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A B S T R A C T   

Laser powder bed fusion (LPBF) of Ni-based superalloys shows great potential for high temperature applications, 
for example, as a burner repair application for gas turbines where the thin-walled structure is important. It 
motivates this work to investigate the evolution of microstructure and the anisotropic mechanical behavior when 
plate-like specimens are built with a thickness from 4 mm down to 1 mm. By performing texture analysis using 
neutron diffraction, a clear transition in fiber texture from <011> to <001> is indicated when the specimen 
becomes thinner. The residual stress shows no thickness dependence, and at the subsurface the residual stress 
reaches the same level as the yield strength. Due to the rough as-built surface, a roughness compensation method 
for mechanical properties of thin-walled structures is outlined and demonstrated. Tensile tests from room 
temperature up to 700 ◦C have been carried out. Anisotropic mechanical behavior is found at all temperatures, 
which is strongly related to the anisotropic texture evolution. Stronger texture evolution and grain rotations are 
discovered when the tensile loading is applied along the building direction. The mechanical behavior has been 
compared to a wrought material, where the high dislocation density and the subgrain structure of the LPBF 
material result in a higher yield strength. Combining the statistical texture analysis by neutron diffraction with 
mechanical testing, EBSD grain orientation mapping and the investigation of dislocation structures using 
transmission electron microscopy, this work illustrates the significance of texture for the thin-wall effect and 
anisotropic mechanical behavior of LPBF materials.   

1. Introduction 

Additive manufacturing (AM) has attracted significant attention in 
recent years for various applications in virtue of the potential advantage 
of product design freedom, and AM has evolved from prototyping to
ward practical component fabrication as techniques have progressed. 
Among the various material groups and techniques for AM [1], this 
study investigates the Ni-based superalloy manufactured by laser pow
der bed fusion (LPBF), which is a material group with excellent high- 
temperature mechanical properties and corrosion resistance for gas 
turbine applications [2]. A solid solution strengthened alloy Hastelloy X 
(HX) is chosen for this work since it is a relatively easily printable ma
terial grade with almost fully dense as-built microstructure [3]. A 

specific application of LPBF HX in gas turbines is the burner repair, 
where the damaged burner tip is removed and the repair part is built 
directly onto the remaining burner [4]. The geometrical designs of 
components in gas turbines are rather complicated, but there is a wish to 
reduce the amount of material since it is directly related to the cost of the 
part. Therefore, a purpose of this study is to investigate the mechanical 
behavior when a certain dimension is close to its minimum limit. As a 
typical repair procedure, no post-treatment such as hot isostatic pressing 
or rough surface machining is applied, so the studied specimens are in 
the as-built condition in this work. 

For the thin-walled structure, the roughness of the as-built surface 
becomes critical, acting as a stress concentration for crack initiation and 
influencing the net cross-section area that determines the load carrying 
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capacity during the tensile test [5,6]. The irregular surface morphology, 
such as semi-melted or unmelted powder and the melt pool structure, 
makes accurate surface roughness measurement difficult and often 
unreproducible. For instance, the method of using the focus variation 
and confocal microscopy addresses the difficulty of identifying different 
reflection conditions. For quantitative analysis and standardized com
parison of surface roughness, the stylus-based profile measurement is a 
predominant technique even though it is two-dimensionally limited [7]. 
Of the various surface roughness parameters received from the mea
surement, it is unclear which parameter relates directly to the me
chanical properties. Hence, this work will determine the effective 
roughness parameter via a comparison between mechanical properties 
and microstructure. 

Due to the high thermal gradient induced by the focused laser energy 
input and laser scanning velocity, the rapid cooling in the LPBF process 
leads to high residual stresses (RS), as reported for different materials 
[8,9]. A heterogeneous distribution of RS in a curved thin-walled 
structure due to LPBF was found in the work of An et al. [10], exhibit
ing high tensile RS along the building direction (BD) at the thin edge of 
the samples, at which the value is higher than the yield strength [11]. RS 
mapping of Ni-based superalloys has been carried out by neutron 
diffraction with the resolution in mm scale [12,13], revealing tensile RS 
close to the surface and compressive RS in the bulk. Since RS might 
influence the mechanical response, the surface and subsurface RS will be 
investigated in this study using a depth profile with step sizes in the µm 
scale. 

The directional energy input and rapid cooling rate for the powder 
bed fusion process lead to columnar grains and subgrains structure [14], 
which also result in a specific solidification texture along the building 
direction (BD) [15]. However, the multiple parameters in the powder 
bed fusion process can cause different texture results, and a strong 
<001> texture component along the BD is commonly found in electron 
beam melting (EBM), while the texture along the BD for LPBF materials 
has been reported differently [10,12,16–20]. Different scanning strate
gies and scan rotation have been shown to have a great influence on the 
texture and the anisotropic mechanical properties. In general, the 
standard 67◦ scan rotation involves a shift in the center of rotation and 
shows great randomness of heat flow and grain structure, relatively 
isotropic mechanical properties, and grain refinement [21]. Therefore, 
the thin-walled specimens were built with the standard 67◦ scan rotation 
for the purpose of observing geometric effects of the thin-walled 
structures. 

Materials manufactured by powder bed fusion usually exhibit 
anisotropic mechanical behavior, where the mechanical strength along 
the BD is lower than for the other normal directions [16,17]. The 
columnar grain structure is responsible for the anisotropic mechanical 
properties, where higher dislocation density at the subgrain boundaries 
can act as a slip resistance barrier [22], and a relatively higher stress 
concentration at the grain boundaries is found when the loading direc
tion is perpendicular to the building direction [23]. Meanwhile, the 
crystallographic texture formed from the nature of the powder bed 
fusion process also contributes to the anisotropic mechanical properties 
due to the discrete distribution of slip systems in the crystal structure, 
which can be characterized by the Taylor factor [24]. The dislocation- 
precipitation interaction is also a phenomenal strengthening mecha
nism in Ni-based superalloys at intermediate temperatures [25]. How
ever, since HX is mainly a solid solution strengthened alloy, and our 
studied temperature range is outside the precipitation formation region 
of M6C, M23C, σ and μ in the time-temperature-transformation diagram 
[26], it is assumed that the influence of precipitation on the anisotropic 
deformation mechanism at elevated temperatures is negligible. 

