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Research on low temperature resistance and fracture behavior of additively manufactured (AMed) titanium alloy
is lacking. In this study, both tensile and fracture behavior of Ti6Al4V alloy produced by laser powder bed fusion
(LPBF) were investigated at four temperatures (293, 223, 173, 123 K). Microscopic observation and finite
element analysis were used to study the fracture mechanism. A correlation of fracture toughness and temperature
between 123 and 293 K was obtained. As the temperature decreases, the fracture mode of the specimen changes

from ductile fracture to a mixed mode of ductile and brittle fracture, the tensile strength increases and the
fracture toughness decreases. These differences could be interpreted by the crack tip plastic zone (CTPZ) and
microscopic plastic deformation. Compared to the wrought Ti6Al4V alloy, the fracture originations are mainly
from LPBF defects, i.e., lack of fusion (LOF) defects and gas pores.

1. Introduction

Additive manufacturing (AM) is an advanced manufacturing tech-
nology that is capable of fabricating complex and near-net shape com-
ponents directly from raw materials [1-3]. AM is based on a novel
material incremental manufacturing philosophy as opposed to tradi-
tional subtractive manufacturing. Laser powder bed fusion (LPBF) is one
of the most promising AM techniques due to the minimal post-
processing machining required in the final application, and has been
widely used for complex and customized parts made of metallic mate-
rials, particularly the Ti6Al4V, AlSi10Mg and Inconel 718 alloys [4,5]. A
large number of studies have been conducted to establish profound
processing-microstructure-mechanical performance relationships of
LPBF objects by surveying the processing parameter windows [6-8],
performing various heat treatments [9], and conducting various me-
chanical tests [10,11]. However, it is very important to study the frac-
ture property because the fracture toughness ultimately defines the
cracking resistance of materials and determines the structural integrity
of engineering parts. In recent years, ensuring the structural integrity
and reliability of engineering components produced for quality

assessment and certification purposes is still a major challenge that
impends the widespread adoption of AM technology [12]. Keeping this
in view, it is necessary to research the fracture behavior of LPBF metals.

The a + B biphasic structure alloy Ti6Al4V is currently the most
extensively used titanium alloy due to its combination of high specific
strength, toughness and fatigue resistance along with good heat resis-
tance and cryogenic embrittlement resistance [13]. It is popular in high
performance applications, such as aerospace, marine, cryogenic and
elevated temperature structural components. However, the inherent
physical and mechanical properties of Ti6Al4V titanium alloy will
introduce severe work hardening, which limits its wide application.
LPBF perfectly overcomes the machining challenge of titanium alloy due
to the following characteristics: i) the integration of design,
manufacturing and material; ii) flexibility in terms of manufacturing
arbitrary configurations of components [12,14]. During the LPBF pro-
cess, the short interactions, high temperature gradients and fast solidi-
fication rate endow the Ti6Al4V alloy with more complex micro- and
meso-structures: prior  grains (PBGs), colonies, laths and interme-
tallic phase [15,16]. Primary grains tend to extend across an entire prior
B grain (PBG), and the secondary, tertiary and quartic @ martensite
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within columnar prior f grains result in a basket weave structure [17].
These structures have a great influence on the tensile property, mode I
plane strain fracture toughness (Kic), fatigue crack growth rate, and
unnotched fatigue strength.

In general, the yield strength and ultimate tensile strength of the
LPBF Ti6Al4V alloy can meet or even exceed those of conventional
fabrication, while the ductility of LPBF Ti6Al4V is generally lower than
that of forged and cast Ti6A14V alloys [18,19]. Fatigue crack growth rate
AKy, for heat treated LPBF Ti6Al4V reported in the literature is similar to
that of the wrought material (3.1 ~ 4.6 MPa /m), except that the high
cycle fatigue strength (ranging from 200 ~ 350 MPa) is significantly
inferior to that of the wrought alloy (450 ~ 650 MPa) [20]. Excessive
presence of defects, such as pores and lack of fusion (LOF), has been
associated with poor fatigue performance in certain studies. This can
result in either internal or surface cracking [21]. The value of K¢ of the
as-built LPBF Ti6Al4V alloys is typically only between 16 and 28
MPa /m, owing to the presence of inherent defects and residual stress
[22]. This value is much lower than that of the wrought produced
Ti6Al4V alloys, which ranges from 30 to 80 MPa /m depending on the
specific microstructure [20,23]. After improving the process parameters
and applying heat treatment, the K¢ of LPBF Ti6Al4V alloys can increase
to 48 ~ 58 MPa /m [16]. Furthermore, duplex heat treatment can
significantly improve the Kjc, with values ranging from 77 ~ 106
MPa /m due to coarser o laths and preservation of the prior p meso-
structure [24]. LPBF Ti6Al4V alloy printings with large-scale configu-
ration have been used for heavy and often permanent structural com-
ponents, with the challenge of tending to fracture [25].

