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ABSTRACT

Direct Metal Laser Sintered Haynes 282 specimens as well as wrought ones were
subjected to high-temperature exposure at 1000 °C for 100h in air to compare their
oxidation behaviour. The specimens were removed from the furnace after 1h, 5h,
25h, 50h and 100h to reveal and study oxidation mechanisms through morpho-
logical and cross-sectional examination by using scanning electron microscopy
with energy dispersive spectroscopy attachment and X-ray diffraction. Micro-
structural studies revealed that the oxidation kinetics, determined by changes in
thickness scale and depth of aluminium diffusion zone, were mainly driven by
the formation of Cr,O; for the wrought material, and TiO, for DMLS one. The
wrought material was characterized by the oxidation rate equal to 0.96 and fol-
lowed the logarithmic law. On the other hand, DMLS-manufactured Haynes 282
exhibited oxidation rate of 0.90 and follows the linear law for the thickness scale
considerations. However, when the depth of aluminium diffusion was investi-
gated, it had an oxidation rate of 0.87 and followed cubic law.
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a stable microstructure consisting of an austenitic (y)
matrix hardened through the solid solution by gamma-

Introduction

High strength at elevated temperature, excellent cor-
rosion and oxidation resistance, and good creep and
fatigue performance of nickel-based superalloys have
attracted attention in a diverse range of industries,
such as aerospace, nuclear, and marine [1, 2]. These
excellent mechanical properties are associated with
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prime (y’) and gamma-double-prime (y”’) precipitates.
Furthermore, nickel-based superalloys contain many
stabilizing elements responsible for their great perfor-
mance under extreme conditions [3]. The y phase is
stabilized by elements such as Co, Cr, Ru, Re, Mo, and
W due to their atomic radii being similar to that of Ni.
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Conversely, the ¥’ phase is stabilized by Al, Ta, and
Ti, which have larger atomic radii. Additionally, in
polycrystalline Ni-based superalloys, elements like B,
C, and Zr segregate to grain boundaries and enhance
their strength. Elements such as Ti, Ta, Nb, Re, W,
Mo, and Cr act as solid solution strengtheners. Ta, Ti,
and Nb specifically strengthen the y’ phase, while the
remaining elements, known as refractory elements,
strengthen the y matrix [4]. Among nickel-based
alloys, Haynes 282 is characterized by outstanding
mechanical properties such as high creep strength at
temperature up to 927 °C and an excellent combina-
tion of weldability and fabricability that surpass other
nickel alloys [5]. Haynes 282 contains a relatively low
volume fraction of y* which guarantees a balance
between strength at high temperature and fabricability
[6]. One should mention, that nickel-based superalloys
are susceptible to cracking during rapid solidification
processes, including welding, due to their complex
chemical compositions. However, Haynes 282 is dis-
tinguished by its superior resistance to this type of
fracture [2]. Because of such resistance and superior
mechanical properties, this material is promising for
AM processes, as considerable cost savings during the
manufacturing of complex-shaped components could
be obtained [7]. Additionally, an excellent dimension
precision level of additively manufactured nickel-
based superalloys components could be achieved
[8]. The unquestionable advantages of additively
manufactured nickel-based superalloy parts are their
enhanced mechanical properties originating from the
grain refinement and reduced microsegregation and
porosity commonly occurring during casting [7, 9].
DMLS is one of the AM techniques, that possesses
several advantages. In this process, precise complex
components could be directly fabricated through
3D computer-aided design (CAD) without moulds.
Furthermore, the non-fused powder can be reused
after sieving [10]. At the beginning of the DMLS
process, a metal powder bed is applied on a metal
plate by using a recoater blade. Subsequently, a thin
layer of powder is sintered by using a laser beam
of high intensity. As the plate position is lowered,
the recoater arm deposits a new, 20 or 40 pm thick
layer and the process is repeated until a complete 3D
model of the part is built [11]. One should highlight
a number of papers reporting different AM methods
applied for Haynes 282. Otto et al. [12] optimized
laser beam powder bed fusion (PBF-LB) technol-
ogy in which the build platform is heated to 300°C
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and a novel scan strategy was used to manufacture
low porosity and micro-crack free material. Shaikh
et al. [4] presented fully dense and crack-free Haynes
282 produced by Laser Powder Bed Fusion (LPBF).
The manufactured material exhibited higher ten-
sile properties at room temperature in comparison
with wrought material, which was mainly caused
by strengthening due to grain refinement. Maj et al.
[13] reported improved mechanical properties of
Haynes 282 obtained by using LPBF and hot pressing
(HP) in comparison with wrought material. Kopec
et al. [14] studied the suitability of the DMLS method
to manufacture the Haynes 282. The authors found,
that the AM process improved the fatigue response
of the nickel-based alloy by 200 MPa as compared
to the wrought material. Unocic et al. [2] reported
comparable hardness and tensile strength of the as-
fabricated electron beam melted (EBM) Haynes 282
in comparison with its wrought state. Ramakrishnan
and Dinda [7] found, that the application of direct
laser metal deposition for Haynes 282 enabled to
improve the tensile characteristics of the as-depos-
ited material as compared to the cast ones. It could
be observed, that different AM processes could be
successfully used to manufacture Haynes 282-based
parts. Therefore, further steps should be taken to
commercialize these methods for the industrial scale.
Since this material in its wrought form is widely
used for high-temperature applications, for example
in the construction of advanced-ultra-supercritical
power plant equipment, its oxidation behaviour
should be investigated in detail [15, 16]. Perez-Gon-
zalez et al. [16] studied isothermal oxidation resist-
ance of Haynes 282 in air using gravimetric meth-
ods within the temperature range of 800-1000 °C for
up to 150 h. In such a study, the oxidation kinetics
were described by the parabolic rate law. The scale’s
chemical composition consisted of an outer layer of
TiO, and an inner layer of Cr,O5, with the latter situ-
ated at the interface between the metal and oxide.
Furthermore, the presence of an internal oxidation
zone containing Al,O; and TiO, was observed at all
temperatures. Tung et al. [17] reported that the high
temperature oxidation of Haynes 282 at tempera-
ture up to 950°C resulted in layered chromium scale
formation. Oxidation kinetics were parabolic and
controlled by Cr diffusion. Microstructural studies
performed on specimens’ cross-sections revealed a
continuous Cr,0; layer and a layer of loose oxide
rich in Co-Ti-Ni formed above the chromium. Nnaji