The main objectives of the present investigation are to reveal the 
evolution of microstructure and anisotropic mechanical behavior when 
it comes to thin-walled structures. Plates with different thicknesses from 
1 mm up to 4 mm were therefore built. In contrast to other studies of 
anisotropic mechanical properties, the tensile specimens with different 

loading direction relative to the BD were taken from the same plate-like 
component in this study, so the issue of different levels of distortion 
between horizontally and vertically building can be minimized [27,28]. 
The process parameters are closely related to the microstructure and 
mechanical properties [21,29,30], and in order to generate results that 
are as generic as possible for LPBF materials, the material was printed by 
EOS M290 with the standard parameters, which is a commonly used 
equipment for LPBF. Therefore, the geometric effect on the thin-walled 
microstructure will be stressed in this study, and the influence of the 
crystallographic texture and elongated grain structure from LPBF on the 
anisotropic mechanical behavior will be discussed. 

2. Experimentation 

2.1. Additive manufacturing 

The plate-like components with different nominal thicknesses – 1 
mm, 1.5 mm, 2 mm, 2.5 mm and 4 mm – have been built by using the 
standard process of LPBF in an EOS M290 machine. In each layer, the 
hatching was first applied, followed by two lines of contouring with a 
width of 150 µm. The 67◦ scanning rotation was used, and the layer 
thickness was 20 µm. The building direction, which is the layer-by-layer 
stacking direction, is along the plate height direction, with the coordi
nate system being shown in Fig. 1. The powder used for the printing was 
EOS NickelAlloy HX with the nominal composition shown in Table 1. 
The specimens for the whole study were in the as-built state, so no heat 
treatment or surface processing has been applied. To allow for com
parison with Hastelloy X manufactured using a conventional process, a 
wrought HX was also introduced in this study. The composition of the 
wrought HX is similar to the EOS NickelAlloy HX, and it was solution 
annealed for 20 minutes at 1175 ◦C followed by water quenching. 

2.2. Mechanical testing 

The flat dog-bone tensile specimens with two different orientations 
were taken from the plate-like components by electrical discharge 
machining with the dimensions following ISO 6892–2, where the gauge 
length was 21 mm and the gauge width was 5.25 mm. One sample was 
defined as the Vertical tensile specimen, where the loading direction 
(LD) was applied along the BD, and the other was defined as the Hori
zontal tensile specimen, where the LD was applied in the transverse 
direction (TD). The tensile tests were performed with a strain rate of 
10− 3/s at both room temperature and elevated temperature, from 
400 ◦C to 700 ◦C. For each condition, one tensile test was performed. 
The tensile test equipment was an Instron 5582 – 100 kN universal 
testing machine using an Instron 7361C extensometer with a gauge 
length of 12.5 mm attached to the tensile specimen. The tensile 

Fig. 1. The coordinate system of the sample, where the building direction (BD), 
wall direction (WD) and transverse direction (TD) are defined. The different 
thickness is the width variation on the wall direction. 
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specimen was placed in a heating furnace with a type K thermocouple 
attached to the center of the specimen to control the testing tempera
ture, and to reach a homogeneous environment, a one-hour temperature 
stabilization stage was applied before each test. The same setup was 
applied for the wrought HX, but the tensile test was conducted on a 
cylindrical specimen, with the dimensions of 5 mm in diameter and 
24.5 mm in parallel length. 

2.3. Microstructure and texture analysis 

The microstructure and grain orientation maps were investigated 
using a Hitachi SU 70 field emission scanning electron microscope (FE- 
SEM) equipped with an Oxford EBSD detector. The dislocation struc
tures of as-built LPBF HX and wrought HX were studied by transmission 
electron microscopy (TEM) using an FEI Tecnai G2 microscope oper
ating at an accelerating voltage of 200 kV. To simulate the condition at 
the starting point of the tensile test, LPBF HX was annealed at 700 ◦C for 
one hour to mimic the one-hour temperature stabilization stage, and 
then the TEM thin foil was prepared from the annealed specimen. A 
Struers twin-jet electropolishing system was used for the final polishing; 
the applied voltage was 23 V, the temperature was − 25 ◦C, and the 
electrolyte was 10% perchloric acid and 90% ethanol. The melt pool 
structure was taken from the TEM thin foil sample under an optical 
microscope. 

The bulk texture measurement of all as-built and deformed speci
mens was carried out using KOWARI, the neutron diffractometer at 
ANSTO [31]. The monochromatic beam with a wavelength of 1.5 Å was 
used to measure pole figures (PF) on an approximately 5 × 5◦ polar grid 
with cube-like samples fully emerged into neutron beam and a mea
surement time of 5 s per angular position. Five PFs, (111), (200), (220), 
(311) and (222), were obtained for each sample. An open-source 
MATLAB toolbox MTEX was used for the data analysis of both EBSD 
data and neutron diffraction pole figure data [32,33]. The Taylor factor, 
M, was calculated from the obtained PFs, and the axisymmetric defor
mation tensor was applied on different tensile loading directions with 
the consideration of the <011>{111} slip system [34]. 