The mechanical behavior of titanium and its alloys at cryogenic
temperatures has been extensively studied. However, the applicability
of Ti6Al4V alloy has been limited to 77 K due to its low cryogenic
fracture toughness, which is insufficient for temperatures below 77 K
[26]. Yuri et al. [27] discovered that the fatigue strength of notched
specimens is lower at 4 K than at 77 K, primarily because of the
increased notch sensitivity at lower temperatures. Singh et al. [28]
investigated the plastic deformation and tensile strength of Ti6Al4V
alloyed with minor additions of Boron at cryogenic temperatures, and
the yield strength variation at different temperatures shows that the
colony size determines the yield strength of the alloy at 77 K, implying
that dislocation-mediated plasticity dominates above 77 K, while twin-
ning dominates the flow response at 20 K. Up to now, it is clear that there
is a lack of studies on the tensile and fracture behavior of LPBF Ti6A14V
parts at low temperatures. Considering the wide application of LPBF
Ti6Al4V titanium alloy in aerospace and space exploration, it is of great
interest to investigate the temperature dependence of the tensile and
fracture properties.

This paper aims to investigate the effect of temperature on the uni-
axial tensile and fracture behavior of LPBF Ti6Al4V alloys. A series of
quasi-static tensile tests and fracture toughness experiments were con-
ducted at different temperatures. The initial microstructure was char-
acterized using the electron backscatter diffraction (EBSD) analysis. The
fracture surfaces were observed by scanning electron microscopy (SEM)
and the fracture mechanisms of the material were discussed. In addition,
finite element (FE) simulation was used to calculate the size of the crack
tip plastic zone (CTPZ), which is the area of local plastic deformation of
the material presented near the crack tip. It is caused by stress concen-
trations that may be due to cracks, defects, etc. It has been reported that
the CTPZ has an important influence on the fracture behavior of the
material [29]. Finally, the correlation of CTPZ volume with load at
different temperatures was obtained.

2. Specimen preparation and test procedure
2.1. Material and LPBF process procedure

In order to perform the tensile and fracture toughness tests, the
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original cylindrical and rectangular blocks were printed from pre-
alloyed gas-atomized Ti6Al4V powder using the same processing pa-
rameters on a commercial EOS M290 laser powder bed fusion system in
Xi’an. The Ti6Al4V powder particles used here were ranged from 15 to
53 pm in diameter and have a normal powder size distribution (PSD)
with 50% of the particles smaller than 45 pm. Due to the high reactivity
of the titanium alloy, the printing process was performed in an inert
Argon atmosphere with a purity of 99.99%. The chemical composition of
the material has been tested and is listed in Table 1. The LPBF param-
eters used in this study were: laser power (P) of 330 W, hatch spacing (h)
of 0.09 mm, scanning speed (v) of 2000 mm/s, and layer thickness (t) of
0.03 mm, as shown in Table 2. The final input laser energy density (E) is
60.3 J/mm?, which is calculated by the following equation [15].

E— P
T vhet

@

The bidirectional laser beam scanning strategy adopted is "cross-
hatching", as shown in Fig. 1(a). According to [30], the "cross-hatching"
scanning strategy makes the entire laser energy input more balanced
throughout the whole layers, which effectively prevents defect accu-
mulation and propagation. The substrate is preheated to 35 °C to reduce
the effect on the microstructure of the heat affected zone. Later, the
object is created by selectively solidifying of the deposited metal powder
layers with a laser beam. After the first layer is printed, the substrate is
dropped one layer and the laser beam is rotated 90° to melt the powder
newly spread on the surface of the object. The above process is repeated
until the object is fully formed.

The round rods with a diameter of 12 mm and a length of 68 mm and
the sample blocks of 72 x 32 x 33 mm? were printed along the vertical
direction on the build platform, also known as 90° printing, as shown in
Fig. 1(b). The coordinate system TD, RD, and AD in Fig. 1 refer to the
tangential direction, radial direction, and axial direction, respectively.
The axial direction corresponds to the build direction (BD). After LPBF
but prior to tensile and fracture specimen machining, the printed orig-
inal cylindrical and rectangular blocks were first annealed at 800 °C for
4 hours and then cooled in an Argon atmosphere to relieve the residual
stresses produced in the LPBF process. The Archimedes method was used
to determine the relative densities of the test specimens and the test
result is 99.33%.

2.2. Specimens and mechanical tests

Electron backscattering diffraction (EBSD) and optical microscopy
(OM) were used to characterize the initial microstructure of the LPBF
Ti6Al4V alloy. The samples observed were mechanically ground with
SiC sandpaper (320-5000 particle size) and polished with 0.05 pm Silica
suspension (SiO2 and H203). The grain structure was characterized by
EBSD technique in a scanning electron microscope (ZEISS SIGMA 300).
The scanning step was 0.5 pm and the scanning area was 300 x 400 pm?.
Then, HKL Channel 5 software was used for microstructure data anal-
ysis. The polished samples were etched with Kroll reagent (100 mL
distilled water, 5 mL Nitric acid, and 2 mL HF) for about 10 s, and
examined with an Olympus BX51 optical microscope (OM) for metal-
lographic analysis.

Tensile tests were conducted to obtain the mechanical properties of
the material for fracture toughness test and FE analysis. According to
GB/T 228-2010, standard dog bone specimens with a gauge length of
27 mm and diameter of 5 mm were designed, as shown in Fig. 2(a). The
loading axis was parallel to the BD at a tensile rate of 1.5 mm/min at four
temperatures (293, 223, 173, 123 K). Tensile tests were performed using
a microcomputer-controlled LD26.105 electronic universal testing ma-
chine, with an electronic extensometer attached to the specimen to
monitor the deformation of the gauge section. The axial strain was
automatically calculated by the computer based on the dimensions of
the tensile specimen. Due to the limitations of the test equipment, the
lowest test temperature was set at 123 K.
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Table 1
Nominal chemical compositions of the Ti6Al4V alloy powders (wt.%).
Element Ti Al A% Fe o C N H
wt.% Bal. 6.14 4.01 0.17 0.11 0.015 0.0035 0.0021
Table 2

LPBF processing parameters of the tested specimens.

