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• A comprehensive approach was intro-
duced for investigating the root cause
of material failure under AM conditions.

• HAYNES®282®(H282)superalloywas in-
vestigated as anewmaterial for laser beam
powder bed fusion (PBF-LB) technology.

• Precipitation- and residual stress control
under recurrent thermal cycles are key to
success in PBF-LB processing of H282.

• Heated build platform to 300 °C and novel
scan strategy results in low porosity and
micro-crack free material.

• Hot isostatic pressing recrystallizes the mi-
crostructure, eliminates porosity and heals
the micro-cracks.
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Although various alloy systems have been explored for additive manufacturing (AM) during the past decade, in-
troducing a new alloy remains a challenging task. Most of the materials require iterative builds, for investigating
numerous parameters and determining a viable and repeatable process window.
Among the challenging yet highly demanded materials, Haynes 282 superalloy was chosen. It was initially proc-
essed through conventional density cube approach, by varying the process parameters for each processed cube.
Although the relative densities of the initial builds were not dramatically low,micro-crackswere present in all of
them,mostly evolved on a selective number of grain boundaries and spanning only across a single laser path. De-
tailed modelling and advanced characterization techniques were employed to understand the root cause and
cracking mechanism. It was found that the grain boundary precipitates are responsible for crack initiation,
amid stress gradient across the grain boundary due to the adjacent grain orientations. Therefore, the failure
mechanism is determined as ductility-dip cracking. Based on the findings, a new process window was defined
using elevated temperature and novel scanning strategy. No crackswere observedunder themodifiedprocessing
window, meaning that the material can reliably be processed by laser beam powder bed fusion (PBF-LB).

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
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1. Introduction

1.1. Background

Additive Manufacturing (AM) is known to enable new design
concepts and processing approaches for various modern materials.
In general terms, AM comprises a group of processing steps,
where successive layers of material are added (layer-by-layer) and
fused by a concentrated heat source [1]. In this study, Laser Beam
Powder Bed Fusion (PBF-LB) technology is in focus. This process
has several trademarked names, e.g., Laser Cusing, Selective Laser
Melting, Direct Metal Laser Melting, etc. The addition of layers is
challenging for the structural integrity of the final product due to
the recursive thermal cycles and associated solidification phenom-
ena. This limits material choices as most of the engineering alloys
cannot tolerate such processing conditions without appropriate
modifications.

Therefore, research efforts associated with this specific AM tech-
nology focus on alloy optimisation. In this context, a fundamental un-
derstanding of the origin of problems that prohibit use of specific
industrial materials is required. In this study, we present the
roadmap for processing the H282 superalloy using PBF-LB
technology.

There are numerous successful attempts using this alloy in various
types of AM. Unocic et al. [2], processedH282 using electron beammelt-
ing (EBM). They have reported that by controlling the beam scanning
velocity, beam current, hatch spacing, line order, and beam focus, they
could process a crack- and porosity-free material. The boldest process
parameter in their study was to apply an extremely high bed heating
temperature, around 1000 °C. In addition, they employed three sets of
beam process parameters and they varied focus offset, hatch spacing,
line orders and speed function for comparison purposes. They found
that the best set of processing conditions relied on highest speed func-
tion and lowest hatch spacing, corresponding to a high volumetric en-
ergy density.

Kirka et al. [3], have also reported a successful development of EBM
process parameters, such as speed function, hatch spacing, line order,
and focus offset, for the H282 alloy in collaboration with Haynes
International.

Ramakrishnan et al. [4], investigated the effect of process parameters
on the properties of H282 using lasermetal deposition (LMD). Although
AM processing took place without any substrate pre-heating, they ob-
served heat accumulation in the substrate or previously deposited
layers as a result of continuous deposition, the processed materials
were also free of porosity, cracks, and incomplete fusion. Heat treatment
was performed on the basis of thermodynamic considerations of the
alloy. They observed anisotropic texture and although the microstruc-
tural featureswere comparable to the findings byUnocic et al., the aver-
age size of the γ’ precipitates was nevertheless almost a tenth of that in
materials processed by EBM.

In a recent study by Deshpande et al. [5], H282 was processed by
PBF-LB. They used only one set of process parameters and they
employed post-process hot isostatic pressing (HIP). Although the re-
ported as-built microstructures showed no apparent cracks, there was
no discussion on the relative density and possible presence of the cracks
in the material. The major focus was on the subsequent HIPing process
to claim that it improves the quality by healing the cracks and closing
the pores. They also showed that HIPing promotes complete recrystalli-
zation and makes the microstructure less anisotropic. Moreover, they
discussed how the heating conditions promote precipitation and
where and how the precipitates form.

In an early study reported by researchers involved in the present
study [6], the challenges of processing the H282 alloy were
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delineated. Despite the lack of success in finding suitable process pa-
rameters, results from 84 fabricated test cubes using 36 settings have
shown that the process parameter alone has a tremendous effect on
the formation of the pores and cracks in the material. No bed heating
was applied for the processing of the reported samples in this early
study.

In laser powder bed fusion processing of γ’-strengthened materials.
In general, the processability of these alloys Adegoke et al. [7], reviewed
the recent developments deteriorates as the Al + Ti content increases.
Four mechanisms lead to structural failure in γ’-strengthened mate-
rials. Al and Ti expand the solidification range resulting in solidification
(hot) cracking. However, the Al and Ti content needs to be above 4.5 wt
% for this phenomenon to dominate [8] and this is hardly the case for
H282. Another reported phenomenon is liquation cracking owing to
melting of the grain boundary constituents in the solidified material.
The third failure mechanism is strain age cracking that is associated
with the post-processing heat treatments. The fourth reported failure
phenomenon is called ductility-dip cracking which is associated to
the relief of high stress concentration at the grain boundaries due to di-
latation and grain boundary migration [9]. The validity of these phe-
nomena on the cracks evolved in H282 will be discussed in detail in
this article.

