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A B S T R A C T   

To improve the understanding of high temperature mechanical behaviours of LPBF Ni-based superalloys, this 
work investigates the influence of an elongated grain structure and characteristic crystallographic texture on the 
anisotropic tensile behaviours in LPBF Hastelloy X (HX) at 700 ◦C. Two types of loading conditions have been 
examined to analyse the anisotropy related to the building direction (BD), including the vertical loading (loading 
direction//BD) and the horizontal loading (loading direction ⊥ BD). To probe the short-term creep behaviours, 
slow strain rate tensile testing (SSRT) has been applied to address the strain rate dependent inelastic strain 
accumulation. In-situ time-of-flight neutron diffraction upon loading was performed to track the anisotropic 
lattice strain evolution in the elastic region and the texture evolution in the plastic region. Combined with the 
post microstructure and fracture analysis, the anisotropic mechanical behaviours are well correlated with the 
different microstructural responses between vertical and horizontal loading and the different strain rates. A 
better creep performance is expected in the vertical direction with the consideration of the better ductility and 
the higher level of texture evolution.   

1. Introduction 

Ni-based superalloys are an important group of materials for load 
bearing applications at extreme conditions, including high temperature 
and severe corrosion. The excellent mechanical performance makes 
these materials widely used for the gas turbine applications in aerospace 
and energy industries [1]. In the recent years, the potential of additive 
manufacturing (AM) of Ni-based superalloys has increased with the 
gradually maturing of the AM techniques, and various extended appli
cations have been developed due to the design freedom benefited from 
AM [2–5]. To ensure robust high temperature applications of AM, this 
work conducts a fundamental study on the anisotropic tensile behav
iours and short-term creep resistance of Hastelloy X (HX) manufactured 
by laser powder bed fusion (LPBF). 

HX is a Ni-based superalloy that is strengthened by carbide precipi
tation and solid-solution strengthening, and the face-centred cubic 
(FCC) phase remains stable at elevated temperatures [6]. The 

combination of excellent corrosion resistance and strength makes HX a 
good material candidate for components in the hot sections of gas tur
bines [7]. For powder bed fusion (PBF), it is common to find elongated 
grain structures and a characteristic texture caused by directional en
ergy input. The texture of PBF FCC materials varies with the different 
process parameters, such as the different input energy source between 
laser and electron beam [8], the variation of laser power and laser scan 
speed [9,10], and the different deposition strategies [11,12]. Although 
diverse texture and grain structure are revealed under different process 
parameters, a roughly elongated grain structure can still be found in 
most LPBF FCC materials, and it is assumed to be responsible for the 
anisotropic mechanical behaviours. To a general study on the effect of 
elongated grain structure and texture, the specimens in this work were 
fabricated by using the standard process in a common LPBF equipment, 
EOS M290. 

Creep performance is one of the important properties for high tem
perature applications. However, most of the database for the creep 
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properties of HX is from the conventionally manufactured specimens 
[13–16], and the literature on the creep performance of LPBF HX is 
scarce [17]. Tensile tests at elevated temperatures can be indirect evi
dences for the estimation of creep performance, yet, still only limited 
work on LPBF HX can be found [18–23]. To probe the short-term creep 
resistance, slow strain rate tensile testing (SSRT) is a useful method 
[24–26]. With the slow strain rate at the reasonable temperature for the 
thermally activated process, creep damage will be continuously accu
mulated after reaching the creep stress. Hence, the strain rate dependent 
inelastic strain accumulation can be addressed. In our previous study on 
high temperature tensile behaviours of LPBF HX [23,27], we observe 
that the grain boundaries become weaker at elevated temperature and a 
significant ductility loss takes place at 700 ◦C under a strain rate of 
10− 3/s. In the continuous work, the significant creep damage associated 
with the applied slow strain rate of 10− 5/s and 10− 6/s was investigated 
[28]. For the slow strain rate of 10− 5/s and 10− 6/s, continuous softening 
right after yielding caused by creep damage was observed, which is a 
significant difference to the strain rate of 10− 3/s. The elongated grain 
structure and the anisotropic texture directly lead to anisotropic tensile 
behaviours, especially the ductility difference related to the building 
direction (BD). In addition, deformation twinning has been reported as a 
mechanism influencing the tensile behaviour of LPBF HX at both room 
temperature [29,30] and elevated temperature [28], hence, the 
strain-rate dependence will be investigated in this study. 

For creep loading, the heterogeneity of strain distribution is highly 
related to the localized strain accumulation and slip transmission at 
grain boundaries [16]. A higher level of heterogeneous strain distribu
tion is expected in LPBF HX due to the characteristic microstructure, and 
the effect on the mechanical behaviours can be revealed by the lattice 
strain evolution upon loading. In-situ time-of-flight (TOF) neutron 
diffraction is a powerful tool to trace multiple lattice plans simulta
neously, which is beneficial for deformation mechanism investigation, 
such as stress partitioning behaviours [31–35] texture evolution [36], 
and deformation twinning [37,38]. As neutrons can penetrate a large 
thickness of Ni-based superalloys, the measured full neutron diffraction 
pattern is beneficial to determine material properties at lattice scale but 
also generates a good statistical characterization of the bulk material. A 
higher level of heterogeneous strain distribution is expected in LPBF HX 
due to the characteristic microstructure, and the effect on the mechan
ical behaviours can be revealed by the lattice strain evolution upon 
loading. 

In this work, an in-situ TOF neutron diffraction experiment was 
performed under mechanical loading to address the anisotropic elastic 
and plastic responses of LPBF HX at 700 ◦C with two different applied 
strain rates (10− 3/s and 10− 5/s). The strain rate of 10− 5/s was chosen 
due to the similar behaviours to the strain rate of 10− 6/s. In addition, 
less creep damage generated during neutron diffraction measurement 
can be achieved with the faster strain rate. By using Rietveld method for 
diffraction peak analysis [39], each individual crystallographic lattice 
response at different loading stage can be obtained [34,40,41]. Com
bined with post analysis of microstructure of the deformed specimen, 
the anisotropic deformation and fracture mechanisms of LPBF HX 
spanning over a wide range of length scales are investigated. Due to the 
limited accessibility to neutron experiments and the rare capability of 
in-situ mechanical loading at elevated temperatures, this study provides 
a unique perspective on the anisotropic deformation behaviours of LPBF 
FCC materials. 