et al. [18] presented that Haynes 282 displayed a
fairly rapid, linear/quasi-parabolic rate of oxidation
(n=0.65) at 1050 °C and (1 =0.68) at 1100 °C, which
was attributed to the presence of chromium oxide
containing some titanium oxides, that were further
responsible for the formation of a more adherent
oxide film.

Although there have been studies on high-tem-
perature oxidation of wrought Haynes 282 in air,
the performance of additively manufactured mate-
rial under extreme conditions has not been inves-
tigated in detail as yet. Furthermore, despite the
high microstructural stability and outstanding oxi-
dation resistance of Haynes 282, its complex chemi-
cal composition significantly affects the formation
of the internal and outer oxide layers at high tem-
perature. Formation of these oxides also accounts
for the reduction of the mechanical strength in the
temperature range between 800°C and 1200°C, thus
deep analysis of oxidation mechanisms is required
to understand the phenomena responsible for their
structural degradation.

In order to extend the current knowledge on the
oxidation behaviour of Haynes 282 subjected to high
temperature exposure in air, a detailed microstruc-
tural analysis was executed through SEM-EDS and
XRD on the wrought specimens as well as those pro-
duced by the DMLS method. This paper also aims
to evaluate the structural stability of additively

manufactured Haynes 282 in relation to its as-cast
state to assess its potential in structural applications.