To study the anisotropic deformation mechanism between the ver
tical and horizontal tensile tests, the specimens of 2.5 mm thickness 
were deformed at room temperature and 700 ◦C respectively in order to 
reveal any change in texture. The specimens were half-deformed and 
fully deformed respectively for the study at 700 ◦C while the specimens 
were half-deformed for the study at room temperature. The condition for 
the half-deformed samples corresponds to a strain chosen as 50% of the 
elongation at fracture depending on each test condition, and fully 
deformed samples refer to the fractured samples outside the necking 
region. 

2.4. Surface roughness measurement 

The surface roughness was investigated by image analysis from the 
cross-section of the specimen. The cross-section image was analyzed 
using an in-house MATLAB script [35], which generated a 2D roughness 
profile as schematically illustrated in Fig. 2. Roughness parameters 
calculated from the roughness profile include Ra (arithmetic mean 
values of the Z-coordinates), Rc (mean value of Zti in each Si), Rz 
(maximum Zti), Rv (maximum Zvi), Rp (mean value of Zpi in each Si) and 
Rq (root mean square of the Z-coordinates). 

2.5. Residual stress determination 

The RS was determined non-destructively using a Stresstech Xstress 
G3 diffractometer. The sin2ψ method was used due to the fact that 
laboratory X-ray sources can only penetrate the material in the order of a 
few micrometers. Thus, upon the assumption of a biaxial stress state, any 
in-plane stress component can be obtained from the slope of the linear 
plot of lattice spacings (d) versus sin2ψ, where ψ is the tilt angle from the 
sample surface normal towards the stress component direction. Further 
details of the method are described in [36]. The diffraction pattern was 
acquired using a MnKα X-ray radiation source and a 2 mm collimator. 
The {311} lattice plane spacings at a 2θ angle of about 156◦ were 
calculated along the 21 different tilts in the ψ angle range from − 45◦ to 
+45◦. The diffraction peaks were fitted using the Pearson VII function 
and the background was fitted with a parabolic function. The RS was 
subsequently calculated using a Young’s modulus of 188 GPa and a 
Poisson ratio of 0.31, which is chosen considering values from other Ni- 
based superalloys found in the literature [10,12,13,37–39]. It is in 
accordance to the bulk Young’s modulus determined from the tensile 
tests in this study. 

The RS in the BD was determined at seven positions within the 
specimen gauge section with a step size of approximately 4.7 mm. The 
RS in the TD were probed at three positions with a step size of 7 mm. 
Before each measurement the distance between the specimen surface 
and the source was adjusted automatically to avoid any influence of 
specimen misalignment. Depth profiles were made next to the gauge 
section using a Struers MovilPol-3 electropolishing machine. Each pol
ishing step was performed at a voltage of 20 V and the time was set to 
10 s. The depth was measured using a dial indicator. 

3. Results 

3.1. As-built microstructure and texture 

The as-built microstructure of a 1 mm thick specimen is compared 
between an SEM image and an EBSD grain orientation map in Fig. 3(a) 
and (b). A grain structure roughly elongated along the BD is represen
tative as an overview of the as-built LPBF microstructure. Close to the 
surface area on both sides, some semi-melted or unmelted powder par
ticles are shown on the outer surface, and there is no clear microstruc
tural difference to indicate the transition from hatching to contouring 
during each layer printing process. Within the grains defined by high 
angle grain boundaries (>10◦), a subgrain structure is found and indi
cated by low angle grain boundaries (>2◦). The subgrain structure refers 
to the columnar dendrite arms without any secondary arms, as shown in 
Fig. 3(b) and (d), and the local grain growth variation of the dendrite 
arms is also revealed. The melt pool structure from the as-built specimen 
is shown in Fig. 3(c), where it can be seen that each melt pool geometry 
is not identical, and that the size varies from tens of micrometers to 
around 100 µm. As evident in Fig. 3(d), the columnar dendrite arms can 
grow continuously across the melt pool boundaries, and multiple grain 

Table 1 
Nominal composition of 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  

Fig. 2. Schematic illustration of the roughness profile.  
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growth directions (GD) of the columnar dendrite arms can exist within a 
melt pool. The grain growth and columnar to equiaxed transition (CET) 
will be further discussed in the later section. 

The PFs obtained by means of neutron diffraction have been recon
structed to an orientation distribution function (ODF), and the inverse 
pole figures (IPF) of different thicknesses are shown in Fig. 4. A clear 
texture transition from the thickest sample (4 mm) to the thinnest 
(1 mm) is discovered along both the TD and the BD, where the 4 mm 
sample refers to the relative bulk texture and the 1 mm specimen reveals 
the thin-wall effect. Along the TD, a strong <001> texture component is 
observed for the 1 mm sample, and the intensity decreases for the 
thicker samples. Along the BD, a <011> texture component is shown in 
the IPF of the 4 mm sample; the intensity decreases for the thinner 
samples and transfers toward <001> between 2 mm and 1 mm. Based 
on the <011>{111} slip system in FCC crystals and an assumption of 
axisymmetric deformation to the loading direction, the Taylor factor, M, 
is calculated for vertical and horizontal deformation in each thickness, 
see Fig. 5. A decreasing tendency is shown for the thinner specimens, but 
it remains at a similar level for the 1.5 mm and 2.5 mm thick specimens. 
The M for the horizontal tensile direction is higher than the M for the 
vertical direction for all the specimens, and a larger influence of spec
imen thickness is found in the vertical direction. 

3.2. Surface roughness 

The different surface roughness parameters of each specimen are 
shown in Fig. 6. The surface roughness shows no correlation to thickness 
variation. The average Ra is 29 ± 1.8 µm, Rq is 36 ± 1.8 µm, Rv is 
70 ± 3.8 µm, Rc is 101 ± 7.2 µm, Rp is 97 ± 6.6 µm and Rz is 
167 ± 3.5 µm. 