2. Experiments 

2. 1Additive manufacturing 

Rod-like samples were manufactured by using the standard process 
of laser powder bed fusion in an EOS M290 equipment. The schematic 
illustration of the LPBF process can be found Yu’s thesis [42]. The rods 
were 18 mm in diameter and 120 mm in length. The building layer 

thickness was 40 μm and a scanning rotation of 67◦ has been applied. For 
each layer, the hatching was applied first and followed by two lines of 
contouring with a width of 150 μm. 

Two types of rods were built for the purpose of investigating the 
influence of loading direction (LD). One type was built vertically, with 
the building direction (BD) parallel to the load direction. Another type 
was built horizontally, where the loading direction is in the in-plane 
direction of the powder bed, and the BD is perpendicular to the length 
of the rod. The powder for the printing was EOS NickelAlloy HX, and the 
nominal composition can be found in Table 1. The samples for micro
structure characterization and mechanical testing are all in the as-built 
state without any post processing. 

2. 2.Mechanical testing 

Tensile tests with two different strain rates, 10− 3/s and 10− 5/s, were 
performed at 700 ◦C by using an Instron 5582–100 KN universal testing 
machine in the lab at Linköping University. The procedure of tensile 
tests at elevated temperature followed the standard ISO 6892-2. An 
Instron 7361C extensometer with a gauge length of 12.5 mm was 
attached at the centre of the tensile specimens. Load cell and exten
someter comply with standards ISO 7500-1 (system class 0.5) and 
ISO9513 (system class 1.0), respectively. Displacement and speed cali
brations are performed in accordance with Instron’s internal procedure. 
The applied strain was recorded by the extensometer up to the strain of 
0.05 mm/mm, and the rest was calculated from the cross-head 
displacement. The entire tensile specimen was positioned in a heating 
chamber with a pre-load of 100 N for the purpose of sample alignment, 
and a type K thermocouple was attached at the centre of the tensile 
specimen for the temperature monitoring and control with a maximum 
variation of ±2 ◦C during the entire test. The tensile specimen was 
heated up with a ramp rate of 20 ◦C/min, and a dwell time of 1 h was 
applied before the test for the purpose of temperature homogenization. 

Cylindrical dog bone tensile specimens were machined from the 
LPBF rods mentioned in the previous section, and the specimen di
mensions are given in Fig. 1. The “vertical loading” (VL) refers to the 
loading that is applied along the BD, and the “horizontal loading” (HL) 
refers to the loading that is perpendicular to the BD. In combination with 
two strain rates, 10− 3/s and 10− 5/s, there were four loading conditions 
in total, and the abbreviations of each loading condition are given in 
Table 2. Due to the limited number of tensile specimens, only one test of 
each condition was performed. The Young’s modulus is determined by 
applying the linear regression at the elastic regime, and the uncertainty 
refers to the fitting error. 

2. 3TOF in-situ neutron diffraction 

In-situ TOF neutron diffraction measurements were performed upon 
uniaxial tensile loading at 700 ◦C by using the third-generation ENGIN-X 
strain diffractometer at the ISIS spallation neutron source, Rutherford 
Appleton Laboratory, [43]. The experimental data can be found via the 
ISIS experiment number, RB2010043 [44]. The incident beam is a 
pulsed neutron beam with an energy range. As the flight path is fixed in 
the setup of TOF diffraction, the detector records the detected neutrons 
as a function of time, which can be transferred to wavelength and further 
to the d-spacing of each {hkl} plane. 

The setup for instrument and sample is shown in Fig. 2a. The stress 
rig was mounted horizontally with the loading axis oriented at 45◦ to the 

Table 1 
Nominal composition of the powder EOS NickelAlloy HX, in wt %.  

Ni Cr Fe Mo W Co C Si 
Bal. 20.5–23 17–20 8–10 0.2–1 0.5–2.5 ≤0.1 ≤1 
Mn S P B Se Cu Al Ti 
≤1 ≤0.03 ≤0.04 ≤0.01 ≤0.005 ≤0.5 ≤0.5 ≤0.15  
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incident beam. The two detector banks at 2θ = ±90◦ enable 

simultaneous measurement of strains or d-spacing evolution in both the 
loading direction (LD) and the radial direction (RD). The tensile spec
imen geometry and dimensions are shown in Fig. 2. To maximize dif
fracted signal, a large gauge volume defined by the incident beam slit (8 
mm in height and 4 mm in width) and the radial collimator (4 mm) was 
used. The sample was carefully aligned to ensure that the centroid of the 
gauge volume is positioned at the centre of the specimen gage length. A 
radiant furnace was mounted on the stress rig to heat the specimen up to 
700 ◦C. The specimen was applied with a small preload of 5 MPa before 
and during heating. Upon reaching 700 ◦C, the specimen was held at this 
temperature for 5 min before diffraction measurements were performed 
with an acquisition time of about 2 min. This relatively short acquisition 
time was employed to minimize creep and give a satisfactory diffraction 
pattern quality. The specimen was then held at the designated applied 
loads while diffraction measurements were performed. In the initial 
elastic regime, the tensile loading was stress-controlled. The applied 
stress rate was determined from the stress-strain curve obtained at the 
laboratory in Linköping University, as mentioned in the previous sec
tion. Each test condition shows a linear response in the elastic regime 
and hence, the applied stress rate was calculated from the Young’s 
modulus of each stress strain curve respectively. When the loading 
approached the yielding point, the tensile loading was switched to be 
strain-controlled in the elasto-plastic regime and plastic regime until 
failure. 