Materials and methods

Haynes 282 specimens were manufactured by using
DMLS, in which spherically shaped powder with an
average diameter equal to 45um was used (Fig. 1a).
Cylindrical bars of 5mm in radius and 50mm long
were printed by using EOS M100 machine on a sub-
strate plate preheated to 80°C. The printing machine is
equipped with Yb laser of maximum effective power
equal to 200 W, wavelength of 1064 nm and laser spot
of ~0.04 mm. The processing parameters were opti-
mized as follows: an energy density of 104 J/mm?,
laser power of 100 W, laser speed of 800 mm/s, and
the distance between successive paths of 0.05 mm. The
specimens were printed with the orientation along the
vertical axis.

The chemical composition of wrought and powder
material is presented in Table 1. The composition of
wrought material did not differ significantly from the
results presented in Table 1. The dense structure of
subsequent layers confirmed the appropriate selection
of process parameters since a coherent microstructure
with overlapping fusion pools was obtained in the par-
allel (Fig. 1b) and the perpendicular direction (Fig. 1c).

Figure 1 The micrograph of Haynes 282 powder (a); and microstructure of the as-built alloy observed along the parallel (b) and the

perpendicular (c) to the building direction section.

Table 1 Chemical
compositions of wrought

Element Ni Cr

Co Mo Ti Fe Al Mn Si C

Haynes 282 and its powder
used in the DMLS process

wrought Bal 20.0
DMLS Bal 19.5

10.0 8.5 2.0 1.5 1.5 0.3 0.2 0.1
10.0 8.5 2.1 1.5 1.5 0.3 0.2 0.1

(Wt.%)
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Figure 2 The initial micro-
structure and XRD graphs of
wrought (a, ¢) and additively
manufactured (b, d) Haynes
282.
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In the following steps, the high-temperature oxida-
tion resistance was assessed through the heat resist-
ance test at 1000°C for 100 h in an air atmosphere.
Round bars were wire cut to cylinder specimens of 10
mm in diameter and 2 mm. In order to minimize the
overheating effects related to the building of the first
and last layers, only round cylinders extracted from
the middle section of the 50 mm long bars were used.
Five DMLS manufactured and five wrought were used
in the experiment. Specimens were removed from the
furnace one by one after reaching the specific time of
high temperature exposure equal to 1 h, 5 h, 25 h, 50
h and 100 h. An oxidation kinetics were determined
based on the measurements of scale thickness as well
as the depth of the diffusion zone after a specific time
of the heat treatment. Finally, a qualitative chemical
composition analysis and element distribution maps
were performed on cross-sections of both, DMLS and
wrought specimens, by using a JEOL6360LA scanning
electron microscope (SEM) operated at 20 kV with
EDS detector. The metallographic specimens were
prepared by conventional procedures including hot
mounting, grinding and polishing. After the mount-
ing, the specimens were ground by using a Struers®
polishing machine and 600, 800, 1200 and 4000 SiC
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graded papers and polished on Metrep® Durasilk
M cloth. The initial microstructures were observed
by using Nicon MA220 optical microscope. The
XRD measurements were performed using a Rigaku
(Tokyo, Japan) Ultima IV diffractometer with Co-K
radiation (A =1.78897 A) and operating parameters of
40 mA and 40 kV with a scanning speed of 1°/min and
a scanning step of 0.02° in the range of 20°-120°. Addi-
tionally, to analyse the phase of oxidation products
in the scale layer as a function of the depth from the
specimen surface, XRD analysis was performed using
the grazing incident X-ray diffraction (GI XRD) tech-
nique for incidence angles of 1, 2 and 5° based on Co
radiation Kal (A =1.78892 A) using the Rigaku Ultima
IV system with parallel beam mode.