In this line of research, we have further investigated the root
causes of crack formation in the material by combining advanced
characterization and modelling. Numerous samples under various pro-
cessing conditions were investigated for their microstructure using
scanning electron microscopy (SEM), electron backscattered diffrac-
tion (EBSD), scanning transmission electron microscopy (STEM),
light microscopy (LM) and series of relative density characterizations.
In addition, the hardness values of the material before and after heat
treatment were reported.
1.2. Material: the HAYNES® 282® superalloy

Modern high-temperature applications like in gas turbines for
the aerospace and energy sectors would not operate safely without
utilising Ni-based superalloys having outstanding creep resistant at
elevated temperatures. Moreover, Ni-based superalloys exhibit high
temperature oxidation resistance, which is also important for high-
performance applications in those sectors [10].

Ni-based superalloys are strengthened by solid-solution and pre-
cipitation hardening brough by two main types of precipitates:
gamma-prime (γ’) and gamma-double-prime (γ”) [11]. The face-
centre cubic (fcc) gamma-prime has a very small lattice misfit of
0.13% with the austenitic nickel matrix (γ). Therefore, it became
the most important precipitate enabling high-temperature stability
[12,13].

The precipitation characteristics are determined by the chemical
composition of the alloy and the heat treatment practice. In particular,
it is known that a certain ratio of Al and Ti promotes the formation of
γ’precipitates [14–16], while Nb contributes to formation ofγ”. Thema-
jority of γ’ forms during the specific aging heat treatment, leading to
higher strength. However, it is known that precipitation-hardened su-
peralloys are prone to cracking during or after welding, respectively
known as hot cracking and strain-aged cracking. Increased presence of
γ’ precipitates in the microstructure is also associated with processing
failures [17]. As the conventional processing window turns narrower,
near-net-shape fabrication processes, like casting, powder metallurgy
and AM, become more applicable [12].

Introduced in 2005, the H282 alloy was designed to achieve balance
between processability and strength, provided by γ’ precipitation [15].
Although several studies have reported the processability of H282 by



Table 1
Nominal chemical composition of H282 and IN718 in wt%.

Ni Cr Co Mo Ti Al Fe Mn Si C B Nb

H282 57a 20 10 8.5 2.1 1.5 1.5b 0.3 1.5b 0.06 0.005 –
IN718 50–55a 17–21 1b 2.8–3.3 0.65–1.15 0.2–0.8 B 0.35b 0.35b 0.08b 0.006 4.75–5.5

a As balance.
b Maximum B: Balance.

Table 2
Chemical composition of H282 powder compared to the nominal values in wt%.

Ni Cr Co Mo Ti Al Fe Mn Si C B

Target 57a 20 10 8.5 2.1 1.5 1.5b 0.3 1.5b 0.06 0.005
Actual 56.94 19.48 10.14 8.49 2.11 1.56 1 0.15 0.08 0.06 0.004

a As balance.
b Maximum.
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conventional means like welding [18–27] and casting [28], this alloy is
fairly new to AM.

The similarity in melting point, laser wavelength absorption and so-
lidification phenomena instigated us to start the optimization proce-
dure by adopting the successful set of parameters developed for
Inconel 718 (IN718). Table 1 shows the chemical composition of the
H282 compared with the compositional range for IN718.

As discussed in detail in this study, thedriving factor for crack forma-
tion is a certain combination of heat input and pre-heating conditions.
Therefore, alternative scan strategies and process heating can be applied
to improve control over the heat input.

2. Experimental procedure

2.1. Feedstock

The feedstock used for this study was supplied by Praxair Surface
Technologies (Indianapolis, USA) with a particle size within the range
of 11-45 μm. The target and actual compositions of the used H282 pow-
der are compared in Table 2.

The samples in the study have been produced using pristine (virgin)
powder, which was analysed for particle size distribution (PSD) and
morphology, absorption properties of the laserwavelength and elemen-
tal mapping prior to the production of samples.

The powder PSD and morphology was determined using a Malvern
Morphologi G3 microscope. A number of 94,220 particles of H282
were imaged for PSD and morphology analysis. The advantage of the
technique is that single particles can be analysed and, therefore, the
contribution of each particle to the distribution is the same, so that par-
ticles of any size have equally important “weighting” contribution.

2.2. Sample design and orientation

The coordinate system used in this work follows the ISO/ASTM
52900 definitions. Consequently, the x-direction is positive towards
the right-hand side of the machine. The coater, located on a positive x
position, moves towards negative x while depositing the layers [1]. The
build platform consisted of a round IN718 plate inserted into a larger
square steel plate adaption.

Cubic samples were designed with dimensions of 5 × 5 × 5 mm or
10 × 10× 10mm. All sampleswere designedwith a 5mm thick support
structure at the bottom to minimize contact between the consolidated
cubes and the build plate. The support structure had 0.5 mm squared
hatching lines parallel to the samples surface with triangle tips on the
top to hold the part in place.

The samples were numbered in correlation to their manufacturing-
parameter-set and were produced with a 5 mm distance from each
other on the build plate. Independent from their actual order on the
build plate, the sample formation has been rotated 10° anti-clockwise
around the centre of the build-plate to avoid simultaneous contact be-
tween the coater-blade and the long line of sample array.

2.3. Manufacturing parameters, scan strategies and post processing

All samples were fabricated on a Concept Laser M2 using a 200 W
Yb:YAG fibre laser with a wavelength of 1050–1250 nm. Nitrogen
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was used as shielding gas during fabrication, as the influence of
inert gases on the material has been proven insignificant [29].