The first measured diffraction pattern is considered as the stress-free 
state of the specimen, where the stress-free d-spacing, d0, is taken. The d- 
spacing of each peak is obtained by peak fitting using Rietveld refine
ment with the OpenGenie program [45]. The lattice strain is determined 
by the peak shift of d-spacing, 

εhkl =
dhkl − d0

hkl

d0
hkl

(1)  

where εhkl is the lattice strain of the {hkl} planes and dhkl is the inter
planar lattice spacing of the {hkl} plane. The strain measurement un
certainty of ENGIN-X is 50 μ ε (1 μ ε = 10− 6) [43]. 

2. 4Microstructure and texture analysis 

The microstructure of the as-built specimen was imaged from the 
centre of the rod using a Hitachi SU 70 field emission scanning electron 
microscope (FE-SEM) equipped with an Oxford EBSD (electron back 
scattered diffraction) detector. The area of interest was polished from 
500 Grit down to 4000 Grit, and then fine polishing with diamond 
suspension was applied from 3 μm down to 0.25 μm. OP-U colloidal 
silicon suspension was used after the fine polishing followed by the 
water polishing as the final step. The grain orientation maps were ob
tained by using EBSD with the applied voltage of 20 kV and the scanning 
step size of 1 or 0.5 μm depending on the required resolution. The grain 
size is determined from the high angle grain boundaries (>10◦) in the 
EBSD grain orientation map, which the sectional area of a grain is 
postulated as a circle and the grain size refers to the equivalent diameter. 

The bulk texture of the as-built rod was analysed from the pole fig
ures (PF) measured by using KOWARI, a neutron diffractometer at 
Australian Nuclear Science and Technology Organization, ANSTO [47]. 
A monochromatic beam with a wavelength of 1.5 Å was used for the 
measurement on an approximately 5◦ × 5◦ spherical grid, with mea
surement time of 5 s per angular position. For the neutron texture 
experiment, coupon cylinders of 10 mm height and 10 mm in diameter 
(cut from the longer cylinders of 18 mm in diameter) was measured and 
being fully submerged in the neutron beam. Five PFs were obtained for 
the sample, including (111), (200), (220), (311) and (222). An open 
source MATLAB toolbox MTEX was used for the pole figure analysis, 
texture (orientation distribution function) reconstruction and Young’s 
modulus tensor calculation [48]. 

For the deformation and fracture mechanism investigation, the 

Fig. 1. Geometry of the tensile specimen tested in the lab at Linköping Uni
versity. Note that the dimensions are in mm. 

Table 2 
The abbreviations of each loading condition. The variables include the two 
different loading directions and two different strain rates.   

Vertical loading Horizontal loading 

Strain rate: 10− 3/s V_E-3 H_E-3 
Strain rate: 10− 5/s V_E-5 H_E-5  

Fig. 2. (a) The setup of in-situ neutron diffraction measurement upon tensile 
loading. Q⊥ and Q|| are the scattering vectors in the LD and RD, respectively. (b) 
Geometry of the tensile specimen for the stress rig in ENGIN-X [46]. 
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deformed microstructure and fracture surfaces were analysed for the 
deformed specimens from the tensile tests performed in the lab at 
Linköping University. The deformed microstructure from the in-situ 
neutron diffraction experiment at ENGIN-X were not studied in this 
work due to the reason of extra creep damage accumulated during the 
holding time for the neutron measurement. The fractography was per
formed with a combination of light optical microscope (LOM) and FE- 
SEM for a wide range of length scales. The deformed microstructure 
was analysed from the cross-section close to the fracture surface; the 
grain orientation map was taken from the area that was about 1 mm 
below the fracture, and the step size of 0.5 μm was used for increasing 
the resolution to reveal the narrow deformation twins. 

3. Results 

3. 1As-built microstructure 

The as-built microstructures and texture are shown in Fig. 3. Elon
gated grain structure along the BD and a clear Goss-type texture of the 
as-built LPBF HX are found. From the top view cross-section (a), equi
axed grains reveal the in-plane equiaxiality while the elongation and 
grain size in this direction are clearly visible in the side view (b). The 
grain size distribution shows large spread, and the grains can be as large 
as over 100 μm. From Fig. 3a, a clear <011>//BD (appears in green 
colour) texture component is exhibited. The same result is demonstrated 
by the texture measured by using neutron diffraction shown in Fig. 3c, 
which gives a better statistical quality. While in general the texture is 
characterized by Goss component, {011}<001>, it has also a noticeable 
orientation spread around BD approximately ±10◦. A further clarifica
tion of GOSS-type texture in LPBF microstructure can be found in 
Bahshwan et al. [49]. Since the side view (b) is mapped from the plane of 
horizontal loading, it is able to indicate the horizontal loading direction 
in the pole figures in Fig. 3c by comparing the texture components be
tween two measurements. 

3. 2Mechanical behaviours 

The tensile tests at two different strain rates were performed at 
700 ◦C. The stress-strain curves are shown in Fig. 4 and the mechanical 
properties are listed in Table 3. For the strain rate of 10− 3/s, the hori
zontal sample shows higher yield stress, ultimate tensile stress (UTS) and 
work hardening rate, but the ductility is worse than the vertical sample. 
On the other hand, for the strain rate of 10− 5/s, a continuous softening 
takes place right after the yield point for both loading directions, and a 
larger degree of softening is found in the vertical loading. At the slow 
strain rate, the vertical ductility is still better than the horizontal 