3.3. Residual stress 

The RS measurements were carried out on both sides of the gauge 
section of the tensile specimens over a range of 28 mm, see Fig. 7. The 
center is set as the zero position and the RS was determined in the BD 

and the TD. The RS error for the surface measurements is below 15 MPa, 
which indicates that the texture effect is less pronounced on the surface 
concerning the different bulk texture between the two specimens. The 
surface RS of the 1 mm and 4 mm tensile specimens exhibit no signifi
cant difference as the values remain at a similar level along the gauge 
section. The RS magnitude in the BD is approximately 75 MPa higher 
than in the TD. The RS in the TD is close to zero, which is assumed to be 
due to the larger stress relaxation during the EDM process. The full- 
width-half-maximum (FWHM) of the measured peaks is shown in 
Fig. 7(c) and (d). Although the difference is within the uncertainty 
range, the trend of slightly higher FWHM for the 4 mm samples is clear. 
Similar findings are observed for the FWHM values in the TD. A higher 
FWHM might imply a higher dislocation density that could be caused by 
different cooling rates. However, the influences of microstructure or 
strain changes on the peak broadening are convoluted and need to be 
addressed in the future study. The RS depth profiles in the BD are shown 
in Fig. 8, where the depth direction is along the WD. For the 4 mm thick 
specimen, a steep rise in RS is found from the surface to around 100 µm, 
and after the increase, a plateau of around 537 MPa is shown, which is 
close to the yield strength at room temperature and surpasses the yield 
strength at elevated temperatures as shown in Table 2. The depth at 
which the plateau is reached is close to the roughness parameter Rc 
which refers to the average peak-valley distance of the rough surface. 
Hence, it could indicate that the RS at the plateau is representative of the 
surface RS without the influence from the semi-melted or unmelted 
powder particles [40]. For the depth profile of the 1 mm thick specimen, 
the RS values also reach at similar level as the 4 mm thick specimen at 
the depth around 100 µm. Since the roughness values of 1 mm and 4 mm 
thick specimens are at the same level, see Fig. 6, the surface RS condition 
between the two specimens is therefore assumed to be similar. As the 
measurements were carried out on the tensile specimen, a certain stress 
relaxation resulting from the EDM cutting needs to be considered [28]. 
Therefore, the actual RS values in the as-built state could be higher. 

Fig. 3. (a) Microstructure of the as-built 1 mm thick specimen from an SEM image and compared with the same area from EBSD grain orientation mapping. The color 
legend is according to the BD; the black lines refer to > 10◦ grain boundaries and the gray lines refer to > 2◦ grain boundaries. (b) The microstructure from the 
selected area in (a). (c) The melt pool structure of the as-built specimen from the optical microscope image. (d) The melt pool microstructure from the selected area in 
(c), the white arrow refers to the grain growth direction (GD) and the red labeled area refers to the columnar to equiaxed transition (CET). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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3.4. Mechanical properties 

The tensile properties of all the tests in this study are summarized in 
Table 2, where the cross-section area was measured using a caliper and it 
refers to the outermost points of the rough surface. At each temperature, 

the thinner specimen shows lower yield strength and ultimate tensile 
strength (UTS), and the anisotropic mechanical properties are indicated 
by the higher yield strength and UTS for the horizontal tests. With 
increasing temperatures, both the horizontal and vertical tensile 
strengths reveal a descending tendency. However, the elongation at 
fracture is approximately independent of the thickness and temperature 
variation between room temperature and 600 ◦C; the vertical elongation 
is 39 ± 2%, and the horizontal elongation is 27 ± 3%. At 700 ◦C, the 
vertical ductility remains at the same level, but the horizontal ductility 
shows a significant drop. 

The comparison of the tensile behavior between LPBF and wrought 
Hastelloy X (HX) at 600 ◦C is shown in Fig. 9. The yield strength of LPBF 
outperforms the wrought HX, but the work hardening and the ductility 
of the wrought HX is much higher. For the UTS performance, only the 
thicker 2–4 mm horizontal specimens are at the same level as the 
wrought HX, while the rest are lower than the wrought HX. Among the 
different LPBF HX samples, the plastic behavior is similar, but the hor
izontal work hardening is slightly higher. 

3.5. Anisotropic deformation behavior 

The texture evolution of 2.5 mm thick specimen at different strain 
level and temperature condition is shown in Fig. 10. The vertical and 
horizontal tests exhibit very different deformation behaviors at both 
room temperature and 700 ◦C. The half-deformed and fully deformed 
texture at 700 ◦C is shown in Fig. 10(b). For the vertical deformation, 
the deformed texture becomes much weaker than the texture in the as- 
built state. Along the BD, the original <011> texture at the as-built state 
evolves towards <112> on the [001] – [111] boundary, and a minor 
<011> texture component forms with increased strain after half- 
deformation. Along the TD, the texture is close to the <011> and a 
weak texture along the [001] – [111] boundary is found; while along the 
WD, the texture close to <001> is also revealed and it becomes slightly 
weaker with the increased strain. On the other hand, for the horizontal 
deformation, a strong <001> texture component with a minor <111>
texture component is discovered along the TD at the half-deformed 
point, and the two texture components reach the same level at the 
fully deformed point. Along the BD, the <011> texture component stays 
at the same corner, but the texture is weakened with increased strain. 
For the deformation behaviors at room temperature shown in Fig. 10(c), 
they are similar to the behaviors at 700 ◦C. 

The microstructure of the fully deformed specimen is shown in  
Fig. 11. For the vertical deformation, the elongated grains and subgrains 
align towards the LD, and some grains that are nearly parallel to the LD 
have the orientation of <001>//LD (the color legend is red). However, 
for the horizontal deformation, the grain morphology becomes more 

Fig. 4. Recalculated IPFs based on ODF reconstructed from neutron diffraction 
pole figures. The IPFs for samples with different thicknesses are shown ac
cording to the different principle directions WD, TD and BD. The maximum and 
minimum intensities are labeled in each IPF. 
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irregular, but the major orientation of the grains still remains <011>// 
LD (the color legend is green). 