Three builds were conducted, with the parameters listed in
Table 3. The process parameters for these builds were selected
from a previous study [6], focusing on the highest achieved relative
densities. To distinguish different parameter sets, the volumetric en-
ergy density Evol has been chosen as the figure of merit. Evol = P/
(v·t·h), where P is the laser power, v is the scan velocity, t is the
layer thickness and h is the hatch spacing. Build 2 was planned to in-
crease the bed heating to 300 °C, running on the sample process pa-
rameters as for build 1.

Scan strategies applied in the previous study, namely, the standard
and modified island strategy [6] have been complemented with two
additional strategies. These strategies are developed by the authors
in order to achieve a better understanding of the effect of heat distri-
bution in the processed samples. With variations in scanning chronol-
ogy of the laser paths, the strategies 1212 and 1234 were designed as
additional possibilities to control the energy input by the laser. The
scan strategies will be explained and visualized in the following sub-
sections:
2.3.1. Standard island strategy
A standard island is usually a square area of 5 mm side length,

whereby the laser is traveling either in x- or y-directions of themachine,
independent of the parts orientation.

Fig. 1a shows the general schematic visualization of the island-
strategy, when Concept Laser machines are used. There are several
laser-paths per island, which follow a parallel raster pattern at the
end of each path. As the laser is not turned off while changing the
path, the laser movement to the reverse headed laser path results
in shorter orthogonal connections. The orientation of the parallel
laser paths rotates every layer around by 90°. In addition, the part's
outer contour is also scanned. Nevertheless, islands of consecutive
layers are not placed exactly above each other as an attempt to
break the through-thickness crystallographic texture in the solidified
material.
2.3.2. Modified island strategy
The pattern of the modified island strategy is similar to the original

island strategy presented in Fig. 1a. However, the modified island is
alignedwith the edges of the cubic parts. Themodified islands are either
squares of 5mmor 10mmside length (5mmand10mmcubic samples,
respectively) and the laser paths are parallel to the edges of the part and
not the x- and y-directions of the machine.



Table 3
Processing parameter build 1 and 2. Build 2 was performed at 300 °C.

Scan Strategy P[W] v[mm/s] t[mm] h[mm] Evol[J/mm3]

Standard island 180 620, 625 0.03 0.105 91.43; 92.17
Modified island 180 600, 605, 620, 625 0.03 0.105 91.43–95.24
1212-strategy 180 560, 620 0.03 0.095, 0.105 (101.02–112.78)0.095; 91.43–102.04
1234-strategy 180 560, 620 0.03 0.095, 0.105 (101.02–112.78)0.095; 91.43–102.04

0.095: values for hatch spacing 0.095 mm.

Fig. 1. Laser scan strategies.
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2.3.3. 1212-strategy
Similar to the island strategies, the laser scanning pattern of the new

strategies consists also of parallel paths, and the scanning direction
changes from path to path. In this strategy, instead of planning for one
connected laser-path-line over the given area, the laser paths are sepa-
rately grouped. Thus, no short orthogonal connection is present, as the
paths are fused separately from each other. The groups of laser paths
are defined to design the scanning chronology of the laser, as every
path of one groupmust be scanned prior to the next group. Two sequent
groups are designed to have a reverse direction of the associated laser
paths and a reverse direction of their paths' scan chronology. The con-
tour line is fused subsequently.

Fig. 1b shows the pattern of the designed 1212-strategy. It includes
two alternating laser path groups with changing laser scanning direc-
tion, respectively. As explained above and regarding the scan chronol-
ogy, first all paths of group 1 (e.g., blue) are scanned before the paths
of group 2 (e.g., yellow). Thereby, the distance between the successively
scanned laser path doubles in comparison to the above-described island
strategies. The paths of consecutive layers are rotated by 90°.
Table 4
Heat treatment parameters.

Solution-Annealing Age Hardening

1135 °C/2 h/WQ 1010 °C/2 h/AC + 788 °C/8 h/AC

WQ: Water Quenching AC: Air Cooling.
2.3.4. 1234 – strategy
The 1234-strategy follows the principles of the above described1212-

strategy,with the difference that it includes four instead of two laser path
groups. Group related paths are alternating their scan direction as
counting up, and sequenced groups have a reverse scan chronology. As
shown in Fig. 1c, that leads to a distance for consecutively scanned laser
paths being up to four times as large as compared to the island-based
strategies.

The samples including support structure were heat treated after
their removal from the build plate. The standard heat treatment for
welded H282, including full-solution-annealing, was chosen. The ther-
mal cycle is delineated in Table 4.
4

2.4. Characterization, modelling, and mechanical tests

Cubes have been prepared by standard metallographic procedures.
Dark field and bright field images were acquired by light microscopy
to investigate the porosity and the presence of micro-cracks in the sam-
ples. For the densitometry studies, the images were analysed by an
ImageJ macro (grayscale Otsu thresholding [30]).

The effect of processing parameters on surface roughnesswas inves-
tigated by white light interferometry (WLI) using a Veeco Wyko
NT9800 instrument. WLI measurements were performed only on the
crack-free sample set.

The microstructure of the materials was investigated by SEM
in combination with EBSD for orientation mapping using an FEI
NOVA NanoSEM650 instrument equipped with an Oxford Instruments
Nordlys EBSD system. An area of 400 × 348 μm2 was scanned with a
step size of 0.25 μm around an arbitrary micro-crack region, to accumu-
late 139,200 datapoints (pixels) for further analyses. Unless otherwise
expressed, all microstructural investigations were performed on cross
sections parallel to the build plate. Wherever needed, the material was
electro-polished to reveal the microstructural features. Standard steel
electro-polishing parameters and electrolytes from Struers were used.