Results

The initial microstructure of wrought and AM
Haynes 282

The microstructure of as-received, wrought Haynes
282 is presented in Fig. 2a. It consists of large aus-
tenite grains and twins. On the other hand, the



microstructure of DMLS Haynes 282 was character-
ized by a multilayer structure of melting pools in
which a dendritic structure formed of columnar grains
oriented along the building direction (Fig. 2b), which
is a characteristic for additively manufactured nickel-
based superalloys [19]. The mechanical properties
and oxidation resistance of Haynes 282 depend on
the formation of secondary phases in the microstruc-
ture including carbides and gamma prime. These car-
bides have the form M,;C, rich in chromium, nickel,
cobalt, and molybdenum or MC rich in molybdenum,
nickel or chromium [13]. The y' phase, rich in nickel
and aluminium, forms a coherent precipitate structure
within the y matrix, which helps maintain the alloy’s
mechanical integrity and surface stability at high tem-
peratures. These secondary phases contribute to the
formation of a protective oxide layer, primarily con-
sisting of chromium and aluminium oxides, which acts
as a barrier to oxygen diffusion, thereby enhancing the
alloy’s resistance to oxidation. The presence and sta-
bility of these phases are critical, as they reduce the
rate of oxidation by limiting the diffusion pathways
for oxygen and other oxidizing species, thus prolong-
ing the material’s lifespan in harsh environments [20]
The XRD graphs were used to reveal phase struc-
tures for both states of Haynes 282. Intensity peaks
identified for wrought material (Fig. 2c) according to
card 01-074-5256 revealed a solid solution of alumin-
ium in nickel (y) (Al0.14 Ni0.86) in different configu-
rations (111), (200), (220) and (311) for angles equal to
51.2,59.8, 89.72 and 111.46, respectively. On the other
hand, peaks for DMLS-manufactured material sug-
gested aluminium nickel (Ni0.852 Al(0.148) in differ-
ent configurations (111), (200), (220), (311) and (222)
for angles equal to 51.32, 59.92, 90, 112 and 119.96,
respectively (04-024-6816). The differences in peaks
were associated with strong texture found for DMLS
material. It suggests that grains have specific orienta-
tion of 200 associated with the printing direction.

XRD phase analysis of oxidized surfaces

The high-temperature exposure of wrought Haynes
282, even for a relatively short time as 1h, led to the
formation of multiple phases mainly consisting of
chromium, titanium and aluminium oxides (Fig. 3a).
The intensity of peaks corresponding to particular
phase does not change significantly after 100h, how-
ever, the variety of newly formed phases could be
observed when the XRD was examined under a lower

angle (Fig. 4a). The measurement performed under
1°-2° exposed the occurrence of chromium oxide
(Cr,O3) on the specimen surface suggesting it forma-
tion already in the first stages of high temperature
exposure. Furthermore, below the surface, the con-
siderable growth of titanium oxides (TiO, and Ti;Oy)
was found when the measuring angle was equal to 5°.

Additionally, the formation of spinels was
observed. These phases involve mainly three com-
pounds: TiCr,O;, Ti,Cr,O5, and Tij 5,Cr; 7405.

DMLS-manufactured Haynes 282 was characterized
by different oxidation behaviour. Once exposed to the
high temperature, the rapid formation of intermetallic
phases (NiAl and NizAl) and a small share of differ-
ent metallic oxides (TiO, and presumably Al,O;) was
observed (Fig. 3b). The prolonged 100h high tempera-
ture exposure at 1000 °C led to the growth of chro-
mium (Cr,O;) and aluminium (Al,O;) oxides. The XRD
measurements performed just beneath the specimen
surface using low angles of 1° and 2° revealed a con-
siderable share of different, non-stable titanium and
chromium oxides: Tij ¢,Cry 0501 96 and Tij ,4Cr; 7605
(Fig. 4b). Subsequent examinations performed under
an angle equal to 5° exposed the substantial growth of
titanium oxides. The list of phases with corresponding
card numbers defined during XRD measurements was
presented in Appendix A.

