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A B S T R A C T   

Magnitude and distribution of residual stresses in additively manufactured Ni-based superalloys may impact the 
mechanical performance of as-fabricated parts. Though electron beam powder bed fusion (E-PBF) can produce 
components with minimal defects and residual stresses compared to laser powder bed fusion and directed energy 
deposition, variations of them may occur within the complex geometry of a component, due to inherent vari
ations of thermal signatures and the evolution of section modulus along the build direction. This work reveals the 
residual stress distribution, characterised from neutron diffraction, of an as-fabricated Haynes 282 monolith 
containing internal cube voids and thin wall struts of varying thicknesses. Complementary local hardness 
measurements and multi-scale microscopy were used to investigate the geometry-structure-property relation
ships. Observed variations in hardness were attributed to a combination of type I macro-scale residual stresses 
and variations in bimodal γ′ precipitation behaviour. The results highlight the influence of residual stresses and 
microstructure on the mechanical properties of E-PBF Haynes 282.   

1. Introduction 

Haynes 282 (H282) is a current generation Ni-based superalloy, 
developed and adopted for hot section parts in gas turbines for aircraft 
and power generation [1,2]. It is considered one of the forerunning 
candidates for turbine components in new, advanced ultrasupercritical 
power plant applications [3,4]. These powerplants aim for net plant 
efficiencies of ~47%, up from current-generation powerplant designs of 
37% efficiency [5], attained through steam operating temperatures and 
pressures up to 760 ◦C and 31 MPa, respectively. This increase in ther
mal efficiency was estimated to reduce CO2 and fuel-related emissions 
from 0.85 to 0.67 tonnes/MWh, a significant ~21% reduction [5]. 

H282’s high-temperature strength is achieved primarily through 
intermetallic L12 γ′ precipitation. However, compared to other common 
Ni-based superalloys such as Waspaloy and Rene-41, fully aged H282 
has a comparably lower γ′ phase fraction of 19%, whilst retaining 
equivalent tensile and creep properties [2,6]. This severely reduces the 
strain-age cracking tendency – greatly increasing its fabricability and 
weldability compared to other superalloys [6]. Furthermore, long term 
thermal exposure at 760 ◦C shows increased room temperature yield 
strength, without the formation of topologically close packed (TCP) 
phases. It is noteworthy that the TCP phases are brittle and deleterious 
and often found in other Ni-based superalloys such as Rene-41 [1]. With 
the design and development of new generation of steam and gas turbines 
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for higher thermal efficiencies, the inevitability of complex geometries 
for sub-components poses challenges to traditional casting processes in 
terms of yield and cost [7]. 

Based on the above needs, there is an impetus to fabricate H282 
complex geometrical components through additive manufacturing 
(AM). Recent publications have reported successful processing of H282 
via various AM technologies, such as directed energy deposition by laser 
(DED-L) [8], laser powder bed fusion (L-PBF) [9,10], and electron beam 
powder bed fusion (E-PBF) [11]. Electron beam powder bed fusion 
(E-PBF) is a particularly promising method to produce AM H282 con
taining in-situ γ′ precipitation with relatively lower residual stresses and 
reduced cracking tendency [12]. Dependant on fabrication parameters, 
L-PBF has been shown to be capable of imparting over 300% more re
sidual stresses compared to E-PBF of the same alloy system, which had 
negligible residual stresses [13]. As E-PBF occurs in vacuum and at 
elevated bed temperatures (typically ~1000 ◦C for Ni-based superal
loys) [12,14], this leads to reduced thermal gradients within the bulk of 
the AM builds, allowing for intrinsic heat treatment opportunities dur
ing processing or cooling (and perhaps complex thermal cycling) from 
the processing temperature [15,16]. If the pre-heat temperature is above 
the solvus temperature, precipitation will occur during the final cooling 
stage. If the preheat temperature is below the solvus temperature, a 
build may undergo ‘aging’ and initiate γ′ precipitation. E-PBF uses an 
electron beam source and scanning strategies to preheat and sinter, 
which is followed by melting at specific locations. After solidification of 
these molten regions, the built part is lowered and succeeding [i.e., (n +
1)th] layers of powder are raked over the previous layer (i.e. nth layer), 
repeating the process. One key factor in this process flow for a complex 
geometry is that each and every layer may contain differing cross sec
tions, based upon the orientation and nesting of this geometry within the 
overall build. Therefore, we hypothesised that a complex geometry may 
lead to interesting residual stress distributions that are quite different 
from simple cuboids, which forms the motivation for this research. 

A comprehensive treatment of the complementary effects of residual 
stress and microstructure on the mechanical properties in H282, 
particularly E-PBF fabricated H282, is not yet available. Residual 
stresses within AM builds have been shown to significantly limit the 
fabricability of metal alloys, due to delamination from the build plates, 
as well as impact the tensile and fatigue properties of parts [12,17–21]. 
Though E-PBF has been touted as a method that significantly reduces 
residual stresses upon fabrication compared to other AM techniques 
such as laser powder bed fusion (L-PBF), E-PBF superalloys commonly 
exhibit reduced tensile properties in comparison to their L-PBF coun
terparts [12,21]. Furthermore, past AM H282 studies have only 
considered simple cuboidal builds, and limited microstructure-property 
considerations of thin walled struts [8–11]. However, AM thin-walled 
structures are commonplace in aerospace applications, such as in com
bustion chambers or in turbine blades [22,23]. 

In this publication, the residual stress distributions and their origins 
in an E-PBF processed H282 alloy build containing thin wall struts of 
varying thicknesses and internal ‘cube’ voids are reported. The influence 
of the residual stresses on microstructure-property relationships were 
also studied. The above characterisations were performed in represen
tative locations of interest within an E-PBF H282 monolith. Nano
indentation tests were used to evaluate local hardness. Neutron 
diffraction (ND) was used to measure residual stresses and to evaluate 
texture. A detailed hierarchical microstructural investigation was per
formed through scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), high resolution scanning transmission 
electron microscopy (STEM), and atom probe tomography (APT). These 
results provide insights into the interplay of residual stresses and 
microstructural effects on the mechanical performance of E-PBF H282. 