Powder size Laser power Scanning speed Scanning space

Layer thickness

Preheating temperature Relative density Scanning strategy

[mm] [wl] [mm/s] [mm] [mm] [°C] [%]
0.015-0.053 330 2000 0.09 0.03 35 99.33 cross-hatching
(@) AD Scanning (b)
direction Layer n+1
Layer n
y; Layer n-1
S ILILS
Z
RD
Build direction
D (BD)

Fig. 1. Schematic representation of (a) the "cross-hatching" laser scanning strategy, (b) the orientation of the tensile and fracture specimens relative to the

build direction.
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Fig. 2. Geometry and schematic description of (a) the tensile specimen, (b) the standard 1/2 T specimen (dimension in mm), (c) fracture toughness test setup.

Fig. 2(b) shows the 1/2 compact tension (CT) specimen (1/2 T)
designed according to ASTM E399-20 for the determination of Kjc [31].
Fatigue pre-cracking was performed on an electrohydraulic servo fa-
tigue testing machine (EHF-EV01KZ-040-1A), and the crack length ratio
(a/W) of all specimens was 0.55 (a - crack length, W - width of the
specimen). The load stress intensity range AK was 10 ~ 15 MPa,/m in a
sinusoidal waveform at a frequency of 10 Hz, and the load ratio R was
constant at 0.1. A clip gauge (Epsilon, 3541C-006 M-040 M-LT) attached
to the specimen was used to obtain the crack mouth opening displace-
ment (CMOD). Tensile load was applied to the 1/2 T specimen via two
load pins inserted into the loading holes, and the WANCE TSE-104C-TS

tensile testing machine automatically recorded the applied load using a
force sensor. Liquid nitrogen spray was used for cooling, and the test was
conducted in the environmental chamber device (WANCE, GD200A), as
shown in Fig. 2(c). Prior to loading, the specimen was kept at the cor-
responding test temperature for at least 30 min. Then, the specimens
were fractured at a loading rate of 0.2 mm/min. Finally, the fracture
surfaces of the tensile and fracture specimens were observed by tungsten
filament scanning electron microscopy (SEM, JSM-IT300). The surface
roughness of all specimens was characterized by Ra according to GB/
T131-2006. Ra is the arithmetic mean height of the profile lines. The
surface of the tensile specimens was polished to Ra 0.8. The main surface
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of the 1/2 T specimens was polished to Ra 0.4, and the surface of the two
loading holes was polished to Ra 0.2. The experiment and specimen
matrix are listed in Table 3.

2.3. Crack tip plasticity and finite element modeling

2.3.1. Crack tip plasticity

The Mode I crack-tip plastic zone shapes estimated from the Irwin’s
approach and the von Mises yield criterion gives the following formulas
[32]

1KY 3.,
ry(0) = e <6Ts> {1 + cosf + Esm 6| for plane stress 2)
1 (KN 3
ry(0) = = (ﬁ) {(1 —20)*(1 + cosd) + 531[120} for plane strain 3
Ys

where K; is the stress intensity factor which is used to characterize the
linear elastic stress field at the crack tip [33], 6 is the angle with the
crack plane in polar coordinates, v is Poisson’s ratio. However, Egs. (2)
and (3) are not strictly correct in this case because they are based on a
purely linear elastic analysis.

Rice [29] proposed a fracture parameter of J-integral and showed
that for deformation plasticity (nonlinear elasticity), the value of J-in-
tegral is independent of the integration path around the crack. Using the
concept of J-integral, Hutchinson [34] and Rice and Rosengren [35]
independently evaluated the character of crack tip fields in a nonlinear
elastic power-law hardening material. When elastic strains are included,
the relationship between plastic strain and stress for uniaxial deforma-
tion is given by

_ o o)
e—EJraE(GO) @

where o is the reference stress value, usually equal to the yield strength
of the material, E is the Young’s modulus, a is a dimensionless constant,
and n is the strain-hardening exponent. Eq. (4) is known as the Ramberg-
Osgood equation, and is widely used for curve-fitting of true stress—
strain data. Hutchinson obtained the following asymptotic variation of
stress and strain ahead of the crack tip

J i~
0jj = 0o <m> #oy(n,0)  (a)

J
= — | g (n, 0 b
& aeﬂr(a%ed,,r) Tey(n, 0) (b)

where ¢y = ¢y/E, I, is an integration constant that depends on n, Eij and

(%)

&; are the dimensionless functions of n and 6. Rice and Rosengren ob-
tained essentially identical results to Hutchinson’s solutions for plane
strain in a different format. Eq. (5) is therefore referred to as the HRR
field, and the J-integral is used to describe the singularity intensity of the
crack-tip stress field for elastic—plastic hardening materials [36].

In fact, most metallic materials have a plastic zone at the crack tip
before and during fracture, and the crack is also blunted by plastic
deformation. Therefore, within a small local area, plastic yielding will
make the theoretical results based on the linear elastic response unable
to describe the stress and strain behavior in this local area. The effect of

Table 3
Summary of different experiment types and number of specimens with respect to
the test temperatures in each case.