Fig. 3. EBSD grain orientation mapping and texture analysis from neutron diffraction of the as-built LPBF HX. (a) The top view of the microstructure imaged from the 
vertical loading cross section where the BD is given. (b) The side view of the microstructure imaged from the horizontal loading cross section where the BD is given, 
and the plane-normal is the horizontal loading direction. Note that the colour legend of both grain orientation maps is according to the BD; the black lines refer to 
>10◦ grain boundaries, and the grey lines refer to the >2◦ grain boundaries. A scanning step size of 1 μm was used for the EBSD setup. (c) The (001), (011), (111) and 
(311) pole figures of the as-built bulk texture measured by using neutron diffraction at KOWARI. The measured coupon cylinder is from the vertically built rod. The 
centre of each pole figure refers to the BD. Note that the VL was applied along the BD, which is the centre direction in the pole figures, while the HL was applied along 
the east-west direction in the pole figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Four stress - strain curves obtained from the tensile tests at 700 ◦C 
performed at the lab in Linköping University. The solid and dotted lines 
represent the strain rate of 10− 5/s and 10− 3/s respectively. The red and blue 
colour refer to the vertically and horizontally built specimens respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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ductility, and the anisotropy in ductility becomes larger as the ratio of 
vertical ductility over horizontal ductility increases roughly from 1.5 up 
to 2. Significant necking is observed in the vertically deformed specimen 
that leads the higher area reduction, and a slightly higher area reduction 
is found for the strain rate of 10− 3/s. 

3. 3In-situ neutron diffraction 

The stress-strain curves from the in-situ neutron diffraction mea
surements are shown in Fig. 5a. The difference in work hardening and 
softening between the two strain rates is in the same trend as the 
continuous tensile tests shown in Fig. 4. However, significant stress 
relaxation occurred during each 2 min neutron measurement period at 
elevated temperature of 700 ◦C, especially for the strain rate of 10− 3/s. 

In addition, an inevitable strain accumulation with constant applied 
stress is evident while the stress-controlled mode is switched to the 
strain-controlled mode in the elasto-plastic regime. 

The lattice strain evolutions in both the LD and the RD at elevated 
applied stress are plotted in Fig. 5b–e. The lattice elastic constants of 
different grain families with (hkl) planes oriented in the loading direc
tion can be evaluated from the linear regime of the slope and they are 
summarized in Table 4. For the lattice strain evolution in the LD, <111>
exhibits the highest stiffness while <200> is the softest. In addition, 
different elastic responses of different (hkl) families at slow strain rate 
are found. The bulk Young’s modulus decreases at the slow strain rate 
while the elastic constants of <111> and <220> increase significantly 
in both V_E-5 and H_E-5. For the elastic constant of <200>, only V_E-5 
increases at the slow strain rate while H_E-5 remains at the same level. 

3. 4Deformed microstructure 

The deformed microstructures of V_E-5 and H_E-5 that are close to 
the fractures are shown in Fig. 6a and b. The higher amount of creep 
voids in the V_E-5 indicates more creep damage, which agrees with the 
higher level of softening behaviour shown in Fig. 4. On the contrary, the 
creep damage in the horizontal loading is considered to concentrate on a 
major intergranular fracture along the fracture surface, due to less creep 
voids found in the cross-section and a more continuous intergranular 
fracture shown in Fig. 7d. On the distribution of the creep voids in V_E-5, 
a tendency for a “V” shape of creep voids can be found at the top or the 
bottom of the elongated grains shown in Fig. 6a. A further analysis on 
the grain orientation map is shown in Fig. 6c and d, the creep voids 

Table 3 
Summary of the mechanical properties at 700 ◦C for the four different tensile test 
conditions.   

Yield stress 
(0.2%), MPa 

Young’s 
modulus, 
GPa 

UTS, 
MPa 

Elongation, 
% 

Reduction of 
area, % 

V_E- 
5 

380 113.8 ± 0.15 387 21 45 

H_E- 
5 

405 94.3 ± 0.05 412 10 24 

V_E- 
3 

395 143.3 ± 0.9 581 27 49 

H_E- 
3 

410 138.8 ± 1.14 634 18 26  

Fig. 5. (a) The true stress – true strain curves of the four different loading conditions during the in-situ neutron measurement. (b)–(e) Lattice strain evolution in both 
LD and RD at elevated applied stress. Note that the strain uncertainty is determined from the fitting uncertainty in the lattice parameter [50]. 
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locate at the regime that is either close to the high angle grain bound
aries or at the grains that have experienced large texture evolution. 

The influence of strain rate on the deformed microstructure in the 
vertical loading can be compared in Fig. 6c–f. Deformation twins and 
creep voids are found for both of the strain rates, but the volume fraction 
is higher in the slow strain rate test. Though V_E-5 shows higher amount 

of deformation twins (labelled by red lines in Fig. 6d and f), the twin 
volume fraction is only 1.18%. The deformation twins in V_E-5 are 
mainly found along the long side of the elongated grains, which are 
shown in the labelled area in Fig. 6d. For both strain rates, the defor
mation twins locate at the grains with the crystallographic orientation 
close to <111>//LD (colour legend of blue). In addition, a texture 
evolution from <011>//LD to <111>//LD is observed, of which takes 
place in the grains with texture of <011>//BD in the as-built state. A 
stronger texture of <111>//LD in the V_E-3, shown in Fig. 6e, implies a 
higher level of texture evolution, while the V_E-5 fractured before the 
texture could fully evolve toward <111>//LD. 

3. 5Fracture behaviours 

The comparison of different fracture behaviours between V_E-5 and 
H_E-5 is shown in Fig. 7a–d. The vertically loaded sample underwent 
significant anisotropic contraction, and an oval shape of fracture surface 

Fig. 5. (continued). 

Table 4 
The elastic constants of <111>, <200>, <220>, <311> in the loading direction 
evaluated from Fig. 5b–e. Note that the unit is GPa. Note that E200 is fitted within 
the linear regime as an obvious yielding is observed at the highest applied stress.   