2. Methods 

2.1. Material 

The pre-alloyed, gas-atomised H282 powders were produced by 
Praxair Inc. The powder composition was measured by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) and combus
tion analysis. The composition of the powder was Ni-22.22Cr-10.24 Co- 
5.24Mo-3.32Al-2.52Ti-0.67Fe-0.39Si-0.24 C-0.18 O-0.05B-0.01 V (at 
%). Other impurities (Mn, N, P, S, Nb, Cu) were measured to be < 0.15 at 
%. The mean powder diameter was measured to be 38.28 ± 1.66 µm, 
through SEM image analysis (Fig. 1); more details are presented in 
Section 2.3. Although some of the powder particles contain satellite 
morpholine (due to imperfect gas atomisation [24]), the mean powder 
circularity, calculated via Eq. (1), was measured to be 0.83 ± 0.45E-3. 
All measurement errors and error bars reported are 95% CI. 

circularity = 4π⋅Area⋅Perimeter− 2 (1)  

2.2. Print parameters and build geometries 

H282 builds containing ‘cube’ internal voids as well as thin wall 
struts (Fig. 2) were fabricated in an Arcam Q10 machine (GE Additive) 
operated at 60 kV. The thin wall struts located on the top xy-surface 
were labelled TW1, TW2, and TW3 from thickest to thinnest (Fig. 2a-c). 
This build geometry was devised to investigate the effects of varying 
thermal conditions within different regions and thin wall widths of a 
singular build. The hypothesis behind using internal voids was to reduce 
mechanical restraints that will lead to relaxation of residual stresses. 

These builds were printed simultaneously in a group of 12 builds. 
The builds were fabricated on a 304 stainless steel base plate using a 
‘random’ spot melt pattern, where each point on a layer has an equal 
probability of being melted, but not necessarily in a sequential manner. 
Layer thicknesses were maintained at 50 µm, with no focus offset and a 
dwell time of 0.3 ms. The build plate temperature was initially set at 
~1000 ◦C, equal to γ’ solvus temperatures for H282 [6]. However, as a 
thermocouple was used to set/measure the bed temperature (as part of 
the Arcam Q10 system), there was uncertainty in the real base plate 
temperature during fabrication. Temperature uncertainties have been 
shown to be up to 200 ◦C in previous E-PBF studies [25]. After fabri
cation, builds were cooled to room temperature at a rate of ~161 ◦C/h 
and removed from the base plate by electrical discharge machining. A 
log of the machine conditions during fabrication can be found in the 
supplementary material (Fig. S1). 

All microstructural analyses performed herein are from the regions 
that are far from the stress relieving cube voids. Regions of interest for 
microanalysis (indicated on Fig. 2c) include: • 2.5 mm from the top of 
TW1 and TW2 (iTW1, iTW2), • 7.5 mm from the top of TW1 (iiTW1), •
10 mm from the top of TW1 and TW2 (iiiTW1, iiiTW2), • 2.5 mm from the 
top-centre of the build bulk; base of TW1, TW2, and TW3 (iv) and, •
2.5 mm above the bottom-centre of the build bulk (v). 

Fig. 1. SEM SE2 (secondary electron) micrograph of Haynes-282 powder used 
in this study. Satelliting is present in the powder (annotated), with variations in 
size and morphology. This micrograph was used for image analysis. 

B. Lim et al.                                                                                                                                                                                                                                      



Additive Manufacturing 59 (2022) 103120

3

2.3. Microstructural analysis 

Samples were sectioned using a Struers Accutom-50 diamond saw 
from the central yz-plane (cross-section A-A in Fig. 2a & c). 

Metallographic preparation of cut sections were prepared by me
chanical grinding and polishing to a 0.25 µm finish. Subsequently, the 
specimens were polished to a 0.08 µm colloidal silica finish in a Buehler 
VibroMet2. 

SEM was conducted using a Zeiss Sigma 3View field emission gun 
operating at 5 kV using a low kV Gatan backscattered electron (BSE) 
detector. Image analyses were performed with opensource software 
ImageJ v 1.53 c. A Gaussian blur of 1-pixel radii was applied followed 
by greyscale thresholding, and subsequent watershed segmentation. The 
above microstructural characterisations were performed at the points of 

interests: iTW1, iv, and v (Fig. 2c). 
Electron backscatter diffraction (EBSD) was performed in a Zeiss 

ULTRA Plus field emission SEM at 30 kV and a step size of 2 µm. The 
data was collected using an Oxford Instruments EBSD detector and 
processed using AZtecCrystal 2.0 software. A grain was defined as a 
group of at least 10 pixels and having a misorientation from surrounding 
crystals of at least 10◦. The raw data was post-processed for rendering 
orientation maps by filtering for wild spikes and iterating to zero- 
solutions to the 5th nearest neighbours. The EBSD was performed on 
specimens containing positions iTW1, iiTW1, iv, and v (Fig. 2c). 

SEM Energy dispersive x-ray spectroscopy (EDS) was performed in a 
Zeiss Sigma HD field emission SEM at 10 kV, with an oxford instruments 
EDS detector and processed using Aztec 5.0 software. 

Standard techniques were used to electropolish TEM thin foils [26] 

Fig. 2. (a) Schematic of E-PBF H282 build with reference to build direction (BD). (b) Skeleton view of E-PBF H2828 build, revealing internal cube void structures. (c) 
Schematic of cross-sectional views, (left) red arrows ND scan paths (edge and centre), and points of interest (iTW1,TW2, iiTW1, iiiTW1,TW2, iv, v) are notated for mi
croscopy and microanalysis. (Right) Thin wall struts are labelled TW1, TW2, and TW3 from thickest to thinnest. 
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from specimens containing positions iTW1, iv, and v (Fig. 2c). These were 
mechanically polished to ~50 µm thickness on the xy-plane and elec
tropolished in a Struers Tenupol using an electrolyte of 10% perchloric 
acid (vol.) in methanol at 15 V/− 30 ◦C. TEM and high resolution STEM 
micrographs were taken in a ThermoFisher Scientific double aberration 
corrected Themis-Z operated at 300 kV. 