Test temperatures [K] 293 223 173 123

Experiment type Specimen type Test number

Monotonic tensile
Fracture test

Tensile specimen 3 2 2 2
1/2 T specimen 4 3 3 3

Theoretical and Applied Fracture Mechanics 125 (2023) 103931

the small-scale yielding (SSY) theory considering the plastic zone is
discussed in detail for corrections based on the linear elastic fracture
mechanics [37]. By considering the stress relaxation caused by plastic
deformation, the plastic zone in the crack tip is approximated as

1K\’
ry=— <_I) for plane stress (6)
T \Oys
1-2) (K \
r, = Q (—I) for plane strain @
3 Oys

In the case of SSY conditions (CTPZ is very small relative to the
characteristic length L, e.g., crack size, a), both Kj and J-integral char-
acterize the crack tip conditions [32]. At a short distance from the crack
tip, defined as ry (r ~ 0.3a ~ 0.5a), the stress is proportional to 1/+/r.
By assuming monotonic, quasi-static loading, a J-dominated region oc-
curs in the plastic zone r,, (r, <y, at least one order of magnitude), where
the elastic singularity no longer applies. Well within the plastic zone, the
HRR solution is approximately valid and stresses vary as r~*/™1), The
finite strain region occurs within the plastic zone r, about 25 (6 is the
crack tip opening displacement proposed by Wells [38]) of the crack tip,
where large deformations invalidate the HRR theory. In summary, for
SSY theory, Kj uniquely characterizes the crack tip conditions, although
the 1//r singularity does not exist all the way to the crack tip, and the
typical Ki-dominated region is r, < r<ry; Similarly, the J-integral
uniquely characterizes the crack-tip conditions, although the deforma-
tion plasticity and small strain assumptions are invalid in the finite
strain regime. Under SSY conditions, the J-integral is related to the Kj as

LS

J = z

(8
Therefore, we used the elastic—plastic J-integral to characterize the

crack tip filed and to obtain the CTPZ in the SSY condition instead of

correcting the linear elastic fracture mechanics Kj in this study.

2.3.2. Finite element modeling

FE analysis was used to evaluate the effects of CTPZ on the fracture
toughness of 1/2 T specimens tested at different temperatures based on
the contour integral using the commercial FE analysis software ABA-
QUS. The complex microstructure of the LPBF Ti6Al4V alloy was
ignored, and the anisotropy was not considered. Since the specimens
were heat treated, the material property of LPBF Ti6Al4V was assumed
as isotropic and elastoplastic, and the Poisson’s ratio v = 0.34 and
Young’s modulus were given in Table 4. The true stress-strain curves
were used to consider the plastic property of the material in this study, as
shown in Fig. 6. Taking advantage of geometric symmetry, one quarter
of the 1/2 T specimen was modeled. On the fracture surface (YOZ (x = 0)
plane), the X-axis symmetry constraint (U, = UR, = UR; = 0) was set;
on the mid-symmetry surface (XOY (z = 0) plane) of the specimen, the Z-
axis symmetry constraint (U, = UR, = UR, = 0) was used as shown in
Fig. 3(a).

The boundary conditions used in the finite element calculation are
important to ensure that the deformation response is consistent with the
macroscopic mechanical behavior of the material. In a three-
dimensional fatigue crack propagation simulation, it is shown that the
horizontal displacement constraints in all boundary conditions are in
better agreement with the analytical results than applying the load to
the reference point coupled to the loading region [39]. For convergence
and accuracy considerations, the horizontal displacement constraint of
0.3 mm was applied to a rigid pin in contact (frictionless) with the
specimen instead of applying loads in this study. The element type used
was a 20-node quadratic hexahedral reduced integration element
(C3D20R brick element). Considering the influence of stress singularity,
the brick element was converted to a 15-node quadratic triangular prism
element (C3D15 wedge element) at the crack tip of the specimen, thus
avoiding the use of additional singularity elements in the finite element
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Table 4
Tensile property of LPBF Ti6Al4V alloy at different test temperatures. Properties of wrought Ti6Al4V alloys at different temperatures are taken from [28] and [44].
Manufacturing Technology Temp. oys[MPa] oyts [MPa] E er[%] n
[K] [GPa] [/1
LPBF 293 973+ 9 1027 + 2 112.5 + 2.40 15.95 + 0.10 18.33
223 1092 +5 1133 +3 116.4 + 1.57 15.56 + 0.53 12.94
173 1187 + 20 1222 + 15 124.0 + 0.80 13.65 + 0.18 21.19
123 1314 + 4 1332 +3 118.3 + 2.52 13.04 + 3.30 25.97
wrought [28] 298 784.8 +13.4 830.6 + 23.3 / 13.2+24 /
77 12375+ 7.5 1353.5 £ 4.5 / 29+1.2 /
20 1386 + 27 15445+ 1.5 / 585+ 1.4 /
wrought [44] 293 859 908 111.7 13.6 /
77 1344 1392 128.6 12.1 /

(X-axis Symme

Fig. 3. (a) Boundary conditions and (b) crack tip mesh details of the 3D 1/2 T specimen.

simulation. Due to the severe plastic deformation in the crack tip region,
a refined mesh was performed to improve the calculation accuracy as
shown in Fig. 3 (b). The number of elements in the model was 23080 and
the J-integral was calculated using the ABAQUS procedure.

