 Conclusions

1) ECAP process can improve the microstructure of SLM
pure Ti
homogenization of microstructure. Twinning and continuous
dynamic recrystallization occur.

sample, and realize the refinement and

2) At room temperature, the increase of high angle grain
boundaries after single pass ECAP deformation is caused by
continuous dynamic recrystallization, and {1011K1012)
compression twins and {IOTZ }<T01 1) tensile twins appear.

3) After single pass of ECAP, the microhardness and
strength of SLM pure Ti samples are improved. The strength
and hardness of SLM pure Ti are affected by grain size,
orientation and twinning. Compared with annealing, SMF and
AA method, the mechanical properties of SLM pure Ti
improved by ECAP are better.
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ECAP %f SLM Zh sk 2B 408 A 1 1 RES2 )

PO, B, Biase'?, xiggae ', £, #OM!
(1. POZEH R RS e TR, BEE U2 710055)
Q2. MEEARERE LI HF RGO, B 7522 710055)
(3. ThEEAENIN T H Ky e TREFF 7T 0, BRI 7542 710055)

i E. FWERMETE (equal channel angular pressing, ECAP) RRINXTIEFRIEIEIEL (selective laser melting, SLM) il & [ 2 £k i3t
177 BUEAL B . SR A WHIE e ) D=120°, w=20°M¥IH, 7R3 IR T SLM il % ¥ 2Bk UEAT B YR T AL 2, Joxh H AL 2370 )
FVEREHEAT V. S REH]: SLM+ECAP A EGAFE A ZA401L, SRR B 13 pm /N30 7 um, A5 2 EEIE NN, ECAPA i i, 27
AR LL A A PR A it RN A7 A, A 55 HS 47 28 it 10 HH ANz 5 %% T ) 189 3L [R] 2 4 SLM+ECAP 2B A S A 0 1 13%,  JE o
JEE R BRATC R 98 40 IR TG T 18% 1 20.4%, 11 ZE A SR ME A7 I/~ o
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