In order to investigate the root cause of the cracking phenomena,
multi-physics thermally induced crystal-elasticity modelling was per-
formed. The input to the model was the EBSD orientation mapping
from an arbitrarily observed cracked region. Fig. 2a shows the band



Fig. 2. (a) Band contrast image showing the location of the crack in themiddle of the image, (b) Acquired IPF-Zmap, (c) IPF-Zmapwith local orientation replaced by average orientation in
each grain and (d) Extracted grain boundary map with reported orientation frequency.
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contrast of the region around a selected crack. The obtained map was
cleanedwith relevant parameters and grain crystallographic orientation
was identified. Fig. 2b shows the inverse pole figure (IPF-Z) map of the
region. In order to simplify the effect of grain orientation, gradients
within a single grain were flattened out, and the average orientation
of all pixels of that specific grain was replaced instead. Fig. 2c shows
the average orientation for each grain. The Euler angles of each grain
were subsequently recorded in order to be used in the elastic plasticity
modelling.

Thereafter, the grain boundary map was extracted (Fig. 2d), and an
identical CAD model was created from the EBSD map. Fig. 3 shows the
CAD model established in Abaqus. The thickness of the model was as-
sumed to be equal to the layer thickness and the grains were as thick
as the fused layer. Each grain was segmented (sectioned) to introduce
the unique Euler angles defining the anisotropy of that specific grain.
Fig. 3. CAD model of the EBSD acquisition area.
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Following the establishment of the property model, the boundary
conditions were applied. Similar to the experiments, the laser is travel-
ing diagonally starting from the bottom left corner towards the upper
right corner. Upon solidification, apart from the top surface all free sur-
faces are anchored by the surrounding materials and movements stop.
In thismanner, the effect of shrinkage on the grains and their relative in-
teraction can be captured. The elastic constants of IN718 were used due
to their relative similarity to the H282 properties. In general, we aimed
to determine the relative orientation correlation of the grains under the
given processing conditions and the deviation from the employed me-
chanical properties had minor effect on this objective. Table 5 shows
the applied transverse orthotropic elastic stiffness constants of the
IN718 at two different temperatures, assuming linear interpolation be-
tween the given temperatures. The data is collected from the literature
[31–33].

Linear elasticity of the orthotropicmaterialwas defined byproviding
the nine independent elastic stiffness parameters, as functions of tem-
perature. In this case the stress-strain relations are of the form:

σ11

σ22

σ33

σ12

σ13

σ23

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

¼

D1111 D1122 D1133 0 0 0
D2222 D2233 0 0 0

D3333 0 0 0
D1212 0 0

sym D1313 0
D2323

2
666666664

3
777777775

ε11
ε22
ε33
γ12

γ13

γ23

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

¼ Del
h i

ε11
ε22
ε33
γ12

γ13

γ23

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;

ð1Þ
Table 5
Orthotropic elastic constants of pure nickel at two different temperatures (values in GPa).

D1111 D1122 D2222 D1133 D2233 D3333 D1212 D1313 D2323 Temp.

275.6 125.8 274.5 152.3 153.4 248.0 107.6 106.4 68.0 25 °C
154.3 70.4 153.7 85.2 85.9 138.8 60.2 59.5 38.0 1375 °C
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Fig. 5. Reflectance of H282 and IN718.
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where σ is the stress element and ε is the strain element. For an
orthotropic material, the engineering constants define the D matrix as:

D1111 ¼ E1 1−ν23ν32ð ÞΥ
D2222 ¼ E2 1−ν13ν31ð ÞΥ
D3333 ¼ E3 1−ν12ν21ð ÞΥ
D1122 ¼ E1 ν21 þ ν31ν23ð ÞΥ ¼ E2 ν12 þ ν32ν13ð ÞΥ
D1133 ¼ E1 ν31 þ ν21ν32ð ÞΥ ¼ E3 ν13 þ ν12ν23ð ÞΥ
D2233 ¼ E2 ν32 þ ν12ν31ð ÞΥ ¼ E3 ν23 þ ν21ν13ð ÞΥ
D1212 ¼ G12

D1313 ¼ G13,
D2323 ¼ G23,

where E is the elastic modulus, υ is the Poisson's ratio, G is the shear
modulus and ϒ is defined as:

Υ ¼ 1
1−ν12ν21−ν23ν32−ν31ν13−2ν21ν32ν13

ð2Þ

A local orientation is defined by the angle α, adapted from the EBSD
maps of each grain. Thus, in the cross-section directions the stress-strain
relations are as follows:

σ
τ1
τ2

8><
>:

9>=
>;

¼
E 0 0

G1 cosαð Þ2 þ G2 sinαð Þ2 G1−G2ð Þ cosα sinα

sym G1 sinαð Þ2 þ G2 cosαð Þ2

2
64

3
75

ε
γ1

γ2

8><
>:
ð3Þ

where σ represents the stress and τ1 and τ2 represent two shear
stresses. More detailed description of the finite element formulation
can be found in [34].

The Vickers hardness of the processed cubes was measured for the
three different parameter sets, with and without heat treatment. A 1 N
force was used to measure hardness across the vertical and horizontal
layers. Samples with relatively high count of pores and cracks were fur-
ther consolidated using hot isostatic pressing (HIP). Fig. 4 illustrates the
HIP process parameters.

Selected samples were investigated by annular bright-field (ABF)
and high-angle annular dark field (HAADF) STEM. The microscopy
work was performed with a DCOR Cs probe-corrected FEI Titan G2
60–300 instrument with 0.08 nm of nominal spatial resolution. Chemi-
cal information was obtained by x-ray energy dispersive spectroscopy
Fig. 4. Selected HIP process parameters for the H282 samples. Yellow, purple, and red
temperature lines are overlapping, showing that the target temperature is reached and
there is no significant gradient inside the chamber.