E111 E200 E220 E311 

V_E-5 233.3 ± 40.7 102.2 ± 2.1 158.1 ± 3.9 105.6 ± 10.7 
H_E-5 230.4 ± 22 84.2 ± 5 204.2 ± 22.7 108.1 ± 3.8 
V_E-3 159.4 ± 25.8 85.5 ± 9.5 139.7 ± 8.8 118.2 ± 7.5 
H_E-3 198.5 ± 5.5 88.9 ± 2.6 180 ± 19.4 113.5 ± 4  

C.-H. Yu et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 844 (2022) 143174

7

is found. Intergranular fracture behaviour is observed in both samples, 
which indicates the creep damages due to the slow strain rate. Multiple 
directional fractures are shown in Fig. 7c and d, which reveal the 
directional growth of dendrites that follows the local thermal gradients 
created during the complex laser movement. The different morphologies 
of fractures demonstrate the influence of an elongated grain structure. 
The size of the potholes in the fracture surface of the vertically loaded 
sample corresponds well with the grain size of the elongated grain 
structure shown in Fig. 3, and it indicates that the intergranular fracture 
follows the high angle grain boundaries. The statement is also supported 
by the observation of creep voids shown in the EBSD mapping from the 
cross section in Fig. 6. On the other hand, a smoother fracture is 
observed in the H_E-5 since the loading was applied perpendicular to the 
long side of the elongated grains. The fracture surfaces of V_E-3 and V_E- 
5 are shown in Fig. 7e and f. Some of the fracture features in the slow 
strain rate, such as potholes and directional fracture, can be partially 
found in the strain rate of 10− 3/s. However, higher level of ductile 
fracture behaviours is observed in the V_E-3 and H_E-3, which are 
indicated by the dimple fractures. 

4. Discussion 

4. 1Elastic behaviour 

The elastic <hkl>-dependant lattice strain responses upon different 
loading conditions at 700 ◦C are shown in Fig. 5. The lattice strain of 
each grain family with <hkl> aligned in the LD increases with the 
applied stress, and the slope as a function of the applied stress represents 
the stiffness of each <hkl> lattice plane, which is summarized in 
Table 4. For all the different loading conditions, the lattice elastic con
stant of <111> is found to be the stiffest while <200> is the softest, and 
the ratio of E<111>/E<200> is about 1.86–2.74. The elastic lattice 
anisotropy in LPBF HX corresponds well to the theoretical anisotropy 
[51,52] where the material-dependent ratio of E<111>/E<200> for the 
pure Ni is 2.36 [53]. The elastic lattice anisotropy agrees well with other 
in-situ studies of FCC materials, such as Ni-based superalloys [41], 
austenitic stainless steels [38,54] and high entropy alloys [55]. More
over, the texture in LPBF HX also leads different degree of lattice 
anisotropy [56]. 

In Table 3, the Young’s modulus, as average over all (hkl) families 
with texture taken into account, shows a clear decrease for the slow 
strain rate, and it indicates an influence of creep deformation also below 
the yield point [26]. Apparently for the slow strain rate, the 
micro-plasticity takes place at microstructural defects and grain 

Fig. 6. Microstructures of the specimens deformed at 
fracture. (a) Deformed microstructure of V_E-5 close 
to the fracture surface, and the creep voids are indi
cated. (b) Deformed microstructure of H_E-5 close to 
the fracture surface. (c)–(d) EBSD grain orientation 
maps of V_E-5 with different colouring methods. (e)– 
(f) EBSD grain orientation maps of V_E-3 with 
different colouring methods. Note that (c)–(f) were 
taken from the areas that are approximately 1 mm 
away from the fracture; the BD and LD are along the 
horizontal direction. The colour legend in (c) and (e) 
is according to the BD; the scanning step size is 0.5 
μm; the black lines refer to >10◦ grain boundaries, 
and the grey lines refer to >2◦ grain boundaries. (d) 
and (f) are imaged from the band contrast with 
deformation twins labelled by the red lines. The 
labelled areas in (d) refer to the long side of the 
elongated grains with the revealed deformation 
twins. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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boundaries, which is evidenced by the time evolving creep voids at grain 
boundaries from the deformed microstructure. As a result, the local 
stress concentration caused by the micro-plasticity can lead to the het
erogeneous lattice strain distribution [16,57]. The heterogeneity can be 
enhanced by the elongated grain structure, the characteristic texture, 
and the stress-dependent deformation twins around grain boundaries 
from the deformed microstructure. In Table 4, the variations of the 
different <hkl> elastic constants are observed between the two strain 
rates, indicating the strain-rate dependence of the <hkl> elastic con
stants. The lattice strain obtained by the diffraction pattern only ad
dresses the elastic strain. The strain-rate dependence of the <hkl>
elastic constants is assumed to be the result of stress partitioning 
[31–35], because the micro-plasticity takes place in the macroscopic 
elastic strain regime and certain crystallographic orientations are prone 
to yield [31–35]. As the neutron diffraction was averaged over a large 
volume, the overall variation of elastic constants reveals the strain-rate 
dependence. Yet, a further study on the microstructural influence on the 
lattice strain evolution upon creep deformation is required. 

The influence of texture on the elastic properties can also be found 
through texture-based calculations and the difference of Young’s 
modulus between the two loading directions can be confirmed. Fig. 8 
presents the estimated Young’s modulus surface with the input of as- 
built bulk texture data obtained from neutron diffractions, a set of sin
gle crystal constants and a choice of the model. The Hill’s model is 
applied for the calculation [58]. The input parameters for the calcula
tion were taken from a solid-solution strengthened Ni-based superalloy, 
Inconel 625. A lattice parameter of 3.6009 Å [59] and the following 
single crystal constants c11 = 205.2 GPa, c12 = 149.3 GPa, c44 = 99.3 
GPa at 700 ◦C were applied [41]. Due to the existing as-built bulk 
texture, the Young’s modulus shows a certain degree of anisotropy. 
However, based on the maximum and minimum values, the level of 
anisotropy is much less than the single crystal. The calculated Young’s 
modulus is 166.6 GPa for the vertical loading, and 125.7 GPa for the 
horizontal loading. The estimated Young’s modulus values corresponds 
well with the as-built bulk texture shown in Fig. 3c, where the maximum 
of the Young’s modulus can be correlated to the stiffest crystallographic 
direction <111>. In fact, due to the nature of the as-built texture (single 
texture component in a Goss orientation), the Young’s modulus direc
tional distribution of our textured material is very similar to the 
single-crystal one (also assuming 45◦ rotation to the Goss orientation), 
though of less degree of anisotropy as reported above. 