4. Discussion 

4.1. As-built microstructure and geometric influence on the different 
texture behaviors 

The elongated grain structure with a preferred orientation as shown 
in Fig. 3 is commonly found in AM materials, but the texture varies with 
different energy input source and printing parameters [27]. In a com
parison of the as-built texture between different energy input sources, it 
is quite common to find a strong <001> texture component along the 
BD in electron beam melting (EBM) materials, while the texture along 
the BD in LPBF materials remains unclear [16–20]. The scanning rota
tion of 67◦ applied in this work aims to promote isotropic microstructure 
and random texture, since the scanning rotation shows considerable 
influence on the solidification structure [21,41–43]. Hence, the mech
anism for the texture transition with thickness variation shown in Fig. 4 
is assumed to be related to the geometric constraints. The PFs of 1 mm 
and 4 mm thick specimens are shown and compared to the theoretical 
fiber textures in Table 3. For the 4 mm thick specimen, the (220) PF 

corresponds well with the simulated PF for <011> fiber texture while 
the (200) and (222) PFs are also close to the simulated PFs but with a 
higher deviation, so a <011> partial fiber texture along the BD can be 
deduced from the comparison. For the 1 mm thick specimen, the (200) 
PF is close to the simulated PF of <001> fiber texture; the (220) and 
(222) PFs match on the 45◦ polar angle but there is no symmetry be
tween BD and WD on the azimuth angle, hence the PFs indicate a <001>
partial fiber texture along the TD. Unlike the high temperature chamber 
in EBM, the powder bed in LPBF has lower temperature compared to the 
hatching area. When the thickness dimension decreases below a certain 
limit, the thermal boundary condition starts to change, and it leads the 
grain growth process which results in different textures. 

The elongated grain and subgrain structures, as shown in Fig. 3, 
indicate the grain growth direction of the columnar primary dendrite 
arm during the solidification process. The GD of the dendrite arm fol
lows the energy-favorable crystallographic <001> direction, and the GD 
is guided by the highest thermal gradient which provides the maximum 
driving force for solidification [44,45]. Hence, the texture differences of 
the different thicknesses could be traced back to the thermal field. From 
the Rosenthal equation [46,47], the local thermal field at the melt pool 
is related to the thermal diffusivity and conductivity, the absorption 
coefficient of the powder, the input energy density, and the laser moving 

Fig. 7. RS on both sides of the surface of the 1 mm and 4 mm tensile specimens. The measurement was carried out on the center of the gauge section. The zero 
position denotes the center. (a) RS in the BD, where seven points were measured. (b) RS in the TD, where three points were measured. (c) FWHM of the measured 311 
peaks in the BD. (d) FWHM of the measured 311 peaks in the TD. 
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speed. Based on the observation of melt pool structure shown in Fig. 3(c) 
and (d), a schematic illustration of the grain growth is given in Fig. 12 
where different scenarios could take place within a melt pool. The 
nucleation sites for the dendrite arms can be, for instance, the dendrite 
arms that are already solidified, the melt pool boundaries, and the re
gion of columnar to equiaxed transition of grain growth. The dendrite 
arms typically grow through the melt pool boundaries. 

When different GDs of the dendrite arms encounter each other, they 
will be in a competitive relationship, and the most energy-favorable GD 
will dominate. The competition of preferable GDs can take place either 
within a melt pool or at the melt pool boundaries. The columnar 

dendrite arms sometimes become equiaxed, and the transition can be 
described by Hunt’s model [44,47–49], where the ratio Gn/V deter
mined the CET. G is the thermal gradient G = |∇ T |, V = Vbcosθ is the 
solidification velocity related to the laser movement Vb in the planar 
direction and θ is the angle between the two vectors. When the ratio Gn/ 
V is above a critical value, columnar grain growth will occur. Otherwise, 
it will be equiaxed grain growth. In Fig. 3(c) and (d), columnar dendrite 
arms dominate and the CET takes place where dendrite arms with 
different GDs meet, but in general the area of equiaxed grain growth is 
limited. 

The laser beam movement is complicated with a 67̊ scan rotation in 
this study. Each layer has been remelted multiple times since the laser 
energy input can melt several layers at a time, which makes the melt 
pool geometry irregular. The energy input at the top of each building 
layer creates a strong G along the BD, but the 67̊ scan rotation gives a 
high variation of G in the planar direction between the WD and TD. 
Therefore, the grain growth of dendrite arms is not exactly parallel to the 
BD. Take the BD as a reference axis, the average deviation of GDs from 
this axis can determine the preferred orientation along the BD. For the 
4 mm thick sample, the <011> fiber texture along the BD indicates that 
the deviation of GDs is evenly distributed around the BD and with an 
average angle of 45̊. However, when it comes to the 1 mm thick sample, 
the G along the WD will become steeper, with the consideration of the 
shorter distance from the hot hatching area to the cold powder bed. The 
G along the WD can increase to a level similar to G along the BD, and the 
G along the planar direction between the WD and BD becomes more 
isotropic. As a result, the crystallographic <001> direction points to
ward the TD, and a strong <001> fiber texture along the TD is discov
ered in the 1 mm thick specimen. 

4.2. Thin-wall effects and cross-section calibration 

The cross-sectional area for the calculation of yield strength and UTS 
in Table 2 was measured using a caliper for each specimen, and it refers 
to the outermost points of the rough surface. However, the nominally 

Fig. 8. Depth profiles of the RS on the grip section of the 1 mm and 4 mm 
tensile specimen. The RS in the BD is determined. The depth profile direction is 
along the WD. 