One should stress, that oxidation kinetics varied sig-
nificantly as the high-temperature exposure led to the
formation of many unstable oxides in DMLS material.
On the other hand, the high microstructural stability
was confirmed for wrought Haynes 282, as shown in
Fig. 3. Nevertheless, it could be easily observed, how
the phase composition changes when different meas-
uring angle is applied. The measurements executed
at the lowest angle equal to 1° provide essential infor-
mation about the phases formed just on the specimen
surface. The higher the measuring angle is, the deeper
material layers are investigated. It could be found, that
for AM material, there is a considerable share of chro-
mium oxides, which is directly related to the forma-
tion of the Cr,O; on the surface. When the measuring
angle was increased, some titanium and aluminium
oxides were detected. One should note, that for DMLS
Haynes 282, the extension of the high temperature
exposition time to 100h results in the formation of the
greatest share of various titanium oxides in compari-
son with the wrought material. The intensity of peaks
from chromium and titanium oxides is changing effec-
tively with the progressing oxidation.
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Surface topography observations

The microstructural observations were performed on
the oxidized surfaces to investigate the tightness of the
formed scale (Fig. 5). One could find, that AM mate-
rial has a more developed surface than the wrought
one. Even short-time exposure of 1 h at 1000°C led to
the formation of oxides. It should be stressed, that the

low structural stability confirmed by the XRD analysis
is responsible for the growth of numerous non-sta-
ble oxides. These newly formed compounds of high
brittleness are poorly connected with the base mate-
rial since many cracks appear on the micrographs.
The extended high-temperature exposure led to the
further development of the surface. The substantial
growth of titanium oxides was observed when the

Figure 5 The surface mor-
phology of additively manu-
factured and wrought Haynes
282 after oxidation.
1h
Sh
25h
50h
100h
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high temperature exposure time exceeded 50 h. On
the other hand, stable growth of chromium oxides
was observed for wrought material (Figs. 3 and 4).
The progressing exposure time led to the formation
of a relatively smooth and uniform protective scale.
In order to confirm whether AM material is prone to
accelerated oxidation, further analysis was performed
on the cross-sections of specimens presented in Fig. 6.

Qualitative microstructural analysis
on the Haynes 282 cross-sections

The notably different cross-sectional views of the
wrought and DLMS specimens subjected to expo-
sure at 1000 °C for 1h exposed various mechanisms
responsible for high temperature oxidation behav-
iour of Haynes 282 (Fig. 6). It was observed, that AM
specimen was characterized by four diffusion regions
while wrought one was protected by single-layered,
tight scale of the oxide. The increased content of chro-
mium and oxygen in areas marked as 1 and 2 con-
firmed the formation of Cr,0O; detected during XRD
analysis (Table 2, Figs. 4 and 5). Subsequent analysis

Figure 6 The cross-sectional
view of additively manufac-
tured and wrought Haynes
282 after 1 h exposure to
1000°C.

oxide
scale

intergranular "3

oxidation zon

base material

performed in areas 3 and 4 suggests the formation of
aluminium and titanium oxides (presumably Al,Oy
and TiO,) as well as NiAl intermetallic phases (Fig. 6).
The relatively short high temperature exposure time of
1h was sufficient to initiate the segregation of elements
on the grain boundaries of additively manufactured
material. On the other hand, the brittle protective scale
of <10um composed of metallic oxides was formed on
the surface of wrought Haynes 282 (area 6, Fig. 6). Just
below this scale, a very thin Cr,0O; chromium oxide
layer was formed (area 7, Fig. 6). Considerable pit-
ting effects were also observed below the surface. The
chemical analysis performed in these areas suggests
the segregation of aluminium (Table 2). One should
observe, that wrought material possesses higher struc-
tural stability at high temperature since just a very thin
and tight protective layer was formed.