The calculated Young’s modulus surface only represents the texture- 
imposed anisotropy. There are other possible sources of anisotropy such 
as grain ellipticity. The fact that the Young’s modulus for the vertical 
loading is still found higher than the horizontal loading supports the 

Fig. 7. (a)–(b) Fracture surfaces imaged by using LOM. (a) V_E-5. (b) H_E-5. 
(c)–(f) Fracture surfaces imaged by using FE-SEM. (c) V_E-5. (d) H_E-5. (e) 
V_E-3. (f) H_E-3. 

Fig. 8. Estimated Young’s modulus surface calculated by using MTEX [60]. The unit is in GPa. (a) Young’s modulus surface of a single crystal. (b) Young’s modulus 
surface with the input of as-built LPBF HX texture. The centre of the sphere refers to the vertical loading direction, and the east-west direction refers to the horizontal 
loading direction. 
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idea of microstructural influence through crystal texture on the aniso
tropic Young’s modulus. 

4.2. Deformation and fracture behaviours 

4.2.1. Texture evolution 
For the vertical loading, the significantly anisotropic volume 

contraction shown in Fig. 7a is caused by the large texture evolution and 
grain rotation. The characteristic contraction direction can be correlated 
to the as-built texture condition. An EBSD grain orientation map on the 
cross section of V_E-5 close to the fracture surface is given in Fig. 9. With 
a simple assumption that it is a constant volume of the gauge section in 
the tensile specimen, 

V =A0 × L0 = Ai × Li (2)  

where V is the constant volume of gauge section, A0 is the original cross- 
section of the tensile specimen, Ai is the cross section after the defor
mation, L0 and Li are the respective length. The macroscopic strain can 
be roughly estimated by comparing the original and the deformed cross- 
section, which is approximately 17%. Roughly equiaxed grain structure 
is still observed, which is similar to the as-built microstructure shown in 
Fig. 3. Yet, heterogeneous texture evolution has taken place as less 
<011>//BD oriented grains are found, leading to reduced preferred 
orientation. Meanwhile, the radial direction with the largest contraction 
refers to the X-direction of the pole figures shown in Fig. 9b, where a 
texture component <001>//X is found at the horizontal poles. 

In our previous study, we have observed a large grain rotation and 
texture evolution in the vertical loading at the strain rate of 10− 3/s, 
which is a merit to the greater vertical ductility compared to the hori
zontal loading [27]. In this study, the anisotropic ductility is still 
observed at the strain rate of 10− 5/s, and the different behaviour of 
texture evolution is responsible for the anisotropy as well. The texture 
evolution estimated from several neutron diffraction peaks upon loading 
is given in Fig. 10. The first diffraction patterns corresponding to the 

stress-free state are given in Fig. 10e. The diffraction patterns were 
measured along the loading direction, where the GOSS texture in the 
as-built LPBF results in the major peak of (220) in the V_E-5. At the 
stress-free state in Fig. 10a–d, the pole density (m.r.d, multiples of 
random distribution) of each <hkl> is determined from the known pole 
figures of the as-built texture in Fig. 3c, and the texture density evolution 
is determined as follow, 

Pole density* =Pole density0 × (
Peak intensity*

Peak intensity0) (3)  

where pole density0 and pole density* are the density at stress-free state 
and the corresponding strain; peak intensity*and peak intensity0 refer to 
the peak height at the stress-free state and the corresponding strain. 

For the vertical loading, a significant decline of (220) after the strain 
of 0.02 mm/mm is found in both strain rates, which points out the high 
level of texture evolution. Moreover, the larger drop of (220) in V_E-3 is 
in line with the higher level of deformation compared to V_E-5 as shown 
in Fig. 6c and e. On the other hand, a relatively lower intensities vari
ation is found in the horizontal loading, but a clear increase of (111) is 
revealed in both strain rates. The texture evolution of horizontal loading 
was found to be close to FCC polycrystalline deformation behaviour 
[27], where deformed texture components of <001>//LD and 
<111>//LD are evolved under tension [51]. An increasing tendency of 
both (200) and (111) in H_E-3 in Fig. 10d corresponds well with the 
polycrystalline deformation behaviours. However, considering the 
higher level of increase in (111), a major texture evolution toward 
<111>//LD is assumed to take place in the horizontal loading. 

4.2.2. Creep damage 
For the strain rate of 10− 5/s, the continuous softening right after the 

yield point shows clear indication of creep damage. The creep voids at 
grain boundaries shown in Fig. 6 are evidence of the creep damage. The 
size of creep voids evolves with time and coalesces with the neigh
bouring voids, leading to grain boundary decohesion and causing 

Fig. 9. (a) The cross-section of deformed specimen of V_E-5, and the EBSD grain orientation mapping on the labelled area. Note that the colour legend is according to 
the BD and the scanning step size is 1 μm. (b) The (100), (110) and (111) pole figures estimated from the EBSD map in (a). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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embrittlement that results in the ductility loss at the slow strain rate. At 
the testing temperature of 700 ◦C and for the slow strain rate, the dy
namic recovery and localized dynamic recrystallization are also 
assumed to be responsible for the continuous softening. For the dynamic 
recovery, the movement of dislocation under plastic deformation re
leases the stored strain energy and lower the effective work hardening 
rate [61]. The stress concentration at grain boundaries is expected to 
induce the localized dynamic recrystallization and further enhances the 
softening [62]. Judged by the higher level of the softening and the larger 
amount of the creep voids, the vertical loading is expected to suffer 
higher level of creep deformation. However, a better vertical ductility is 

still observed owing to the greater texture evolution and the elongated 
grain structure. For the horizontal loading, higher amount of grain 
boundaries is perpendicular to the LD, which is a preferred condition for 
nucleation and coalescence of creep voids that can accelerate the crack 
propagation. Therefore, the vertically built specimen is assumed to 
exhibit better creep resistance, which is also discovered in LPBF stainless 
steel 316L [63] and Inconel 718 [25,64]. 