10
11 B

12

13
Max 15.69

14

15

RD
(L ™ Max 7.36 l ™

AD RD

Fig. 4. Initial microstructure of the LPBF Ti6Al4V alloy: EBSD inverse pole figure map in the TD-RD plane (a) and the TD-AD plane (b), the {0001} pole figure of the
TD-RD plane (c) and the TD-AD plane (d). The white dashed lines in (a) and (b) represent prior p grain boundaries.



Y. Xiao et al.
3. Results and discussion
3.1. Microstructure

Fig. 4(a-b) shows the EBSD inverse pole figure (IPF) map of the TD-
RD plane perpendicular to the BD, and the TD-AD plane parallel to the
BD. It can be seen that the initial microstructure of the tested sample is
composed of a large number of prior p grains (PBGs), colonies, and laths.
In LPBF processing, the high cooling rate and temperature gradient
provide a sufficient driving force for the formation of laths with almost
all the possible variants [24]. At medium temperatures (800 °C), the
primary o — « transformed grains become dominant, while the prior
grains remain unchanged [9]. Additionally, the relatively rapid cooling
resulting from the single-step cooling process leads to the formation of
the basket weave structure frequently observed in LPBF Ti6Al4V alloy
[17]. It is apparent that the material predominantly consists of a
lamellar a structure, as evidenced by needle-shaped « laths within the f
grains.

The maximum peak intensity, which is also known as texture
strength of the {0001} pole figure (PF) of the TD-RD plane and the TD-
AD plane are 7.36 and 15.69 respectively, as shown in Fig. 4(c-d). With
almost the same number of variants, the texture strength differs by
almost 50%, indicating that there are more laths with similar orienta-
tions in the TD-RD plane. It is unlikely that the anisotropy can be
completely eliminated by stress relieving annealing. It is expected that
microstructure anisotropy has significant effect on mechanical proper-
ties such as the tensile strength, high-cycle and very-high-cycle fatigue
properties, and crack growth rate [40,41]. The columnar PBGs structure
may be responsible for the anisotropy observed in the LPBF Ti6Al4V
alloy [42]. The heat treatment process significantly affects the texture of
LPBF Ti6Al4V, which in turn affects the mechanical properties. Overall,
the proper heat treatment not only mitigates the anisotropy in proper-
ties, but also improves the ductility, fracture toughness, and fatigue
crack growth resistance [24].

Fig. 5 shows the optical microscopy images of the LPBF Ti6Al4V
alloy. The prior p grains in the TD-RD plane show a checkerboard
pattern and the average grain length is about 90 pm, which is the same
as the laser scanning space, as shown in Fig. 5(a). The microstructure of
the TD-AD plane in Fig. 5(b) shows the vertical columnar prior § grains
which are aligned along the BD. These grains are discontinuous due to
the mismatch between the successive laser tracks. Kumar et al. [16]
argued that due to the existence of the melt pool boundaries (MPBs),
columnar grains in the TD-AD plane become shorter and grain size be-
comes smaller. In addition, only a small number of defects were
observed in the LPBF Ti6Al4V alloy compared to the as-built Ti6Al4V
alloy [43], indicating that heat treatment can effectively reduce the
porosity and improve the relative density.

Theoretical and Applied Fracture Mechanics 125 (2023) 103931
3.2. Tensile property

3.2.1. Stress-strain curves

Fig. 6 displays the true stress-strain curves for the LPBF Ti6Al4V
specimens at various temperatures. The 0.2% offset yield strength ovs,
ultimate tensile strength oyrs, and elongation & are summarized in
Table 4. At room temperature (293 or 298 K), the ovs, oyrs and & of the
LPBF specimen are slightly higher than those of the wrought Ti6Al4V
alloys. It is clear that the temperature has a significant effect on the
tensile strength and elongation, as shown in Fig. 7. For the LPBF Ti6Al4V
alloy, both oys and oyrs decrease with increasing temperature, while &
increases with increasing temperature at 123-293 K. While for the
wrought Ti6Al4V alloys, the ¢ at 20 K is higher than that at 77 K. This is
because that the plastic deformation of the Ti6Al4V alloy changes from
slip to twinning-dominated flow when the temperature is lowered from
room temperature [37]. Overall, the effect of temperature on the tensile
properties of the LPBF Ti6Al4V alloy is similar to that of the conven-
tional wrought Ti6Al4V alloys at 77-293 K. That is, the tensile strength
increases and the elongation decreases with decreasing temperature
[28,44], as shown in Table 4. The oyg at 293 K is 341 MPa higher than
that of the specimen at 123 K. The Young’s modulus increases gradually
with the decreasing of temperature, but the Young’s modulus of the
specimen at 123 K is lower than that at 173 K. Considering the number of
specimens and the accuracy of test, more experiments are still needed to
investigate the relationship between temperature and Young’s modulus.
Overall, oyrs is not much higher than oys at the same temperature. This
may be related to the low work- hardening capability of the LPBF

1600

1200

800

True stress [MPa]
S
o
o

o 3 6 9 12 15 18
True strain [%]

o

Fig. 6. True stress—strain curves of LPBF Ti6Al4V alloy.