The observations performed on the wrought and
AM specimens after 100h reveal the drastic impact of
high temperature on DMLS specimens surface. The
thickness of formed layers changes considerably. The
chemical composition analysis executed 5um below
the surface reveals the high content of titanium and

spallation
products

wrought

Table 2 The chemical

. . Wt.% Element o Al Cr Ti Ni Co Mo
composition of specific areas
of additively manufactured AM 1 9.9 1.6 75.3 52 5.1 29 -
and wrought Haynes 282 2 15.5 1.6 69.0 3.8 8.0 - 02.1
after 1 h of exposure to 3 3.3 0.8 13.2 0.8 58.2 11.8 11.9
1000 °C (wt.%) 4 18.6 72.9 1.5 1.1 4.0 1.9 -
5 1.0 1.6 19.3 2.00 572 10.4 8.5
Wrought 6 11.8 33 374 06.6 23.3 16.7 0.9
7 13.4 0.9 71.7 4.6 7.6 1.3 0.5
8 5.4 20.4 9.5 0.9 48.2 9.3 6.3
9 0.9 1.7 19.2 02.2 56.5 10.8 8.7
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Figure 7 The cross-sectional
view of additively manufac-
tured and wrought Haynes
282 after 100 h of exposure
to 1000 °C.

wrought

Table 3 The chemical

. ) Wt.% Element ¢] Al Cr Ti Ni Co Mo
composition of specific areas
of additively manufactured AM 1 12.0 0.2 7.6 79.0 0.6 0.3 0.3
and wrought Haynes 282 2 15.0 0.9 75.0 7.5 1.1 0.5 -
after 100 h of exposure to 3 7.6 143 13.4 21.2 34.5 6.8 2.2
1000 °C (wt.%) 4 19.8 71.6 1.7 1.1 4.0 1.8 -
5 0.8 0.7 14.3 2.8 61.7 11.2 8.5
Wrought 6 14.0 0.7 78.9 34 1.9 0.7 0.4
7 3.9 9.7 10.7 6.8 49.8 9.1 10.0
8 15.6 36.6 3.6 31.1 8.8 1.9 24
9 1.0 1.5 18.3 1.9 57.8 10.9 8.6

aluminium (Fig. 7, Table 3). It should be noticed,
that titanium oxides were not dominant during the
initial XRD scan (Fig. 3b), however, the measure-
ments performed under low angle exposed the high
share of different titanium oxides in the area marked
as 1 (Fig. 4b). Below the layer of titanium oxide, the
tight layer of chromium oxide could be found (area
2, Table 3, Fig. 7). Similarly, aluminium and titanium
oxides tend to form preferentially along grain bounda-
ries (Table 3, Fig. 7). The high temperature oxidation
behaviour for wrought material was completely dif-
ferent. The growth of a tight, protective chromium
oxide scale (area 6) was followed by the formation of
a dendritic structure in which elongated grains were
surrounded by aluminium and titanium oxides.

The subsequent EDS maps exposing element dis-
tribution after a particular time of high temperature
exposure were used to confirm the diffusion kinetics
responsible for high-temperature oxidation of Haynes
282 in wrought and DMLS conditions (Figs. 8 and 9).
One should highlight, that regardless of the mate-
rial state (wrought/DMLS manufactured), a similar
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behaviour could be observed. It involves the diffusion
of oxygen, titanium and chromium to the surface and
the segregation of aluminium on the grain bounda-
ries just below it. This phenomenon is, however, more
prominent for DMLS material since the formation of
aluminium oxide on the grain boundaries and une-
ven distribution of titanium below the surface was
observed (Fig. 8).

Additionally, intergranular oxidation was found
for DMLS Haynes 282 represented by the segrega-
tion of aluminium and oxygen and depletion of
nickel on the grain boundaries (Fig. 8). Based on the
cross-sectional micrographs, one can find, that the
depth of such intergranular oxidation after 100h was
about 50um and decrease with higher material den-
sity (Fig. 7). Similar observations were observed for
Inconel 718 manufactured by using SLM and sub-
jected to high temperature exposure at 850 °C for 100h
[21]. The comparative studies of AM and wrought
Inconel 718 present that the oxidation kinetics of the
as-built LBM 718 alloy is much higher, even for the
densest samples [22].
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Discussion