4.2.3. Creep voids 
The creep void formation is responsible for the inferior ductility at 

the strain rate of 10− 5/s. As the intergranular fracture surfaces are 

Fig. 10. (a)–(d) give the texture density evolution at elevated strain of V_E-5, H_E-5, V_E-3 and H_E-3, respectively, observed in the in-situ neutron experiment. Note 
that the texture density evolution is proportional to the peak height evolution of the corresponding peak. (e) The normalized diffraction patterns at the stress-free 
state before loading. 
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observed at both the vertical and horizontal loading in Fig. 7, the grain 
boundaries are clearly embrittled by the creep damage. In addition, the 
observed secondary cracks along the grain boundaries indicate that the 
preferred crack formation is along the grain boundaries. Yet, the hori
zontal ductility is still lower, which is on account of the easier path for 
crack propagation due to the larger grain boundaries area perpendicular 
to the LD [65]. The high surface energy on the grain boundaries plays a 
critical role on the nucleation rate of creep voids [66], and the nucle
ation rate of creep voids in LPBF materials is expected to be even higher 
than conventional manufactured materials [25]. 

Different creep damage behaviours are found between the vertical 
and the horizontal loading. For the vertical loading, as the LD is applied 
along the elongated grains, high shear stress is expected in the tangential 
direction of the long side of grain boundary, which can provide the 
driving force for grain rotation [67]. At the slow strain rate of 10− 5/s, 
the diffusion-accommodated grain rotation, which includes both lattice 
diffusion and grain boundaries diffusion, might also need to be consid
ered [68]. However, the vacancy diffusion induced creep void formation 
is assumed to lessen the tangential shear stress, since the coalescence of 
creep voids upon loading is speculated to cause grain boundaries sliding 
and lower the level of grain rotation. Hence, the texture evolution and 
grain rotation are lower at the slow strain rate, as indicated in Fig. 6c 
and e. On the other hand, at the short side of the elongated grains, a 
higher level of grain boundary detachment is expected due to the higher 
normal stress on the grain boundaries, and the sharper curvature on the 
short side that is possible to trigger more vacancy diffusion. The evi
dence can be found in Fig. 6a and c, where roughly a “V” shape distri
bution of creep voids is revealed, and they locate at the grains that have 
been through large texture evolution and are with high misorientation to 
the neighbouring grains. The “V” shape of creep voids correlates well 
with the “pothole” on the fracture surface of V_E-5 shown in Fig. 7c. 
Higher amount of creep voids can be found from the cross-section in the 
vertical loading compared to the horizontal loading in Fig. 6a and b. It is 
assumed that the grain boundaries in the vertical loading cannot 
accommodate such high level of grain rotation, therefore, large creep 
voids are created. By contrast, the creep damage is mainly developed 
along the major fracture in the horizontal loading, which results in the 
lower amount of creep voids in the cross-section. 

4.2.4. Deformation twinning 
Deformation twinning is a stress-dependent deformation mechanism 

that can be dominant at low temperature or at high strain rate [69]. The 
critical stress for twinning is determined by the crystallographic orien
tation, where the relation of critical stress, σ<011> < σ<111> < σ<001> can 
be found [30,70,71]. Yet, the deformation twins are found at the grains 
with the crystallographic orientation close to <111>//LD instead of 
<011>//LD in Fig. 6. It is speculated that the twinning process still 
takes place at the grains with <011>//LD texture, which is the orien
tation requiring the least stress for twinning, but the twinned grains 
undergo grain rotation and become <111>//LD at the fully deformed 
microstructure. Another speculation is that the deformation twins are 
triggered by the stress triaxiality [72], where a high level of stress 
triaxiality is expected in the plastic deformation as an evident necking 
was observed. 

On the effect of elevated temperature, cross slips and multiple slip 
systems are expected to be activated that can become an easier defor
mation path than twinning. Therefore, although deformation twinning 
in LPBF HX has been reported at room temperature [29,30] a low twin 
volume fraction is revealed in this study. On the effect of slow strain 
rate, the formation of creep voids combined with the tangential shear 
stress at the long sides of elongated grains is presumed to induce stress 
concentration at grain boundaries, which can trigger deformation 
twinning [73]. The formation of deformation twins provides an alter
native deformation path for dislocation movement, which can be 
beneficial to the ductility. However, considering the low twin volume 
fraction, it is assumed that the texture evolution plays a more critical 

role in the anisotropic ductility. 

4.3. The role of texture in ductility 

The anisotropic texture evolution greatly influences the ductility 
under different loading conditions, and the initial texture of the as-built 
specimen actually plays a big role for the vertical ductility. In our pre
vious work [27,28], we have studied the plate-like specimens of LPBF 
HX with the similar manufacturing process. Compared to the present 
work, we observe a ductility difference between the plate-like and 
rod-like tensile specimens due to the different level of initial texture and 
grain size, see Fig. 11. The plate-like specimen texture distribution type 
is rather close to <011>//BD fibre texture, while for the bulk sample the 
main feature that <011>//BD is pertained in a different orientation, not 
through fibre component, but through Goss texture component. The 
sharpness of texture is much weaker in the plate-like sample than the 
bulk, rod-like specimen. In addition, a smaller grain size and aspect ratio 
is found in the plate-like specimen from the cross section that is normal 
to the LD. 