Fig. 5. Optical microscopy images of the LPBF Ti6Al4V alloy: (a) TD-RD plane, (b) TD-AD plane.
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Fig. 7. Comparison of tensile strength and fracture elongation at different
temperatures.

Ti6Al4V alloy, since all the n at different temperatures are greater than
12 in Table 4. In addition, since the elongation of Ti6Al4V alloy is
mainly determined by the powder size and porosity, the elongation of
the same powder batch does not change significantly with the test
temperature [6,12].

3.2.2. Tensile fracture morphology

The fracture surfaces after tensile testing of the LPBF Ti6Al4V
specimens are shown in Fig. 8. A cup-cone shape of the necking region
consisting of shear lips at the periphery is observed in Fig. 8(a), indi-
cating the ductile fracture mode at room temperature. The central
fibrous region in the fracture surface is the plane strain part of the un-
stable propagation of the tensile crack. Many fine and coarse deep
equiaxed dimples are distributed in the fibrous zone of the fracture
surface (Fig. 8(b, d)), which is the result of the nucleation, growth, and
subsequent coalescence of the voids during the tensile loading driven by
the hydrostatic tension in the neck [45]. Micro-void coalescence is the
dominant fracture mechanism in the LPBF Ti6Al4V alloy with the fine
microstructure [46]. At room temperature (~ 293 K), some researchers
found that the LPBF Ti6Al4V alloy exhibits a combination of ductile and
brittle fracture [40], while some researchers suggested that there are
different fracture mechanisms exist for coarse powder specimens and
fine powder specimens, the former being ductile and the latter brittle
[45]. Additionally, the microstructure and defect distribution of AM
materials are influenced by several processing parameters such as
powder size, distribution, laser energy, and scanning spacing. Therefore,
the factors affecting the mechanical properties of LPBF materials are
complex and interrelated.

The specimens at low temperatures have no clear evidence of
necking and the fracture surface is not central symmetrical with a mixed
mode of ductile and brittle fracture, as shown in Fig. 8(c, e, g). The
fracture initiation (indicated by the red arrows) may be due to the close
interaction between the defect and the fracture surface. The shear lip
surrounding the central fiber region is the plane stress part, it is
discontinuous and characterized by an extension from the onset of
fracture region in the edge to the central flat region. The lower the
temperature, the more obvious the discontinuity of the shear lip. Small
elongated dimples and quasi-cleavage fracture features can be seen on
these fracture surfaces (Fig. 8(f, h)). The elongated dimples, discontin-
uous shear lip, and cleavage-like facets suggest that the fracture is
complex and involves a ductile-brittle mechanism [19]. Some large
defects can be found in the interior of the fracture surface, i.e., "plateau”
or "basin" (indicated by the black arrows) [45]. The difference in the
fracture mechanism of the specimens at different temperatures may be
due to the different defect and dislocation motion. It is well known that
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metals generally rely on dislocation motion to coordinate deformation.
As the temperature decreases, the dislocation motion slows down. Since
there is not enough plasticity to induce fracture, a mixed mode of duc-
tile-brittle fracture is formed [47].

3.3. Fracture toughness

3.3.1. Temperature effect on fracture properties
According to ASTM E399-20, the Mode I provisional fracture
toughness K is obtained from the following equation

Ko = ﬁf(f—v) ©

where Py is the provisional force, W is the specimen width, a is the crack
length, B is the specimen thickness, By is the specimen thickness be-
tween the roots of the side grooves, in this study, B = By, f is a function of
the crack length ratio a/W.

A 5% secant method was used to determine Py with the intent of
defining the value of Kj¢ at 2% or less crack extension. The 5% secant
line with a slope equal to 95% of the initial elastic loading slope of the
tangent line is constructed to determine Ps [31]. The force-CMOD curves
of 1/2 T specimens at different temperatures are shown in Fig. 9(a), the
end point of the curves is the tensile fracture point. In this study, the
force - CMOD curves at 173-293 K are smooth and deviate only slightly
from linearity before reaching the maximum force (Ppax), Pg = Ps, while
for specimens at 123 K, Pg = Ppay, corresponding to the Type I and Type
III curves in the E399-20 standard, respectively. It can be seen that the
proportion of plastic deformation work gradually decreases with
decreasing temperature, reflecting that the specimen becomes more
brittle with decreasing temperature. This is consistent with the fracture
mechanism derived from the tensile tests. The Mode I provisional frac-
ture toughness K for all 1/2 T specimens are listed in Table 5. When Ko
meets the following two criteria, it is valid as Kj¢

Criterion 1 : Ppay/Po<1.10 (10)

Criterion 2 : 2.5(Kq/0vs)’<B,a an

The average fracture toughness Kjc for the LPBF Ti6Al4V specimens
tested at different temperatures ranges from 54.36 ~ 64.87 MPa /m.
After removing invalid Kq values, the average Kic of the specimens at
223 K and 123 K is 57.80 MPa /m and 54.36 MPa /m, respectively. As
shown in Fig. 9(b), the fracture toughness increases with increasing
temperature. The fracture toughness at 293 K is about 10.51 MPa /m
higher than that at 123 K. The relationship between fracture toughness
and temperature between 123 and 293 K was obtained by fitting the
experimental results as follows, with R? = 1 (coefficient of determina-
tion, COD) for the fitted curve

Kic(T) = 53.83 + 1177 — 0.997> + 0.35T° (12)

The mechanical properties of LPBF alloys are strongly influenced by
processing parameters and heat treatment processes. In these cases,
studying the effect of temperature on fracture toughness allows the
establishment of a simple fracture toughness-temperature correlation
line. The result of plastic zone size in plane strain state obtained by Eq.
(7) with K; = K¢ are also shown in Table 5. It is noted that the condition
of SSY conditions (r,<rx ~ 0.3a ~ 0.5a) is satisfied at different tem-
peratures in this study.