Table 2 
The tensile properties obtained from all the tests in this study, where the cross-section area was measured using a caliper. The elongation stands for the strain at 
fracture.  

Test temperature Thickness Condition Yield strength (MPa) UTS (MPa) Elongation (%) Young’s modulus (GPa) 

Room temperature 1 mm Vertical  468  596  38  153  
2 mm Vertical  517  647  39  170  
4 mm Vertical  551  677  42  181  
1 mm Horizontal  518  707  25  143  
2 mm Horizontal  582  769  24  178  
4 mm Horizontal  617  796  29  177 

400 ◦C 1 mm Vertical  377  485  43  63  
2 mm Vertical  418  533  41  46  
4 mm Vertical  440  561  43  103  
1 mm Horizontal  390  553  25  100  
2 mm Horizontal  444  619  29  130  
4 mm Horizontal  488  652  28  149 

500 ◦C 1 mm Vertical  366  469  39  76  
2 mm Vertical  407  525  37  102  
4 mm Vertical  435  549  40  135  
1 mm Horizontal  388  532  27  67  
2 mm Horizontal  445  598  25  104  
4 mm Horizontal  473  635  32  131 

600 ◦C 1 mm Vertical  332  432  38  79  
2 mm Vertical  353  467  36  79  
4 mm Vertical  403  508  40  85  
1 mm Horizontal  364  500  27  92  
2 mm Horizontal  411  556  29  105  
4 mm Horizontal  430  584  32  110 

700 ◦C 1 mm Vertical  308  380  36  74  
2 mm Vertical  336  491  39  82  
4 mm Vertical  357  445  39  128  
1 mm Horizontal  338  444  18  97  
2 mm Horizontal  375  491  19  109  
4 mm Horizontal  401  512  18  133  
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measured thickness is overestimated due to the high roughness of the as- 
built surface, and this will lead to a larger influence on the thinner 
specimens [50]. The comparison of yield strength is shown in Fig. 13, 
and a decreasing tendency for the thinner specimens is discovered at 
each test temperature. Between the 1 mm and 4 mm thick specimens, 
there is no significant RS difference at the surface and subsurface, up to a 
depth of 100 µm, see Fig. 7 and Fig. 8. Hence, a minor thickness- 
dependency on the surface and subsurface RS is assumed. Moreover, 
the FWHM between the two thicknesses remains at the same level, so the 
dislocation density and grain size variation are assumed to have only 
minor effects [51,52]. Therefore, the Taylor factor difference and the 
overestimated cross-section area are assumed to be the main reasons for 
the decreasing tendency of the yield strength. As with the cross-section 
shown in Fig. 3, the semi-melted or unmelted powder on the surface is 
the main contribution to the roughness, and this powder is assumed not 
to take a significant load. A method for roughness compensation that can 
be used to estimate the true load bearing cross-section area and true 
stress acting on the material is proposed as follows: 

Ac = w × (t − 2R) (1)  

σc =
F
Ac

(2)  

where Ac is the calibrated cross-sectional area, w is the width of the 
cross-section, t is the measured thickness using a caliper, R is the surface 
roughness parameter, σc is the calibrated yield stress and F is the loading 
force. After the cross-section calibration, it is assumed that only the 
Taylor factor difference contributes to the thin-wall effect. Assuming 
polycrystal deformation behavior, the Taylor factor is proportional to 
the yield strength [53]: 

σc = M × σCRSS (3)  

where σCRSS is the critical resolved shear stress. Since each roughness 
parameter is approximately constant among different thicknesses in 
Fig. 6, the roughness parameter for calibration can be calculated using a 
linear interpolation between the different thicknesses: 

σc, ti = σti ×
A
Ac

(4)  

σc, t1

σc, t2
=

Mt1

Mt2
(5) 

As a result, the calculated surface roughness parameter R is 88.6 µm, 
where the linear interpolation has been applied among both vertical 
tests and horizontal tests and for all different temperature conditions. 

The calculated surface roughness parameter is close to the measured 
values for Rc, Rp and Rv in Fig. 6, and the calibrated yield strength with 
the different measured roughness parameters is shown in Fig. 13. As the 
roughness values are similar for different thicknesses, the calibration 
compensates the yield strength upwards more significantly for the 1 mm 
sample due to the higher portion of roughness in the cross-section. The 
thickness-dependence of yield strength is almost removed by the cali
bration with Rc. However, with the consideration of thickness- 
dependent Taylor factor shown in Fig. 5, it is more reasonable to 
choose the calibration with Rp and Rv since the yield strength is pro
portional to the Taylor factor. Judging from the definition of different 
roughness parameters shown in Fig. 2, Rp is proposed to be most suitable 
to use for the cross-sectional calibration. The reason is that the region 
above the average of the roughness profile is not expected to carry the 
load, so the measured roughness parameter, Rp, needs to be subtracted 
from the caliper-measured cross-section to obtain the true load-bearing 
cross-section. The cross-sectional calibration is demonstrated on the 
stress-strain curves in Fig. 9, where the stress for each point is modified 
using the roughness parameter Rp in Eqs. 1 and 2. 

4.3. Mechanical behavior compared with conventional manufacturing 
process 

The yield strength of LPBF HX is approximately 200 MPa higher than 
the wrought HX depending on the different thicknesses and LD, see 
Fig. 9. It is assumed to be related to the in-situ plastic deformation 
induced by the rapid cooling during the LPBF process, which can be 
indicated by the high dislocation density of LPBF HX shown in Fig. 14. 
The subgrain structure shown in Fig. 3 is also revealed in the TEM image, 
Fig. 14, where the width of the subgrain is around 300 nm. The dislo
cations pile up at the boundaries of the subgrain and the subgrain wall 
thickness is around 40 nm. 