6

(EDS) with a Bruker SuperX EDS system, comprising four silicon drift
detectors. STEM samples were prepared using focused ion beam with
Ga + ions accelerated at 30 kV on a FEI Helios G4 dual beam system
(Gatan Inc). The crystallographic orientations between the phases
were investigated using crystallographic data retrieved from literature
(see Table 7).

In the following section, the results of the various studies are pre-
sented and discussed individually and comparatively.

3. Results and discussion

3.1. Powder analysis

The reflectance of the H282 feedstock was analysed and compared
to that of IN718 standard Concept Laser powder with comparable size
distribution and Fig. 5 displays the results. The reflectance of the
1030 nm laser used in these experiments is similar and approximately
36%. Assuming the transmittance to be negligible, the rest of the inci-
dent photons can be absorbed by the feedstock, causing a rise in tem-
perature and eventual local melting. This supports the decision of
using the processing parameters of IN718 as a starting point for the cur-
rent study.

Fig. 6 displays results of PSD and morphology. The analysed feed-
stock shows acceptable circularity, as 90% of the powder is within
0.875 in perimeter/diameter (circularity) value. The peak of the size dis-
tribution curve for the H282 feedstock is at about 35 μm as shown in
Fig. 6. The powder size distribution (PSD) affects powder packing den-
sity and flowability, which in turn affects the surface finish and density
of the final components.

3.2. Simulations

In the constructed model, the material was heated to the peak tem-
perature (just below the liquidus temperature) and subsequently
cooled down to room temperature at a high cooling rate and under
the defined boundary conditions. The whole cycle lasted 230 μs. The
thermal cycle duration was calculated based on the average laser
speed divided by the length scale of the model. Upon cooling, the
model was constrained in all directions (except the top free surface)
to impose elastic deformation in the solidified grains. Since the elastic
property of each grain was defined based on the orientation maps, the
residual stress, displacement, and shear of each grain will be different
from the adjacent one, resulting in inhomogeneous distributions across



Fig. 6. Powder size and distribution P(x) of the supplied pristine H282.

Fig. 7. Selected results of the crystal elasticity simulations under given AM thermal cycle conditions.
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Fig. 8. (a) Max. principal stress after the thermal cycle, (b) the value of max. Principal stress along path I in (a).

Fig. 9. Thresholded brightfield images of selected samples from three different strategies, in as-built, HIPed and built with bed heating conditions. The dark spots in the image representing
micro-cracks dominance (a - c) or porosity dominance (d – i).
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the model. Fig. 7 shows various components of the total residual stress
(RS), elastic residual stress, and residual shear and displacement of the
model. As shown, the conditions of the applied boundary with respect
to the grain orientations has created different RS values in the given re-
gion. Comparison of the S11 and S22 components of the RS, shows that
the grains adjacent to the cracked grain boundary exhibit at least one
order of magnitude difference in the computed stress values. This
means that the crack region suffers from high residual stress difference
and subsequently local stress gradients. Fig. 8a shows the distribution of
themaximum principal stress after the applied thermal cycle. Fig. 8b il-
lustrates the values of themax. Principal stress along the depicted path.
As show, the values across the cracked boundary vary as much as 40%,
causing a large mismatch in the state of stress distribution. Therefore,
abrupt changes in the stress state caused by the different grain orienta-
tions under a given thermal cycle are responsible for nucleation of
cracks at the grain boundary. Such mechanism is in line with the re-
quirements of ductility-dip cracking that was reviewed earlier in the in-
troduction section.

Controlling the adverse effects of ductility-dip cracking requires re-
stricted dilatation of the grains in the solidified material throughout
the imposed thermal cycle. One of the best solutions to achieve this is
to increase the baseline temperature of the build. By doing so, the
cooling temperature range between the peak and the elevated baseline
temperatures will be shortened, avoiding large and abrupt shrinkage in
the system. Thus, the proposed remedy against grain boundary cracking
is to elevate the build temperature by applying bed heating during the
process. The results of this attempt will be presented later in this
section.

3.3. Porosity and cracks

Typical examples of the porosity andmicro-cracking distributions of
one sample from each strategy type are shown in Fig. 9. The images
were taken on a light optical microscope at high magnification and
were stitched together to create an overview of the entire sampled
area. Thresholding was applied to the images to capture the defects as
black features on a white background. The as-built samples without
Fig. 10. Surface roughness values acquired from the side (a) and top (b) surfaces for 12 sa
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bed heating show higher population of micro-cracks, most of which
are perpendicular to the laser tracks. Among the applied toolpath, the
1234 strategy shows the highest number of arrayed micro-cracks,
resulting in the lowest measured relative density (RD) among all the
samples. As described before, the 1212 and 1234 strategies skip the
most immediate laser path, allowing the material to cool locally. Once
those skipped tracks are exposed to high temperatures, the conditions
for dilatation and cracking appear to be maximized. The temperature
difference between the adjacent lines becomes higher in these novel
strategies, causing high magnitudes of local dilatation and subsequent
cracking.

The severely cracked samples shown in Fig. 9 (a - c)wereHIPedwith
the processing conditions described in Fig. 4. The results after HIPing of
all those samples, regardless of the initial relative density, appear to be
consistent, showing a relative density of 99.98%. In-depth microstruc-
ture investigation of the HIPed samples revealed that all micro-cracks
were healed, and the porosity was reduced significantly. This observa-
tion suggests that the selected HIPing parameters were successful in
closing the pores and cracks. The HIPing process has brought about sig-
nificant changes in the microstructure of the material as will be
discussed in Section 3.6.