Fig. 10 shows the macroscopic fracture surface of LPBF Ti6Al4V
specimens tested at different temperatures. The fracture surface is
divided into the pre-crack region and the unstable crack propagation
region. The fatigue pre-crack region has a relatively flat fracture surface
where fatigue striations and small cracks can be observed. The macro-
scopic fracture surface of the unstable crack propagation region is
relatively rough and covered with many dimples, indicating that ductile
fracture is dominant. In addition, a large number of ravines oriented
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Fig. 8. Representative fracture surfaces of the tensile specimens: (a-b) 293 K, (c-d) 223 K, (e-f) 173 K, (g-h) 123 K. The red and black arrows in (b-d) indicate the
defect responsible for the onset of fracture and the location of plateaus or basins, respectively.
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Table 5
Fracture toughness of the tested specimens at different temperatures (Kic are the average values of the valid Kq).
Temperature [K] Specimen a/W Ko Criterion 1 Criterion 2 Kic rp[mm]
number [/1 [MPa /m] [MPa /m]
293 1 0.55 61.70 Pass Pass 64.87 0.14
2 0.54 67.87 Pass Pass
3 0.55 64.01 Pass Pass
4 0.55 65.91 Pass Pass
223 1 0.57 62.97 Fail Pass 57.80 0.09
2 0.55 56.89 Pass Pass
3 0.56 58.71 Pass Pass
173 1 0.55 54.69 Pass Pass 54.99 0.07
2 0.58 58.60 Pass Pass
3 0.57 55.29 Pass Pass
123 1 0.54 53.90 Pass Pass 54.36 0.06
2 0.55 60.41 Fail Pass
3 0.55 55.96 Pass Pass

perpendicular to the build direction are clearly shown at the junction of
the two regions are clearly shown. As the temperature decreases, the
ravines become smaller and the fracture surface of the unstable crack
propagation region becomes flatter. Usually, larger ravines and cone-
shaped hills are caused by crack deflection during fracture and more
energy is consumed [48], which may be a reason for the increased
fracture toughness at higher temperature.

The main crack initiations observed in the LPBF Ti6Al4V alloy are:
smooth facets with small cracks, LOF regions with un-melted powder
and gas pores, as shown in Fig. 11. According to [49], defects are usually
caused by insufficient energy (LOF defects) or excessive energy (gas
pores) in the metallic LPBF process. In this study, both excessive energy
and insufficient energy defects appeared in the fracture surfaces.
a-phase facet defects and microscopic small cracks are reported to be the
source of crack initiation in traditionally manufactured Ti6Al4V alloy
[50]. However, cracks in LPBF Ti6Al4V alloy can also originate from
pores and LOF defects. That is, there are several competing fracture
mechanisms in additively manufactured titanium alloys. The effect of
defects on the fracture mechanism is significant, but defects in LPBF
parts can be minimized by the use of high-quality powders, substrate
preheating, optimization of process parameters and post heat treatment
[51], resulting in improved fracture toughness. The final fracture
toughness of additively manufactured Ti6Al4V alloy is ultimately
determined by the number and location of defects within the specimen.

Fig. 12 illustrates the interaction between the crack path and the o
colonies (prior p grains) characterized by EBSD of the sample at 173 K.
The result shows that the primary crack propagates through the a col-
onies, namely translamellar propagation, and at the junction of the

colonies, the crack will appear deflection. According to [52], the
translamellar crack is strongly dependent on the active slip planes, while
the interlamellar crack is closely related to the misorientation between
the adjacent a-lamellas. In addition, the large orientation deviation
between o lamellar will promote the deflection of cracks or lead to the
alternating propagation of interlamellar cracks and translamelar cracks.
Eventually, a serrated crack propagation path is formed. In general, the
crack propagation path of the specimen is relatively flat, indicating that
there is a small plastic deformation, which is consistent with the duc-
tile-brittle mixed fracture mode of the low temperature tensile specimen
shown in Fig. 8(c).

3.3.2. Temperature effect on crack tip plastic zone

A significant difference can be observed in the plastic deformation
region of 1/2 T specimens at different temperatures, as shown in Fig. 10.
To clearly get the size and shape of the CYPZ at different temperatures,
finite element analysis (FEA) based on the elastic—plastic J-integral was
used to characterize the crack tip filed. Von Mises stress distributions of
the specimens at different temperatures are shown in Fig. 13. The gray
area near the crack tip in the stress contour represents the plastic zone,
where the von Mises stress exceeds the yield stress of the material. The
size of the plastic zone is relatively small compared to the crack length
and other characteristic dimensions. It can also be seen that the plastic
yield occurs only near the crack tip position, and the plastic zone has a
classic butterfly shape in the XOY (z = 0) plane. As the temperature
decreases, the maximum of the von Mises stress increases and the plastic
zone of the crack tip gradually decreases. This may be the reason for the
reduced fracture toughness of the material at low temperature, since the
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Fig. 11. Typical defects in the LPBF Ti6Al4V alloy: (a) smooth facets with small cracks, (b) LOF defects with un-melted powder particles, (c) gas pores.

plastic zone is the result of plastic deformation, which is accompanied by
drastic energy consumption.