The yield strength difference can be analyzed by quantifying 
different strengthening mechanisms [54]. Since the chemical composi
tion is similar and there is no precipitation hardening in this alloy, the 
strengthening mechanism could be described as: 

∆σy = ∆σg.b. +∆σdis. (6)  

where ∆σy is the yield strength difference between LPBF and wrought 
HX, ∆σg.b. is the grain boundaries strengthening, and ∆σdis. is the dislo
cation strengthening. ∆σg.b. could be described using the Hall-Petch 
equation: 

∆σg.b. =
ky
̅̅̅
d

√ (7)  

where ky is the material-dependent strengthening coefficient, and d is 
the grain size. The grain size can be determined from the EBSD grain 
orientation mapping in Fig. 3 for LPBF HX and in Fig. 15 for wrought HX. 
Take the grain boundaries with misorientation > 10̊, and determine the 
grain size by the sectional area, which is postulated as a circle and the 
equivalent diameter represents the grain size. As a result, the average 
grain size of wrought HX is 25.6 µm, and the average of LPBF HX is 
26.5 µm. The average grain sizes of both are on a similar level, so the ∆ 
σg.b. is assumed to have minor contribution to the yield strength 
difference. 

The dislocation strengthening ∆σdis. could be calculated by the Tay
lor’s work hardening equation [55]: 

∆σdis. = αMGb
̅̅̅ρ√

(8) 

Fig. 9. A comparison of the stress-strain curves between the LPBF and the 
wrought Hastelloy X at 600 ◦C. A roughness compensation for the stress of the 
LPBF specimen has been applied. The compensation method will be described 
in a later section. 
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Fig. 10. The texture evolution of deformed tensile specimen at different strain level and temperature condition, in the 2.5 mm thick specimen. The IPFs are 
reconstructed from pole figures obtained by neutron diffraction, being presented with respect to three principle directions, WD, TD and BD. The color legends are 
identical in the as-built and horizontal deformation, and the vertical deformation has its own color legend due to the low intensity. (a) The as-built sample. (b) The 
vertical and horizontal deformation with different strain level at 700 ◦C. The corresponding conditions are labeled as H1, H2, H3, V1, V2 and V3 in the stress-strain 
curves. (c) The vertical and horizontal deformation at room temperature. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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where α is a material-dependent coefficient, M is the Taylor factor as 
mentioned above, G is the shear modulus which could be obtained from 
the Young’s modulus by assuming that the Poisson ratio is 0.3, b is the 
Burger’s vector and is taken as 0.257 nm [56], and ρ is the dislocation 
density. For homogeneously distributed dislocations, α is set as αhom 
= 0,47 [57]. The Taylor factor for wrought HX is isotropic, and the value 
is 3.03 which is calculated from the EBSD map in Fig. 15. The dislocation 
density can be determined by using the intersection method on the TEM 
images in Fig. 14 [58], and the ρ is around 5 × 1012/m2 for the wrought 
HX. However, due to the subgrain structure of LPBF, the dislocation 
strengthening needs to be modified where the dislocation tangling at the 
subgrain walls is considered [59]: 

∆σdis. = αhetMGb
̅̅̅ρ√ (9)  

αhet = 2αhom
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
fsub × fw

√
(10)  

where αhet is the coefficient with the consideration of heterogeneous 
dislocation distribution, αhom = 0.47 as mentioned above, and fsub and fw 
are the volume fraction of subgrain and wall area. fw is proposed as [60]: 

fw ≈
κw
dsub

(11)  

fw + fsub = 1 (12)  

where κ is a geometric constant taken as 3, w is the thickness of the 
subgrain wall, dsub is the subgrain width, and fw is calculated as 0.4 from 
Fig. 14. With the assumption that the major yield strength difference 
between LPBF HX and wrought HX comes from the dislocation 
strengthening ∆σdis., the calculated dislocation density of LPBF HX is 
around 2.2 × 1014/m2. From the dislocation structure in Fig. 14, the 
observed dislocation density of LPBF HX is around 1014–1015/m2 by 
using the intersection method. The calculated dislocation density is close 
to the observed dislocation density, and it is also at a same level to other 
studies of Ni-based LPBF materials [61]. Therefore, it can be concluded 

that the high dislocation density of LPBF HX is the reason for the higher 
yield strength compared to wrought HX. Moreover, the partial capacity 
of work hardening is consumed in the as-built LPBF HX, so the ductility 
is worse than the wrought HX. 

4.4. Anisotropic deformation mechanism 

The anisotropic texture evolution is shown in Fig. 10. For the vertical 
tensile tests, due to the elongated grains and the <011> texture along 
the BD of the as-built microstructure, it can be assumed that the vertical 
deformation would show some similarities to deformation of a FCC 
single crystal with the <011> crystallographic orientation along the 
loading direction. The texture evolution toward the [001] – [111] 
boundary implies that the primary slip system is activated where the 
tensile axis rotates toward the <011> direction in the adjacent stereo
graphic triangle [62]. The primary and conjugate slip systems are 
equally favored on the boundary, so the tensile axis will rotate toward 
[112] on the boundary. At the fully deformed state, the major <112>// 
LD and minor <001>//LD texture components along the BD correspond 
well with the deformed microstructure shown in Fig. 11. Most of the 
elongated grains are not parallel to the BD in the as-built state, but they 
become well-aligned along the LD and experience large lattice rotation 
during the plastic deformation, and these grains lead to a significant 
<112>//LD texture component. Meanwhile, the elongated grains that 
are nearly parallel to the BD in the as-built state undergo less grain 
rotation, and they result in the minor <001>//LD texture component. 
The better vertical ductility is credited with the large lattice rotation. 