Nevertheless, HIPing is another processing step that imposes extra
costs to the entire AM value-chain. Moreover, some strict end-users
do not approve any processing step with defects, even if it can be recti-
fied in the subsequent steps.

Thus,we investigated an alternative option to eliminate the cracking
risk in the laser processing step by applying bed heating at 300 °C. Fig. 9
(g – i) shows the measured relative density of the samples processed
with simultaneous bed heating. The most prominent result of this ap-
proach was that the underlaying micro-cracking was eliminated. This
was manifested by microstructural investigations of cross-sectional
areas, which revealed absence of micro-cracks in the sample (see
Fig. 13). However, some porosity was present in the samples and in all
cases the relative density of the samples was above 99.7%. Among the
applied laser scan strategies, the 1234 strategy yields the highest rela-
tive density (99.87%), as opposed to the effect of this toolpath under
“no bed-heating” conditions.
mples, with their corresponding volumetric energy density and laser scan strategies.
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The evolved porosity may be eliminated through implementation of
higher bed heating (as applied by Unocic et al. [2], for the EBMprocess),
improved feedstock quality (e.g., by avoiding exposure to air and mois-
ture), improved laser parameters (e.g., higher laser power or volumetric
energy density) or a single step HIPing.

3.4. Surface roughness

Fig. 10a shows roughness values frommeasurements on an arbitrary
surface perpendicular to the build plate, and Fig. 10b shows values of
the same samples, resulting from measurements on the top surface.
The effect of processing parameters on surface roughness of additive
manufactured samples is a well-established topic. Wang et al. [35], in-
vestigated the surface roughness of a Ti-6Al-4 V material processed by
EBMand concluded that different settings affect the as-built topography
on the sample. In 2017, Tian et al. [36], investigated the influence of laser
powder bed fusion processing parameters on a Hastalloy-X material.
According to their results, contouring, overhang, and scan speed affect
the surface roughness significantly. They also showed that the effect of
laser power and scanning speed on the overhang surface roughness is
clearly more significant than its effect on the opposite free surfaces. In
most of the reported roughness values, only one roughness term was
presented, while roughness can be measured and reported in several
different terms. More information about different roughness measure-
ment methods were delineated by Gadelmawla et al. [37].

Arithmetic average height (Ra) is the most used roughness parame-
ter and is also the mainstream figure of merit used for quality control
purposes. It is defined as the average absolute deviation of the rough-
ness irregularities from the mean value over one sampling area. How-
ever, this parameter is not sensitive to small variations of the
roughness profile. As seen in Fig. 10, the Ra and Rq values vary within
a short range and the results do not highlight the differences as a func-
tion of process parameters. On the other hand, Rz seems to have higher
sensitivity, showing a larger variation in the calculated values for each
sample. The ten-point height value of Rz is more sensitive to occasional
high peaks or deep valleys as opposed to Ra, which gives only arithmetic
mean values. In other words, high Rz values represent the presence of
high peaks and valleys on the surface of the material that are cancelled
out when the arithmetic mean was calculated for Ra values.

Fig. 10a shows that the side surface roughness is influenced by the
volumetric energy density as it nearly follows the same trend. However,
Fig. 10b suggests that the laser scan strategy has a dominant effect on
the surface roughness values rather than the volumetric energy density.

This observation is indeed quite rational since the volumetric energy
density brings about a variation in the molten pool size, that affects the
side surface, while the laser scan strategy affects the single bead arrays
on the top surface. As depicted in Fig. 10b, the island strategy in general
creates the lowest Ra, Rq and Rz values. Comparing the Rz values for the
side and top surfaces, it can be inferred that the top surface is almost
twice as rough as the side surface, suggesting that the choice of laser
scan strategy should be noted to have a higher influence on the as-
built surface conditions.

3.5. Hardness

Micro-hardness measurements were performed on both horizontal
and vertical cross- sections. The average values and the standard devia-
tions are tabulated in Table 6. No significant variation was observed
Table 6
HV hardness data of the samples.

Horizontal cross-section (as-built) Horizontal cross-section (Hea

Hardness (HV) 257 305
Standard Deviation 12 9

10
between the different laser scanning strategies employed. However,
the hardness values show about 20% increase for the heat-treated con-
dition compared to the as-built values, representing the evolution of
precipitates in the material upon aging.
3.6. Microstructure

In this section, the microstructures of the material in the as-built
conditions - without and with bed heating - as well as HIPed samples
are investigated.

Fig. 11 shows SEM images of the as-built material without bed
heating. The images are from the cross-section parallel to the build
plate. Fig. 11a shows that the surface of this as-built sample presents se-
vere cracking. The length of these surface cracks lies within a 5–20 μm
range. EDS maps (inset images in Fig. 11a) revealed strong signals of
Ti- and Al-oxides in the cracks, forming presumably after cracking.
Fig. 11b shows microcracks in the bulk material. The majority of these
cracks was observed to span in the length of only one laser path, occur-
ring only at the grain boundaries. The EDS results from themicro-cracks
in the bulk do not show a similar concentrated distribution of Al and Ti
elements as observed for the surface cracks. SEM investigations of the
etched material revealed that the grain boundaries contain a relatively
uniform and continuous phase as shown in Fig. 11c. These phases
were investigated in-depth using STEM as presented below. Fig. 11d
shows a high magnification image of the matrix. The spherical features
are γ’ precipitates revealed by electro-etching. Such type of precipitates
within thebulkmatrix have beenpreviously reported [4,38–40]. The av-
erage size of these precipitates is around 26 nm. Fig. 12 compares the
microstructure and crystal orientations of the grains before and after
HIPing. In Fig. 12a, the parallel laser tracks are obvious at 45° angle.
The surface area shows evolution of quite fine grains, compared to the
bulk sizes. The post-HIPing microstructure in Fig. 12b shows fully re-
crystallized material andmitigation of strong AM process induced crys-
tal texture. Moreover, abundant twinning boundaries were detected as
a result of the HIPing process. The effect of HIPing on crack healing and
increasing the relative density of thematerial was described earlier. The
microstructural studies suggest that the HIPing process not only heals
the defects, but also improves the isotropic properties in the AM proc-
essed H282 alloy, by removing the dominant crystallographic texture.