Fig. 14 shows the comparisons for the CTPZ contour lines in the mid-
symmetry plane between the results obtained by FEA and those pre-
dicted by the theoretical solutions Egs. (2) and (3) when the horizontal
displacement constraint reaches to the limit of 0.3 mm at different
temperatures. In the mid-symmetry plane, the plane strain plastic zone is
much smaller than the plane stress plastic zone, the former condition
suppresses yielding, resulting in a smaller plastic zone for a given load
value. The area of the plastic zone decreases with the decreasing of
temperature. The FEA plastic zone area of the specimen at 123 K is only
about one-third of that at 293 K. The smaller the plastic zone is, the
specimen at low temperature is less likely to yield and more prone to
brittle fracture than the specimen at room temperature. This explains
the increase in tensile yield strength at low temperature, and is consis-
tent with the mixed ductile-brittle fracture mode exhibited at low

10

temperature. The plastic zone calculated by FEA is closer to the plane
strain plastic zone. It indicates that our finite element simulation sat-
isfies the plane strain condition, which is consistent with the results of
most specimens meeting the Kj¢ validity criteria, and also proves the
reliability of the FEA results in this study.

Fig. 15(a) shows the distributions of the J-integral in the mid-
symmetry plane. The J-integral increases monotonically with
increasing loading displacement. It is interesting to notice that the J-
integral of the specimen at 173 K is larger than that of 123 K for the same
load. It can be found that the variation of J-integral with temperature
follows the same trend as the variation of Young’s modulus with tem-
perature. A subroutine was developed to accurately calculate the vol-
ume of the plastic zone (V},) near the crack tip, as shown in Fig. 15(b).
When the loading displacement is less than 0.1 mm, the specimen does
not undergo plastic deformation, and the Vj, is 0. For the same load
displacement, the V|, decreases with the decreasing of temperature.
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Fig. 12. EBSD IPF map of the crack path for a 173 K sample. The white dotted lines indicate « colonies and the yellow dotted lines mark the crack path profile.
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Fig. 13. Von Mises stress distributions of 1/2 T specimens at different temperatures: (a) 293 K, (b) 223 K, (c) 173 K, (d) 123 K.

Researchers have found that both high-purity Ti and Ti-5at%Al have [53]. For LPBF Ti6Al4V alloy, the dislocation motion can also be

significantly harder dislocation motion at liquid nitrogen temperatures retarded at low temperature, which resulting in the reduction of plastic
(77 K) than at room temperature. At low temperatures, the dislocation energy dissipation. The macroscopic manifestation is that the fracture
motion of high-purity Ti is even more difficult than that of Ti-5at%Al toughness decreases with the decreasing of temperature. In some
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Fig. 15. The distribution of the J-integral in the mid-symmetry plane (a) and the volume of the plastic zone near the crack tip (b) at different temperatures.

location.

The relationships between J-integral and V, for specimens at
different temperatures are shown in Fig. 16. It can be seen that the
variation of V, with J-integral is similar to the variation of Kic with

extreme service environments, materials with properties to resist cryo-
genic temperatures and intense vibration are required [54]. In the
future, we could explore fracture and fatigue life studies of LPBF
Ti6Al4V at low temperatures while taking into account defect size and

12
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Fig. 16. Relationship between J-integral and V|, for specimens at different
temperatures.

temperature. The J-integral is affected by both loading and material
properties. In the future, it may be possible to find the unified rela-
tionship between V}, and J-integral at different temperatures, so that the
fracture toughness of materials at different temperatures can be pre-
dicted by FEA. However, such an attempt would require a large number
of experiments with FEA results to ensure reliability.

4. Conclusions

In this paper, effects of temperature on the tensile and fracture
performance of the LPBF Ti6Al4V alloy were investigated. The micro-
structure anisotropy and fracture surfaces of specimens at different
temperatures were analyzed. The following conclusions are drawn:

(1) The tensile strength obviously increases with decreasing tem-
perature. The yield strength of the specimen at 123 K is 35%
higher than that at 293 K, and the corresponding fracture elon-
gation decreases by only 2.9%. The fracture mode changes from
ductile fracture at room temperature to a mixed mode at low
temperature.

A correlation of fracture toughness and temperature between 123
and 293 K was obtained. The fracture toughness of the specimen
at 123 K is 16.2% lower than that at 293 K. Smooth facets with
small cracks, LOF regions and gas pores can form the crack
initiation in LPBF Ti6Al4V alloy.

The crack tip plastic zone size decreases with the decreasing of
temperature. This may be because the dislocation motion is
retarded at low temperature, resulting in the reduction of plastic
energy dissipation. The variation of plastic zone is consistent with
that of fracture toughness with temperature.

The LPBF Ti6Al4V alloy exhibits strong microstructural anisot-
ropy. The texture strength of the samples differs by nearly 50% in
the direction parallel to and perpendicular to the build direction.
This is determined by the micro- and meso-structures of the LPBF
Ti6Al4V alloy, and stress relieving annealing cannot completely
eliminate the anisotropy.
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