For the horizontal tensile tests, the deformation behaviors are close 

(b)(a)

BD
LD

LD
BD

100µm100µm

Fig. 11. EBSD grain orientation mapping of the fully deformed specimens at 700 ◦C. The color legend is according to each BD; the black lines refer to > 10◦ grain 
boundaries and the gray lines refer to > 2◦ grain boundaries. (a) The vertical tensile test. (b) The horizontal test. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Schematic of the multiple conditions of grain growth direction in a 
melt pool. 

Fig. 13. The comparison between yield strengths before and after the cross- 
section calibration among all the tensile tests from room temperature up to 
700 ◦C. The cross-section for the yield strength before the calibration is 
measured by using a caliper. The calibration refers to the subtraction of 
roughness value on the caliper-measured cross-section. 
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to polycrystalline deformation, because the preferred orientations of the 
deformed texture along the LD are <001> and <111>, which is the 
same as deformed FCC polycrystal under tension [63]. Moreover, the 
calculated horizontal M is around 3, which is close to the average M of 
3.067 for a random texture [64], and it refers to a more isotropic me
chanical behaviors. Compared to the as-built microstructure, the irreg
ular grain boundary morphology indicates a certain level of grain 
rotation, but it is assumed that less rotation has been experienced due to 
the texture performance being similar to the as-built texture. The lower 
capability of grain rotation for horizontal deformation is considered to 
be an important reason for the lower ductility. In addition, the texture 
evolution behaviors are similar between 700 ◦C and room temperature. 
Yet, due to that multiple slips can be activated at high temperature, the 
difference between horizontal and vertical yield strength becomes 
smaller at 700 ◦C. 

As a clear texture difference is shown between 1 mm and 4 mm 
specimen, the initial texture influences the texture evolution, see Fig. 16. 
For the 1 mm specimen, the strong <001>// TD texture component still 
remains at a certain level after vertical deformation, meanwhile, the 
texture evolution along the BD is similar to the 4 mm specimen that it 
evolves toward the [001] – [111] boundary. For the horizontal defor
mation, the <001>//TD texture component of 1 mm specimen become 
even stronger, and it does not form <111>//TD texture component like 
4 mm and 2.5 mm specimen. A slightly lower degree of lattice rotation is 
expected in 1 mm specimen. 

5. Conclusions 

In this study, the effect of wall thickness of additively manufactured 
thin-walled structures of LPBF HX and their anisotropic plastic defor
mation behavior at elevated temperatures were investigated with 
multidisciplinary characterization techniques. Some significant 

conclusions are drawn as follows:  

1. A clear transition of the <011> fiber texture along the BD to <001>
fiber texture along the TD is shown when the specimen becomes 
thinner. This effect on the crystallographic texture depends on the 
directional energy input and the constraints on the thermal gradients 
caused by the geometric differences.  

2. One particular result of the difference in texture is that the Taylor 
factor, M, decreases in the thinner walls. In addition, M is higher in 
the horizontal direction compared to the vertical direction, which 
corresponds very well with the anisotropic yield strength behavior 
from the tensile tests. 

3. The surface roughness appears to be similar for the different thick
nesses. By using a linear interpolation of the Taylor’s factor and the 
yield strength between the different thicknesses, the roughness 
parameter Rp is found to be a suitable parameter for the cross- 
sectional calibration. The caliper-measured cross-section is sub
tracted by Rp to obtain the true load-bearing cross-section.  

4. For the RS in the BD, a steep tensile RS gradient is shown in the depth 
profile along the WD. The RS reaches a plateau of about 537 MPa at 
the depth around 100 µm, which represents the surface RS without 
the influence of unmelted powder particles at the surface.  

5. The high dislocation density and the dislocations piling up at the 
subgrain boundaries strengthen the LPBF HX. The dislocation density 
of LPBF HX is in the range of 1014–1015/m2, which is generated 
during the rapid cooling process and is much higher than for the 
wrought and solution heat treated HX, which is typically 5 × 1012/ 
m2. The high dislocation density of LPBF HX lowers the capacity for 
work hardening and reduces the ductility.  

6. The deformation of the thin-walled AM samples in the vertical and 
horizontal directions exhibits an anisotropic behavior with charac
teristic texture evolution, and the deformation behavior is similar 
between room temperature and 700 ◦C. The vertical deformation has 
a higher degree of texture evolution and grain rotation, where the 
texture evolves toward the [001] – [111] boundary, which is 
assumed to be the main reason for higher ductility. 

CRediT authorship contribution statement 

Cheng-Han Yu: Conceptualization, Methodology, Validation, 
Investigation, Data curation, Writing - original draft, Writing - review & 
editing, Visualization, Project administration. Ru Lin Peng: Conceptu
alization, Methodology, Writing - review & editing, Supervision. Vla
dimir Luzin: Validation, Investigation, Resources, Data curation. 
Maximilian Sprengel: Validation, Investigation, Data curation, Writing 
- review & editing. Mattias Calmunger: Validation, Investigation. Jan- 

Fig. 14. Microstructural comparison between LPBF HX and wrought HX from TEM images. (a) As-built LPBF HX with 1 hour annealing at 700 ◦C. (b) As-received 
wrought HX with standard solution annealing. 

Fig. 15. EBSD grain orientation map of the wrought HX.  

C.-H. Yu et al.                                                                                                                                                                                                                                   



Additive Manufacturing 36 (2020) 101672

12

Fig. 16. The influence of initial texture on the anisotropic texture evolution at 700 ◦C. The texture analysis was carried out on the fully deformed samples. The color 
legends of as-built and horizontal deformation are identical, but the vertical deformation has its own color legend due to the low intensity. (a) The initial textures of 
as-built 1 mm and 4 mm specimen. (b) The vertical deformation. (c) The horizontal deformation. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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