APT blanks (~0.5 x ~0.5 x ~20 mm3) were sectioned from me
chanically polished specimens on the xy-plane, containing positions 
iTW1, iv, and v (Fig. 2c). These were electropolished into needle-shaped 
specimens using a standard 2-step electropolishing technique at room 
temperature [27]. Coarse polishing was performed using 25% perchloric 
acid (vol.) in acetic acid at 20 V, with fine polishing performed using 
2–5% perchloric acid (vol.) in n-Butoxyethanol at 5–15 V. APT datasets 
were collected using a Cameca LEAP 3000-Si instrument, with a spec
imen temperature of ~25 K, a pulse rate of 200 kHz, a pulse fraction of 
0.2, and a detection rate of 0.5% of an ion/pulse. The raw datasets were 
reconstructed in Cameca’s Atom Probe Suite (APSuite) 6.1 software. The 
reconstruction was crystallographically calibrated using methods set by 
Gault et al. [28], at a detector efficiency of 57%. All reported APT 
datasets were background corrected. 

2.4. Texture analysis 

Neutron diffraction of this specimen for both the γ and γ′ phases was 
completed at the High-Pressure-Preferred-Orientation (HIPPO) beam
line at Los Alamos National Laboratory. All diffraction measurements 
were measured using a 10 mm diameter beam (probing multiple layers 
in one go), with an interaction volume of ~980 mm3. Rotation angles of 
0◦, 67.5◦, and 90◦ were used to capture representative diffraction events, 
and analysed at rotational positions for 20 min. HIPPO detector 
coverage provides 22.4% of the 2π pole figure hemisphere for a single 
rotation. These three rotations cover 51.2% of 2π which was sufficient 
for orientation distribution function (ODF) texture analysis, see Takajo 
& Vogel for details of angle selection [29]. 

Each specimen was analysed at the top (5 mm from top centre of 
build – encompassing TW1, TW2 and TW3), middle (20 mm from bot
tom centre of build), and bottom (5 mm from bottom centre of build) to 
evaluate texture changes with build height. These results were used to 
generate pole figures representative of global texture after processing 
using the Material Analysis Using Diffraction (MAUD) software package 
[30]. All textural neutron diffraction data was processed according to 
Saville et al. [31], with 7.5◦ pole figures exported from MAUD into the 
MATLAB plugin MTEX version 5.70. All presented pole figures were 
created with a 5◦ resolution ODF in MTEX [32]. 

2.5. Thermodynamic simulation 

Thermodynamic simulation of equilibrium phase compositions was 
conducted using ThermoCalc 2021b software with the TC-Ni11 data
base. The calculations considered the pressure to be 0.7 Pa, corre
sponding to the measured chamber vacuum pressure during the E-PBF 
process (Supplementary material, Fig. S1). 

2.6. Nanoindentations 

Hardness was measured via instrumented indentation tests (nano
indentations) performed on the polished specimens in a Hysitron Ti 950 
TriboIndenter (Bruker Corp.) equipped with a Berkovich diamond tip. 
An 11 mN load was used, with a loading/unloading rate of 1.1 mN/s and 
a dwell time of 10 s at max load. 10 rows of 10 indentations were per
formed (totalling 100 indentations), each spaced 5 µm apart to minimise 
cross-interaction of adjacent indentation strain fields, as per ASTM 
standards [33]. These measurements were restricted to the marked 
points of interest on the specimen (iTW1,TW2, iiTW1, iiiTW1,TW2, iv, v), as 
indicated in Fig. 2c. The Indentation direction aligns with x-direction of 
the build, i.e., perpendicular to the yz-plane. The unloading curves were 

analysed using methods described by Oliver-Pharr [33,34], with the 
upper 10% and lower 50% disregarded for curve fitting, as per ASTM 
standards. 

2.7. Residual stress 

Residual stress measurements were performed using the KOWARI 
strain scanner at the Australian Nuclear Science Technology Organisa
tion (ANSTO) using a 2 × 2 × 2 mm3 gauge volume. These were per
formed on builds fabricated with identical printing parameters and 
feedstock to those used for microscopy and microanalysis. 

A monochromatic neutron beam with a wavelength of 1.498 Å was 
used. The detector angle, 2θ, was set correspondingly to the Ni(311) 
diffraction peak. 2 sets of line scans were performed along the build 
direction in the bulk of the as fabricated build. These scans were per
formed down the centre of the central thin wall strut (TW2) and thickest 
‘edge’ thin wall strut (TW1), as indicated with red arrows in Fig. 2c. Scan 
centres were spaced 2.5 mm apart, with the initial scans beginning 
2.5 mm from the top xy-surface. 

The peak centre position in terms of scattering angle θ from the 
neutron diffraction pattern was determined by a pseudo-Voigt curve fit. 
The scattering angle was used to calculate the lattice spacing by Bragg’s 
law: 

nλ = 2dhklsinθ (2)  

Where, n is the order of the reflection plane, λ is the neutron wavelength, 
dhkl is the lattice spacing, and θ is the angle between the incident beam 
and the scattering planes. From the lattice spacing, the residual lattice 
strain was calculated using the following equation: 

ε =
dhkl − d0

hkl

d0
hkl

(3)  

where, d0
hkl is the strain-free lattice spacing for the hkl planes. Due to the 

lack of strain-free samples, this was calculated through assuming plane 
strain conditions along the z direction at the top of the 2 thin wall struts 
considered (positions iTW1 and iTW2, Fig. 2c) [35]. A mean d0

hkl of 1.082 

± 8.39E-05 Å from the 2 positions was used. It is important to note that 
as line-scans were performed, force and moment balances for validating 
d0

hkl calculations were not possible [36]. Though d0
hkl is also affected by 

changes in chemistry through the build [35], as shown in further detail 
in Section 3.4, phase chemistries remained similar throughout – unlikely 
changing d0

hkl as a function of build height. Residual strain measure
ments were obtained on the bulk as-fabricated builds along the build 
direction in three principal directions (εxx, εyy, εzz). 