Fig. 13 presents SEM images from samples built under bed-heating
condition, showing absence of micro-cracks and porosity in the micro-
structure. The images represent samples that have experienced differ-
ent laser scanning strategies, and the etching conditions could
subsequently vary. One important observation is that the grain bound-
ary phase that was observed in Fig. 11c, is not present in any of the sam-
ples processed at a high bed heating temperature. This observation
encouraged us to investigate the grain boundary precipitates in detail
using STEM. No conspicuous change was recognised by comparing the
microstructures evolved under the different laser scanning strategies.

Fig. 14 shows ABF and HAADF STEM images from a selected area in-
cluding grain boundary precipitates. The material was processed with-
out bed-heating that influences the precipitate evolution. SEM images
of this material were presented in Fig. 11. Two regions were investi-
gated separately. They aremarked as A* and B* in Fig. 14 and the EDS re-
sults are presented in Fig. 15 and Fig. 16 respectively. The objective of
the TEM studies is to identify the type and chemistry of the grain bound-
ary precipitate and possibly, determining the formation mechanism.
t treated) Vertical cross-section (as-built) Vertical cross-section (Heat treated)

252 306
7 3



Fig. 11. The microstructure of the as-built sample without bed heating showing surface cracks (a), micro-cracks in the bulk (b), grain boundary carbide (c) and the γ’ precipitates (d).

Fig. 12. EBSD IPF-Z maps showing the microstructure in the as built (a) and HIPed (b) conditions.
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Fig. 13. SEM images from various samples that are built at high bed heating temperature. The frames are from samples made by a) conventional, b) 1234, c) 1212 and d) island laser
scanning strategies.

Fig. 14. Annular bright field (ABF) and annular dark field (ADF) images from transmission electronmicroscopy (TEM) in an arbitrary grain boundary region, showing A* and B* regions of
interest.

R. Otto, V. Brøtan, P.A. Carvalho et al. Materials and Design 204 (2021) 109656

12



Fig. 15. Energy-dispersive X-ray spectroscopy (EDS) maps of the A* region of interest.
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Fig. 15 shows the STEM-EDS results of the A* region. The precipitate
is rich in Cr, Mo and C, suggesting a mixedmetal carbide. The surround-
ing grain boundary region shows particles with high concentration of
Ni, Ti and Al, the main constituents of the γ’ [Ni3(Al,Ti)] phase. The
most compelling observation in the A* region is that the spatial evolu-
tion of γ’ precipitates is influenced by the grain boundary precipitate.
Two mechanisms can be hypothesised:

• The γ’ precipitates seem to pile up in the regionswhere Cr andMo are
depleted in thematrix. In otherwords,γ’ tends to evolve in the imme-
diate vicinity of the grain boundary precipitate.

• Close periodic lattice match between γ’ and the other two phases
makes the γ/M23C6 interface a preferred nucleation site. This argu-
ment will be attended later in this section.

Fig. 16 shows STEM-EDS mapping of region B*. The type of precipi-
tates and their chemistry agrees with those observed in A*. This map
13
supplements the previous region by showing a M23C6 precipitate
cocooned in the γ’ precipitate. The chemistry of the carbide was specu-
lated from the EDS data. This observation suggests that chronologically
speaking, the M23C6 precipitates evolve earlier than γ’ at the grain
boundaries.

The precipitates far from the grain boundary showhigh content of Ti,
while depleted in Ni and Cr. A couple of these precipitates show high
carbon content, suggesting titanium carbide chemistry. However, the
others could not be identified in a straightforward manner. As it could
already be noticed, the oxygen map is not provided in Fig. 15 and
Fig. 16. In the EDS technique, the x-ray energy of oxygen Kα and chro-
mium Lα overlap, making the deconvolution difficult. Since thematerial
is of high chromium content, the grain boundary precipitates were
brought to attention. The determination of the oxygen content is also
challenging as the native oxide is present below and above the STEM la-
mella. Since the Ti rich particles have native oxide at the same level as
the matrix no high concentration of oxygen could be verified.



Fig. 16. Energy-dispersive X-ray spectroscopy (EDS) maps of the B* region of interest.
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Nonetheless, depletion of Ni in Ti rich particles away from the grain
boundary demonstrates that they are not of γ’ type.

An early work by Young et al. [41], on welding of Ni\\Cr alloys sug-
gested that the ductility-dip cracking phenomenon is associated with
the mixed metal carbides in the grain boundary. Our observation from
the TEM-EDS results implies that M23C6 precipitates are rich in Cr and
Mo. Therefore, the chemical composition of these precipitates is proba-
bly similar to the stable Cr21(MoC3)2stoichiometry [42]. This has been
confirmed by the atomic resolution imaging and diffraction on the par-
ticle. Fig. 17 illustrates the atomic resolution images of the crystal struc-
ture of the mixed metal carbide. As it can be seen, the observed and
simulated results are in good agreement. Table 7 lists the crystal struc-
ture of each phase.
14
As shown in Fig. 18, the orientation relationship betweenmatrix (γ),
precipitate (γ’), and grain boundary carbide (Cr21(MoC3)2) is cube-on-
cube with fully coherent interfaces.