GOSS texture with elongated grain structure and high dislocation 
density in LPBF HX show similarity with rolled materials [74–76]. The 
high dislocation density in rolled materials promotes dynamic recrys
tallization when heat treatment is applied, and the dynamic recrystal
lization further leads to texture evolution, specifically forming Goss 
component. The cyclic heat exposure in LPBF process induces dynamic 
recovery, dynamic recrystallization and possible grain growth at 
different thermal cycles [77], which is assumed to cause the different 
textures observed in the bulk rod-like and plate-like specimen. With the 
similar LPBF process, the geometry and size of specimen are expected to 
be responsible for the texture difference. The plate-like specimen has 
smaller cross-section for the hatching, and a faster heat dissipation to
ward the powder bed is presumed. Meanwhile, a larger grain size of the 
bulk rod-like specimen indicates the higher degree of grain growth, 
since the high temperature in the hatching cross-section can be retained 
longer. For the bulk rod-like specimen, one might also question the 
asymmetric texture component of GOSS texture in the in-plane direction 
normal to the BD, because a symmetric in-plane thermal gradient is 
expected as 67◦ scan rotation has been applied. The dynamic recrys
tallization during the cyclic heat exposure is suspected to lead to the 
GOSS texture in LPBF HX, which resembles the texture evolution under 
heat treatment in some rolled materials. The higher level of grain growth 
in the rod-like specimen further strengthens the GOSS texture. 

A strong crystallographic-dependent tensile behaviour has been re
ported in LPBF face-centred cubic (FCC) materials [30,78], where the 
<011> orientation shows better ductility compared to <001> and 
<111> orientations. From the creep study on single crystal Ni-based 
superalloys at elevated temperatures, a better ductility can also be 
found in the <011> orientation [79,80], which is due to large lattice 
rotation via the easily activated <011>{111} slip system. Back to our 
observation, it is assumed that the <011>//BD fibre texture with lower 
texture level in the plate-like specimen is beneficial for activating the 
<011>{111} slip system, because multiple slips can be activated with 
less confinement compared to the strong GOSS texture. Furthermore, the 
smaller grain size with the lower aspect ratio of the plate-like specimen 
is also expected to be advantageous to the better ductility since the grain 
rotation is easier to be accommodated without leading to fracture during 
the grain-to-grain interaction. In summary, the GOSS texture with 
higher intensity and the larger grain size of the rod-like specimen are 
responsible for the lower ductility. 

5. Conclusions 

This work is an in-depth study on the anisotropic tensile deformation 
mechanisms of LPBF HX at elevated temperature. It is an investigation 
on the LPBF HX produced with the standard process parameters using 
EOS M290 equipment, which is a commonly used process in LPBF. It is 
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aimed to study the influence of the characteristic microstructures 
occurring in LPBF on the anisotropic mechanical behaviours. A 2x2 
matrix of tensile loading conditions were examined: the vertical loading 
and the horizontal loading at two different strain rates, 10− 5/s and 
10− 3/s. The slower strain rate was applied for the purpose of probing the 
short-term creep behaviours. In-situ time-of-flight neutron diffraction 
upon loading was performed to track the lattice strain and texture 
evolution. The investigation is combined with post microstructure 
analysis on the specimens that were deformed to failure. The following 
conclusions are drawn from this work:  

• The microstructure of HX as produced in the standard production 
route by LPBF is anisotropic in terms of the grain shape and orien
tation. The grain preferred orientation is <011>//BD, while the 
texture is characterized by the strong Goss texture component with 
certain ellipticity of its distribution. The direct consequence of the 
preferred orientation is the anisotropy of the elastic properties, i.e. 
Young’s modulus, that was experimentally determined and esti
mated through ODF-based calculations.  

• Anisotropic tensile properties are present for both strain rates at 
700 ◦C, where a weaker strength but better ductility is observed in 
the vertical loading due to the strong GOSS texture. At the slow strain 
rate of 10− 5/s, a continuous softening right after the yielding is 
shown in both loading types, which is due to the creep damage. The 
grain boundary embrittlement caused by creep void formation is 
observed in both loading types, but the anisotropic fracture mecha
nism is shown. The vertical loading is assumed to perform better 
creep resistance.  

• Lattice strain evolutions for the <111>, <200>, <220> and <311>
crystal directions were traced in both loading directions. For the slow 
strain rate of 10− 5/s, the bulk Young’s modulus is lower while the 
lattice elastic constants of <111> and <220> increase significantly 
for both sample directions. For the lattice elastic constant of <200>, 
it only increases in the vertical loading direction at the slow strain 
rate. The micro-plasticity at the slow strain rate causes the hetero
geneity of lattice strain distribution, which leads to the strain-rate 
dependence of the <hkl> elastic constants.  

• High degree of texture evolution and grain rotation is observed in the 
vertical loading direction, which results in the better vertical 
ductility for both strain rates. In addition, deformation twins are also 
only observed in the vertical loading, which can provide an alter
native deformation path and contribute to the better ductility. The 
twinning deformation mechanism is more pronounced in slow strain 
rates since a higher twin volume fraction is observed for the slow 
strain rate. However, considering the low twin fraction of 1.18%, it is 
assumed that the texture evolution and grain rotation play a more 
critical role in the anisotropic ductility. For the horizontal loading, a 
relative lower level of texture evolution is exhibited, and a texture 
evolution toward <111>//LD is traced.  

• From a comparison to the previous study of plate-like LPBF HX 
specimens, the rod-like specimen in this study shows stronger GOSS 
texture and larger grain size. The dynamic recrystallization during 
cyclic heat exposure in LPBF is assumed to lead to the GOSS texture, 
and the higher level of grain growth in the rod-like specimen leads to 
the larger grain size and strengthens the GOSS texture. The 

Fig. 11. Ductility comparison to the plate-like tensile 
specimens from the previous study [27,28]. (a) The 
stress-strain curves of the rod-like specimens in this 
study and the plate-like specimens in the previous 
study. The table summarizes the ductility, which re
fers to the strain at the fracture. (b) The pole figures 
(100), (110) and (111) of the plate-like specimen. (c) 
The grain size and aspect ratio determined from the 
cross section that is normal to the LD, which is the 
cross section revealing the roughly equiaxed grain 
structure of the elongated grains, and the grain size 
lower than 5 μm has been filtered out from the 
determination.   
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difference in microstructure and texture leads to the lower ductility 
of the rod-like LPBF HX samples for both strain rates. 
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