The residual stress in three principal directions (σxx, σyy, σzz) was thus 
determined using Hooke’s law: 

σxx =
E

(1 + ν)(1 − 2ν)
[
(1 − ν)εxx + ν

(
εyy + εzz

) ]
(4)  

an elastic modulus, E, of 203 GPa and Poisson’s ratio, ν, of 0.31 was 
measured from the Ni(311) reflection at position iTW2 (Fig. 2c), using a 
Voigt-Reuss-Hill mixtures model [37,38]. 

Equivalent von-Mises yield stresses (σvm) and hydrostatic stresses 
(σh) were also considered. These were calculated as follows: 

σvm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
σxx − σyy

)2
+
(
σyy − σzz

)2
+ (σzz − σxx)

2

2

√

(5)  

σh =
σxx + σyy + σzz

3
(6)  

the calculated von-Mises yield stresses were independent of d0
hkl as

sumptions, due to subsequent subtractions of the principal stresses. 
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Furthermore, as the same d0
hkl was used for all calculations, the overall 

residual von-Mises stress trends observed holds true, though the abso
lute values reported may differ from the physical value. 

3. Results 

3.1. Grain characteristics 

EBSD inverse pole figure (IPF) maps along the build direction (BD) 
reveal consistent columnar grain growth towards the BD throughout the 
entirety of the build, as seen in locations iTW1, iiTW1, iv, and v (Fig. 3a–d). 
The grains were larger than ~3 mm in length and ~200 µm in width. 
There was little variation in mean grain size or aspect ratio in all loca
tions. The corresponding EBSD pole figures show that the grains were 
strongly {001} textured (along the BD) with little change in the degree 

of texturing with build height. Though some equiaxed grains could be 
seen at the bottom of location v, Fig. 3d, these were a result of partially 
sintered powder at the bottom of the build. Kernel average misorienta
tion (KAM) maps from the EBSD scans (Supplementary Fig. S2) also 
showed minimal changes in misorientation with build height. 

To investigate the overall textural behaviour of γ and γ′ individually 
with build height, pole figures were obtained via ND at various locations 
in the build height. Their individual textures remained unchanged with 
build height; a representative figure is shown in Fig. 4. Consistent fibre 
texture around the build direction was observed for γ of ~6–7 multiples 
of uniform distribution (m.u.d.). Whilst γ′ texture exhibited a typical 
cube texture that was rotate ~15–20◦ around the build direction of 
~8 m.u.d. 

Fig. 3. (Left) IPF maps along the BD and (right) associated pole figures at points of interest, (a) iTW1 (b) iiTW1, (c) iv and (d) v. Equiaxed grains are notated in (d). 
Outlined in black are high angle grain boundaries (≥ 20◦) and in grey are low angle grain boundaries (≥ 2 – 20◦). Pole figures were contoured with 10◦ halfwidths 
and cluster sizes of 5◦. 
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3.2. γ’ morphology 

SEM BSE micrographs show extensive distribution of cuboidal pri
mary γ’ precipitation and carbides (Fig. 5). These were performed only 
at locations interest: • top of TW1 (iTW1), • 2.5 mm from the bottom of 
TW1 (iiTW1); corresponding to the hardness spike seen in 

Table 3, • top-centre of the build bulk (iv) and, • bottom-centre of the 
build bulk (v). The carbides were identified as Mo,Ti,Ta-rich carbides via 
SEM EDS analysis (Fig. 6) and were not considered for further analysis. 

Primary γ’ sizes were determined using equivalent spherical di
ameters via image analysis, and their phase fractions were assumed to be 

equivalent to the measured area fractions. Aspect ratios and circularities 
were similarly measured via image analysis. Although, the primary γ’ 
size linearly reduces by 33.7% with increasing build height (v to iTW1), 
the primary γ’ phase fraction increases by 9.0% (Table 1). This suggests 
that the number density of γ’ may be higher in the top of the build. 
Furthermore, their aspect ratios and circularities, indicate that primary 
γ’ morphology remained consistently cuboidal throughout the build, 
with a slight reduction in circularity at position v. 

Displaced aperture dark field (DF) TEM micrographs of iTW1, iv, and v 
were taken (Fig. 7a–c) near 2-beam conditions using a superlattice (γ’) 
diffraction spot. These are forbidden face-centred cubic (FCC) re
flections, not shown when γ’ is absent [26,39]. Spherical secondary γ’ 
precipitation (<5 nm in diameter) was found to be present throughout 
the entirety of the build. Fig. 7d & e displays representative low and high 
magnification STEM high angular annular darkfield (HAADF) micro
graphs of position iv taken along a < 110 > zone axis, also showing 
evidence of secondary γ’ precipitation. Resolving secondary γ’ was 
difficult via HAADF STEM due to Z contrast contributions by the sur
rounding γ matrix, nonetheless, this was indicative of bimodal primary 
and secondary γ’ precipitation in E-PBF H282. 

3.3. Dislocation densities 

To evaluate the role of defects on the hardness variations, brightfield 
(BF) TEM micrographs (Fig. 8) at locations iTW1, iv, and v show the 
dislocation distributions at various magnifications. All specimens were 
tilted to a < 110 > zone axis and imaged at 2 beam conditions to 
facilitate dislocation observations. In all regions, low densities disloca
tions were observed and qualitatively similar, not interacting with or 
shearing γ′ precipitates. Low amounts of sub-grain boundaries were also 
observed to have formed. This was surmised to be from dislocation re
covery within γ grains [40] during the cyclic heating and cooling E-PBF 
process. 