Referring to Table 7, the lattice constants of γ and γ’ are approxi-
mately 3 times smaller than that of Cr21(MoC3)2, while the constants
for γ and γ’ are similar. This has been shown and confirmed in
Fig. 18b and c. The lattice mismatch between 3 × γ and Cr21(MoC3)2 is
somewhat larger than the mismatch between 3 × γ’ and Cr21(MoC3)2.
This is due to the fact that the lattice constant of γ’ is slightly smaller
than γ, accommodating for lower interface energy next to the Cr21
(MoC3)2 precipitates. The chronological evolution of the phases that
was discussed previously suggest that γ - Cr21(MoC3)2 interface settles
prior to precipitation of γ’. As scrutinized above, interface between Cr21



Fig. 17.High resolution images inABF (a) andHAADF (b)modes, comparing the acquired images of the grain boundaryprecipitate latticewith the simulated results. Thediffraction pattern
of the M23C6 precipitates are also shown in experimental (c) and simulated (d) frames.
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(MoC3)2 and the matrix becomes preferred sites for precipitation of γ’.
Therefore, γ’ structure may surround the grain boundary carbide. This
agrees with the reported observations in Fig. 15 and Fig. 16. Neverthe-
less, the expected mismatch between the phases is likely to induce
stress at the fully coherent interfaces, which become favoured nucle-
ation sites for micros-cracks during the recursive thermal cycles typical
of AM processing.

Fig. 18d schematically illustrates how the three crystal structures sit
next to each other with small lattice mismatch. The magnitude of this
mismatch defines the strengthening mechanism in the alloy and the
phenomenon has been the topic of research in numerous studies. It is
a known fact that the type of grain boundary, cooling rate and aging
Table 7
Room temperature lattice parameters of γ and γ’ phases (1) from theoretical calculations.

Phase Crystal structure Space group

γ fcc Fm-3 m (225)
γ’ fcc (L12) Pm-3 m (221)
Cr21(MoC3)2 fcc Fm-3 m (225)
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temperature (or subsequent thermal cycles in case of AM) influence
the evolution and precipitation of grain boundary carbides. The com-
bined findings in this study suggest that cracking occurswhen the stress
variation across a grain boundary is high. As shown previously, no- or
very little grain boundary carbide was present when keeping the build
temperature at 300 °C, meaning that the interface between the carbide
and thematrix is theweakest link. The selected temperaturewas far less
than the carbide dissolution temperature [45]. However, earlier findings
by Blavette et al. [46], suggest that the formation of grain boundary car-
bide is purely driven by the segregation at high cooling rates. Higher bed
heating slows down the cooling rate, yet the selected temperature is not
high enough to accelerate formation and growth of γ’ precipitates.
Lattice constant @RT Lattice constant @RT1

a0 = 3.65 Å [43] a0 = 3.5852 Å
a0 = 3.63 Å [39] a0 = 3.5843 Å
a0 = 10.65 Å [42] a0 = 10.64387 Å [44]



Fig. 18. (a) High resolution HAADF image of the interfaces, (b) interface between γ’ precipitate and the matrix γ, (c) interface between Cr21(MoC3)2 and γ’ precipitate and (d) schematic
illustration of the three phases side-by-side. The provided graphical lattices are in equal scales, showing mismatch and alignment of atomic planes.
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4. Conclusions

A study on PBF-LB processing of H282was conducted successfully. It
consists of stepwise parameter studies, variation of build plate heating,
innovative scanning strategies and the manufacturing of several cubic
samples. Those samples were characterized for their microstructural
features including defects, precipitates, hardness, and surface rough-
ness. The following can be concluded:

• Processing the material without build plate heating generated exten-
sive grain boundary cracking and high porosity in all cases. Although
the amount and array of the micro-cracks depend on the scanning
strategy, they were observed in all samples.

• The additively manufactured H282 showed an increased hardness in
the as-built state compared to the traditionally solution-annealedma-
terial. Solution annealing followed by age hardening was applied to
the samples using standard heat treatment procedure. The heat-
treated samples displayed similar hardness as traditional age-
hardened plate-material.

• Surface roughness of the samples was affected by the process
parameters on the side surfaces and by the scanning strategy on the
top surface of the material.

• HIP of the alloy causes recrystallization of the microstructure and
crack healing. The HIPed samples show an increase in the relative
density to as much as 99.98%.

• Applying 300 °C heating to the build platform during manufacturing
16
resolves the grain boundary cracking issue and increased the density
of the samples. One of the special build strategies, named 1234,
achieved a density of 99,87% under elevated bed temperature.

• The evolution of M32C6 carbide and accumulation of γ’ on the grain
boundaries make them susceptible to cracking, especially on the
boundaries across which high gradient of residual stresses is devel-
oped. According to the crystal elasticity simulations, these stresses
emerge due to the anisotropic properties of the matrix at individual
grain level.

• The grain boundary precipitates are of γ’ and Cr21(MoC3)2 types. The
carbide seems to be evolving chronologically earlier than the γ’.

• No grain boundary precipitates were observed in the samples proc-
essed at high build temperature.

It has been proven that crack-free H282 can be processed by PBF-LB
technology. However, without build plate heating during manufactur-
ing, no progress could be made towards mitigating cracking. The com-
prehensive approach to the problem through processing, modelling
and advanced characterization standpoints was the key to understand-
ing the underlaying crackingmechanism. The generated knowledge re-
sulted in selecting proper AM process parameters for this alloy.

Data availability

The raw data required to reproduce these findings cannot be shared
at this time as the data also form part of an ongoing study. The CAE
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model that is developed in Abaqus can be shared upon request. The in-
terested readers are encouraged to take direct contact to the authors of
this article for more information.
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