Fig. 4. Representative pole figures measured from the centre of the build via neutron diffraction using a 10 mm diameter beam. Consistent fibre texture around BD 
was observed for γ. The γ’ phase exhibited a cube texture rotated by ~15–20◦ from typical orientations. These textures were consistent with build height. 

Fig. 5. BSE SEM micrographs showing primary γ′ (darker contrast) and car
bides (black) at points of interest (a) iTW1, (b) iiTW1, (c) iv, and (d) v. These 
micrographs were used for image analysis. 
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3.4. γ/γ′ phase chemistry 

APT was employed to analyse the effects of possible variations in 
phase chemistries on the measured hardnesses. Fig. 9 shows character
istic atom maps at locations iTW1, iv, and v. γ and primary γ′ chemistries 
were determined through bulk measurements of isoconcentration sur
faces of Cr = 25.15 at% and Al + Ti = 20.80 at%, respectively (Table 2). 
These isoconcentration surface values were determined via methods 
published by Theska et al. [41], eliminating interfacial contributions to 
measured chemistries. 6 at% Al + Ti isoconcentration surfaces were 
used to delineate secondary γ′, confirming DF TEM observations. Due to 
their small sizes (<5 nm), causing interfacial contributions to measured 
bulk chemistries [42], secondary γ′ chemistries and effects were not 
considered in this study. Bulk γ and primary γ′ compositions were 
aggregated and averaged over 3 different datasets for each region, with a 
minimum of 10 million ions for each phase reported. 

There was little variance in primary γ′ chemistries throughout the 
build. Al and Ti concentrations in γ varies slightly between regions. Al 

Fig. 6. Representative SE2 micrograph with EDS maps (from location v) of Mo,Ti,Ta-rich carbides found throughout build.  

Table 1 
Variations in primary γ’ size, phase fraction, aspect ratio, and circularity at 
positions iTW1, iiTW1, iv, and v, within the build. Determined via image analysis of 
Fig. 5.   

Primary γ’ size 
(nm) 

γ’ phase fraction 
(%) 

Aspect 
Ratio 

Circularity 

iTW1 54.0 ± 1.4  18.3 1.27 
± 0.01 

0.96 ± 2.46E- 
03 

iiTW1 58.4 ± 1.7  18.1 1.25 
± 0.01 

0.97 ± 2.09E- 
03 

iv 68.6 ± 2.3  17.0 1.24 
± 0.01 

0.96 ± 2.45E- 
03 

v 81.4 ± 3.3  16.5 1.28 
± 0.01 

0.93 ± 3.79E- 
03  

Fig. 7. Displaced aperture DF TEM micro
graphs formed with superlattice spots, taken 
near 2-beam conditions for locations (a) iTW1, 
(b) iv, and (c) v. Primary and secondary γ′

precipitation is seen in all locations. Insets are 
the corresponding DPs with the superlattice 
spots (forbidden FCC reflections) used to form 
the DF micrograph indicated in red circles. 
Representative STEM HAADF micrographs 
taken along < 110 > zone axis for location iv at 
(d) low and (e) high magnification, also 
showing primary and secondary γ′

precipitation.   
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concentration in γ was highest at location iTW1, followed by v, and iv. 
Conversely, Ti concentration in γ was lowest in location iTW1, followed 
by iv, and v. Proximity histograms (proxigrams) were applied to the 
20.80 at% Al + Ti isoconcentration surfaces, from the representative 
atom maps (Fig. 9). A bin size of 0.5 nm was used, and proxigrams were 
concurrently applied and averaged over all isoconcentration surfaces for 
statistical significance. As viewed in Fig. 10, these show expected en
richments and depletions of solutes to primary γ′, but no solute segre
gation behaviour at primary γ′/γ interface boundaries. 

Equilibrium phases calculated by ThermoCalc are shown in Fig. 11. 
The preheat temperature (~1000 ◦C) was found to be at γ′ solvus. This 
suggests that the majority of γ’ precipitation only occurred upon 
continuous cooling to room temperature. However, due to uncertainty 
of the measured bed temperature, and the gradient of γ′ sizes with build 
height (Table 1), the authors surmise that γ′ precipitation and coars
ening also occurred during fabrication. The equilibrium composition of γ 
and primary γ′ was calculated as the mean composition between 728 and 
810 ◦C (Table 2). This temperature range corresponded to the maximum 
and minimum primary γ′ phase fractions, respectively, determined via 
SEM (Table 1), also giving prudence to the postulation of in-situ pre
cipitation at lower temperatures. There was little variance in predicted 
chemistry within this range. 1.5% phase fraction of M6C carbides was 
also predicted to form at this temperature range. 

3.5. Hardness 

Nanoindentations were performed at the locations of interest cor
responding to Fig. 2c. The results, summarised in Table 3, show an in
crease in hardness with build height (from v to iTW1). Of note was a spike 
in hardness at location iiTW1. There was little observable variation be
tween the bottom top and top of the thickest, thin wall strut, TW1 (iiiTW1 
and iTW1, respectively), nor within the bulk of the builds (v and iv, 
respectively). However, there was an 8.1% increase in hardness from the 
bottom to the top of TW2 (iiiTW2 and iTW2, respectively). 

3.6. Residual stress 

Residual stresses were measured to understand the spike in hardness 
measured at position iiTW1. The principal and hydrostatic residual stress 
distributions show an increasingly compressive behaviour with 
increasing build height for both edge and centre scan paths (Fig. 12a, b 
& d). Apart from position iiTW1, there was a slight increasing trend in 
equivalent von-Mises yield stress (σvm) with increasing build height 
(Fig. 12c). At location iiTW1, the spike in von-Mises residual stress was 
due to a spike in residual tensile stress along the x-axis (σxx). This was 
the direction along the length axis of TW1 (Fig. 2c). Exclusive of iiTW1, 
the residual stress distributions along TW1 & TW2 mimic each other. 

This spike in residual stress magnitude seen in Fig. 12c at iiTW1, 
correlated with increased hardness measured by nanoindentation. 
Furthermore, the overall increased hardness with build height, corre
sponds with increased tensile residual stresses toward the top of the 
build (Fig. 12a & b). 

4. Discussion 

The as-built E-PBF H282 monoliths showed complex residual stress 
distributions, resultant from the cyclic rapid heating and cooling process 

Fig. 8. BF TEM micrographs taken at two beam condition showing low dislo
cation densities. Taken at low magnification (left) and higher magnification 
(right) at points of interest (a) iTW1, (b) iv, and (c) v. Sub-grain boundaries were 
formed resultant from dislocation recovery due to cyclic E-PBF heating and 
cooling process. 

Fig. 9. Representative atom distribution maps of Ti for locations iTW1, iv and v. 
In blue, 20.80 at% Al + Ti isoconcentration surfaces showing primary γ′ pre
cipitation. In orange, 6.00 at% Al + Ti isoconcentration surfaces delineate 
secondary γ′ precipitation. 
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during fabrication and the complex geometry. The complex interplay 
between geometry, process, and material phenomenon might have 
contributed to the combination of residual stress, microstructural and 
hardness variations observed through the build. The residual stress 
distributions within the build will be discussed regarding their origins 
and influence on microstructure and properties. 

4.1. Origins of residual stress variations 

Residual stresses are largely characterised among the length scales 
upon which they act. They are loosely grouped as type I (macro), type II 
(micro), and type III (nano) [43]. The drivers for the above include 
plastic deformation gradients brought about by thermal stresses (type I), 
intragranular or phase transformation stresses (type II) and dislocation 
stress fields (type III). Though type I residual stresses are the main 
contributors in metal AM [44], type II and type III are often non-zero and 
revealed via other techniques such as high spatial resolution microscopy 
and high energy synchotron X-ray diffraction [45]. Due to volumetric 
averaging effects and resolution limits (~500 µm) of neutron diffrac
tion, only type I and type II residual stresses were directly measurable 
[43,44]. This eliminates type III residual stress origins from the reported 

Table 2 
Nominal bulk H282 composition obtained from ICP-AES and combustion analysis of pre-alloyed powder. Calculated equilibrium compositions by ThermoCalc, and 
measured compositions by APT of γ and primary γ′ at locations iTW1, iv and v. Calculated compositions taken as an average of predicted compositions between 728 and 
810 ◦C. Only errors (95% CI) > 0.01 at% are reported.  

at% Nominal γ Primary γ’ 
Calculated iTW1 iv v Calculated iTW1 iv v 

Ni 54.77 52.16 ± 0.15 52.87 53.49 54.9 70.71 ± 0.04 69.91 69.41 69.8 
Cr 22.22 26.97 ± 0.16 29.2 27.75 26.62 1.22 ± 0.02 2.12 3.35 2.75 
Co 10.24 11.84 ± 0.05 10.59 10.4 9.99 3.96 2.26 2.79 2.59 
Al 3.32 1.56 ± 0.09 1.62 0.88 0.97 11.55 ± 0.10 12.38 11.62 11.63 
Ti 2.52 0.37 ± 0.05 0.67 1.99 2.05 12.23 ± 0.09 11.22 10.25 10.66 
Mo 5.24 5.71 ± 0.02 4.17 4.63 4.62 0.15 1.9 2.33 2.33 
Si 0.39 0.48 0.1 0.12 0.12 0.01 0.08 0.08 0.09 
C 0.24 0.01 0.06 0.05 0.04 – 0.01 0.01 0.01 
Fe 0.67 0.81 0.64 0.64 0.63 0.09 0.08 0.11 0.09 
Mn 0.04 0.05 0.02 0.02 0.02 0.01 0.01 0.01 0.01 
B 0.05 – 0.02 0.01 0.01 – 0.02 0.02 0.02 
V 0.01 0.01 0.03 0.03 0.03 – 0.02 0.01 0.02 
Others < 0.28 0.01 – – – 0.07 – – –  

Fig. 10. Proxigrams of major constituent elements (Al, Cr, Ni, Mo, Ti, and Co) 
of primary γ′ for locations (a) iTW1, (b) iv, and (c) v. Performed on 20.80 at% Al 
+ Ti isoconcentration surfaces in Fig. 9. Errors < 0.01 at% for all elements. 

Fig. 11. Equilibrium phases of H282 at different temperatures, calculated 
through ThermoCalc using the TC-Ni11 database. Dashed line represents the E- 
PBF preheat temperature (1000 ◦C). Dotted lines represent temperature ranges 
(728–810 ◦C) of equivalent γ′ phase fractions determined via SEM (Table 1). 

Table 3 
Hardness (GPa) measurements via nanoindentation captured at all positions of 
interest indicated in Figs. 2c and 12.  

GPa iTW1 iiTW1 iiiTW1 iTW2 iiiTW2 iv v  

4.88 
± 0.02 

5.95 
± 0.13 

4.85 
± 0.03 

4.79 
± 0.04 

4.40 
± 0.17 

4.59 
± 0.02 

4.52 
± 0.02  
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residual stress distributions in Fig. 12. Deconvolving type I and type II 
residual stresses require subsequent residual stress measurement tech
niques purely for type II contributors such as high resolution EBSD strain 
mapping [46], though was outside the scope of this study. 

For type II residual stresses, the possible contributing factors include 
the variations in γ′ shape, size, and phase fractions, as well as γ grain 
characteristics. The precipitation of spherical secondary γ′ observed 
(Fig. 7 & Fig. 9) was unlikely to contribute to the measured residual 
stresses (Fig. 12); as well known in Ni-based superalloys, spherical γ′

result in near nil γ/γ′ lattice mismatch [39]. The cuboidal primary γ′

morphology through the build (Fig. 5) do not have nil-lattice mismatch 
and hence would exhibit (type II) lattice strains. The authors postulate 
that this was the reason for the observed ~15–20◦ rotation from cube 
texture observed via ND (Fig. 4). Though indicative that a degree of type 
II residual stress contribution was from cuboidal primary γ′, as γ′

texturing behaviour was observed to be unchanged through the build 
height, its contribution through the build could similarly be surmised as 
constant throughout the entire monolith. 

Fibre textured γ grains with high proportions of high angle GBs can 
be significant indicators of type II residual stresses [19,43]. Although, 
the residual stress distributions iTW1, iiTW1, iv and v vary significantly 
(Fig. 12), there were no equivalent observed textural variations via ND 
(Fig. 4). Furthermore, although a 2 × 2 × 2 mm3 gauge volume was 
used for residual stress measurements; resulting in reduced γ grain sta
tistics, there were little changes in columnar γ grain characteristics 
throughout the build as measured by EBSD (Figs. 3 and S2). Hence, the 
authors conclude that type II residual stresses were similar through the 
entire monolith, contributed by γ and primary γ′. This eliminates type II 
residual stresses as a major contributory factor to the variations in re
sidual stress distributions observed. 

As such, by elimination, type I residual stresses were the prominent 
factor in this E-PBF H282 build (resultant from the AM process) to the 
variations in residual stresses observed (Fig. 12). This was owing to the 
cyclic heating and cooling process associated with the layer build up 
process, as well as the geometry of the build [12,44,47]. Previously 

melted material experiences remelting and re-solidification cycles, 
leading to multiple instances of expansion and contraction. This corre
sponds to cycles of compressive stresses at the heat affected zone and 
tensile stress when the power source is removed [47–49]. The residual 
type I compressive or tensile stresses were resultant from imbalanced 
stress tensors due to these cycles. These thermal-stress cycles reduce in 
number with successive build layers, resulting in variations in thermal 
signature, hence supporting the observed residual stress distributions. 

Furthermore, exclusive of position iiTW1, the authors attribute the 
overall reduction in von-Mises residual stress toward the bottom of the 
builds (v) in comparison to the top of TW1 (iTW1) and TW2 (iTW2), as seen 
in Fig. 12c, to longer periods of ‘intrinsic’ stress relief annealing toward 
the bottom of the build during the E-PBF process. 

4.2. Residual stress spike 

The spike in residual stress magnitude at iiTW1 was primarily due to a 
significant increase in tension for the σxx principal stress (Fig. 12a & c). It 
can be surmised that the spike in residual stress at iiTW1 (unseen at the 
equivalent position in TW2, Fig. 12a & b) was due to thin wall thickness 
effects. Upon initial depositions of the thin walls, at locations iiiTW1 and 
iiiTW2, σyy ≈ 0. This was expected as σyy has easier stress relief with 
shorter width (y) distance to the outer xz-edges (Fig. 2); as AM thin- 
walled geometries have greater residual stress relief toward the outer 
surfaces [50]. However, despite similar thin wall geometries iiiTW1 ex
hibits higher residual stresses (σzz ≈ 120 MPa, σxx ≈ 110 MPa) than 
iiiTW2, (σzz ≈ 90 MPa, σxx ≈ 40 MPa) in the xz-plane. 

The authors propose that the increase in wall thickness (y-direction) 
from 3 mm at TW2 to 4 mm at TW1 resulted in highly constrained 
thermal stress conditions (in TW1). As no changes in scan strategy 
occurred between thin wall struts, the increase in wall thickness, may 
result in decreased melt pool dimensions during fabrication [51], due to 
increases in heat accumulation and temperature gradients with reducing 
wall thicknesses. This results in smaller heat affected zones. Initially at 
iiiTW1, there was an accumulation of tensile stresses from the 

Fig. 12. Principal residual stress (σxx, σyy, σzz) distributions along (a) edge path scan (along TW1) and (b) centre path scan (along TW2), captured through neutron 
diffraction. (c) von-Mises yield stress and (d) hydrostatic stress magnitudes are shown for both edge and centre scan path. Annotated are the equivalent positions of 
interest shown in Fig. 2c. 
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solidification fronts of these ‘smaller’ heat affected zones [47–49], as the 
energy input remained unchanged. This accumulation works in tandem 
with the tensile stresses common near the outer edges of PBF builds [12, 
36]. The authors postulate that with successive build layers, stress relief 
was achieved along the z-direction (toward the top xy-face of the build) 
in TW1. At location iiTW1, the opportunity for stress relief along the x 
direction to the outer yz-facing edges remains limited. At iiTW1, this 
resulted in σzz reducing to ~− 10 MPa and σxx increasing to ~140 MPa. 
As the residual stress along the x-axis was not yet relieved, this resulted 
in the spike in von-Mises residual stress seen in Fig. 12c. With subse
quent build layers, the residual tensile stresses originating from the build 
layers below further relax, resulting in similar residual stress profiles 
between iTW1 and iiTW1. 

4.3. Interplay between hardness and residual stress 

Complex scan strategies, print parameter sweeps and elevated bed 
temperatures are commonly employed in PBF processes to reduce type I 
residual stresses, as these are reported to be the leading contributors 
toward a reduction in mechanical performance in metal AM [12,17–19]. 
However, from Fig. 12c, the mean von-Mises residual stress along the 
edge scan path (along TW1 & inclusive of iiTW1), and centre scan path 
(along TW2) were: 53.31 ± 20.74 MPa and 50.60 ± 10.41 MPa, 
respectively. Although E-PBF is often touted as a process that reduces 
residual stresses [12,36], this was still a significant amount as the 0.2% 
yield strength and ultimate tensile strength of heat treated conven
tionally cast H282 are 765 MPa and 1255 MPa, respectively [52]. The 
residual stresses along the edge scan path (at upper limit of un
certainties) can reach ~10% of the yield stress of H282, potentially 
reducing mechanical performance. However, it was observed that 
increased von-Mises residual stresses (Fig. 12c), irrespective of principal 
stress directions (Fig. 12a & b) resulted in an increased hardness 
(Table 3). Though to be reiterated, the increased hardness also 
co-correlated with variations in γ’ morphology with build height 
(Table 1). Although hardness measurements via nanoindentations often 
overestimate the physical value, due to size effects, the relative com
parisons are valid [53]. This observation was comparable with those 
from Chen et al. [19], wherein stress relief annealed L-PBF stainless steel 
builds had reduced tensile properties, when compared to as-fabricated 
builds containing either tensile or compressive residual stresses. 

This phenomenon was further emphasised in the significant spike in 
residual stress at position iiTW1, occurring ~7.5 mm from the top of TW1 
(Fig. 12a and c). This correlates with the highest measured hardness 
within the build of 5.95 GPa (Table 3). 

Precipitate strengthening imparted by γ’ precipitation within the γ 
matrix is the main mechanism for strengthening in Ni-based superalloys 
[39]. However, precipitate characteristics do not correlate with the 
spike in hardness at position iiTW1; as primary γ’ sizes reduced linearly 
with build height (Table 1). Furthermore, there was little variation in 
mean γ grain size, aspect ratio or texturing in all locations, inclusive of 
iiTW1 where the spike in hardness was measured (Fig. 3 & Fig. 4). 

Possible other contributory causes thus also include type III residual 
stress sources, such as changes in dislocation density or phase chemistry 
at this location. However, BF TEM micrographs (Fig. 8) show minimal 
dislocation densities at various positions throughout the build. 
Furthermore, the presence of sub-grain boundaries due to dislocation 
recovery was indicative of reduced type III residual stresses after 
reheating. Thus, the authors surmise that the spike in hardness measured 
at iiTW1 was not correlated to any changes in γ′ precipitation, γ grain 
characteristics, or dislocation behaviour. Furthermore, the γ′ phase 
chemistries measured by APT show no significant variations either 
through the build (Table 2). As such, the high hardness at iiTW1 (Table 3) 
was directly due to a spike in type I σxx residual stress at this location 
(Fig. 12a). As indentations occurred along the x-direction on the yz- 
plane, this resulted in higher resistance to deformation and hence a spike 
in hardness, due to the compressive nature of the nanoindentations. 

Exclusive of iiTW1 hardness increases by 7.4% with build height (from 
position v to iTW1), correlating with a reduction in primary γ’ size by 
39.4% and phase fraction increase by 9.9% (Table 1), and also an overall 
increase in compressive residual stresses with build height (Fig. 12). 
Though there were slight variations in predicted equilibrium phase 
chemistries and those measured by APT (Table 2), this was expected due 
to the non-thermodynamically equilibrium process of AM. It can be 
surmised that the overall hardness trend within the build (exclusive of 
iiTW1) was majorly due to a combination of changes in type I residual 
stress distributions and primary γ’ sizes & phase fraction with build 
height. Interestingly, many recent studies have pointed to variations in 
solute site occupancies in the L12 γ′ structure being a contributor to 
property effects, even with no variations in bulk chemistries [54–57]. 
The effects of site occupancy variations on property contributions in this 
alloy will be analysed in future investigations. 

Of note, the overall compressive residual stress distribution with 
increasing build height (Fig. 12a, b, & d), contrasts with what was 
commonly seen in E-PBF builds; whereby increasingly tensile stresses 
were expected toward the top of the builds [12]. The similar overall 
residual stress distributions for both edge and centre scans (Fig. 12a & b) 
was also contrary to expectations in E-PBF builds; wherein residual 
stresses tend to be compressive toward the centre (where the bulk of the 
heat during AM is retained during fabrication) and tensile at the edge 
(on the xy-plane) [12,36]. This was advantageous, as it further limits the 
possibility of delamination during fabrication and warping upon build 
removal from base plate. The authors postulate that residual stress relief 
due the inclusion of the internal voids were the primary contributors to 
changes in expected residual stress distribution behaviour. However, 
future work is required to evaluate the effects of the stress relieving 
voids. Furthermore, exclusive of position iiTW1, it was found that the 
residual stress trend between TW1 and TW2 were similar, though 
differed in magnitude. This indicates that the 1 mm reduction in thin 
wall width from 4 to 3 mm, respectively, was sufficient to result in a 
measurable variation in localised residual stress distributions for E-PBF 
H282 thin wall struts. In the future, the residual stress of TW3 (2 mm 
width) will be considered. 

5. Conclusions 

The effects of the residual stress distributions of an as-fabricated E- 
PBF H282 build containing thin wall struts were investigated. Local 
hardness measurements and multi-scale microscopy & microanalysis 
show correlative behaviours between residual stresses and 
microstructure-property phenomena. The results lend themselves to 
informing future simulations and print strategies of E-PBF H282. The 
following specific findings were determined:  

1. Type I (macro) residual stresses were the predominant contributors 
to the variations in residual stress distributions observed. 

2. Principal residual stress distributions along line scans were increas
ingly compressive with increasing build height (bottom to top), with 
the equivalent von-Mises stress similarly increasing with build 
height.  

3. Hardness measurements show similar increasing trends with 
increasing build height. The changes in hardness with build height 
were attributed primarily to a combination of type I residual stresses 
and γ′ morphology.  

4. Low dislocation densities were observed throughout the build, 
forming sub-grain boundaries. This was indicative of dislocation 
recovery and residual stress relief through the build.  

5. A 1 mm reduction in thin wall thickness from 4 mm to 3 mm (TW1 to 
TW2) can cause significant localised changes in residual stress dis
tributions and hardness, with a proposed mechanism being due to 
changes in highly constrained localised thermal stress conditions. 
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