One should highlight the higher structural stability
of wrought material in comparison with AM one.
It is widely reported, that nickel-based superalloys
are prone to oxide spallation in air at 1000 °C [23].
Such spallation is more prominent for AM material
because of the formation of brittle oxides. The rate of
their growth clearly indicates faster oxidation kinet-
ics of AM Haynes 282 as compared to wrought mate-
rial, which is directly related to the higher oxygen
uptakes [24]. One should mention, that the devel-
oped surface of AM nickel-based superalloys with
increased roughness or porosity provides more sites
for oxide nucleation and growth, which can lead to a
non-uniform oxide layer that is more prone to crack-
ing and spallation. Additionally, surface defects
such as micro-cracks or pores can act as pathways
for oxygen diffusion, accelerating oxidation and
compromising the integrity of the protective oxide
layer. Such behaviour leads to severe spallation dur-
ing the oxidation, and in turn, inhibits the growth
of tight, protective Cr,0O; oxide layer on the surface
[25]. Consequently, the formed oxide of high brit-
tleness could only be maintained for a very short
period, thus not being effective as a thermal barrier.
Such behaviour is leading to the drastic degradation
of the surface and sub-surface microstructure since
progressing spallation will contribute to the accel-
erated growth of Ni-rich oxides. Further evolutions
involve the transformation of chromium oxides into
Ni(Cr,Fe),0, spinel phases, which are not effective

Figure 10 The schematics of

as a protective scale [26, 27]. It leads to the expan-
sion of the oxide layer into the material core. Since
the subsurface layers have enough chromium, the
further diffusion of oxygen will again contribute to
the formation of spinels and progressing spallation.

In order to understand the oxidation behaviour of
AM and wrought Haynes 282, not only the formation
of scale and its characterization should be performed,
but also changes that occurred near the surface should
be analysed. For such a purpose, the depth of the dif-
fusion zone was measured as well. Such depth was
established based on the occurrence of aluminium
oxides formed on the grain boundaries.

Based on the microstructural analysis performed
by using SEM and XRD, one can define and describe
oxidation mechanisms that occurred in DMLS and
wrought Haynes 282 after high temperature expo-
sure (Fig. 10). Once the specimens were subjected to
1000 °C, the chemical adsorption between their sur-
faces and the air atmosphere in the furnace occurred
[27]. It results in the formation of the oxide layer on
the surface due to selective oxidation of the active ele-
ments: titanium for DMLS material and chromium
for wrought one (Figs. 8, 9 and 10). Once chemical
adsorption between titanium/chromium and oxygen
is completed, TiO, and Cr,0; oxides are formed. Con-
tinuous high-temperature exposure leads to the diffu-
sion of the aluminium atoms on the grain boundaries
and subsequent formation of hard aluminium oxides
(Fig. 7). The segregation of aluminium oxides as well
as the formation of adherent, dense and continuous
oxide layers on the surface is leading to the occurrence
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of thermal stress [30]. Once, the accumulated stresses
exceed the carrying capacity of the oxidation layer,
spallation of brittle areas could be observed (Fig. 10a).
It leads to the further diffusion of the chromium and
titanium towards the surface and the subsequent for-
mation of their oxides (Figs. 8 and 9). The progressing
oxidation is depleting the content of chemically active
elements thus degrading the base material.

Based on the changes in oxide layer thickness, high-
temperature oxidation behaviour of Haynes 282 was
found similar as compared to different Inconel alloys
and Haynes 263 [27-29]. It was reported, however, that
after prolonged exposure to elevated temperature, this
alloy is characterized by a thicker protective oxide
layer, which is attributed to the higher concentration
of titanium and aluminium [16]. It is further leading
to the growth of TiO, prior to the formation of Cr,O5
due to the susceptibility of these elements to internal
oxidation. It should be stressed, that literature reports
confirm its desirable oxidation kinetics since it follows
parabolic law at temperatures up to 750 °C [16, 28] and
quasi-parabolic law up to 1050°C [18].

One can indicate, that the diffusion-controlled oxi-
dation behaviour is mainly driven by the formation of
a continuous chromium layer, which acts as a critical
barrier for the diffusion of oxygen and/or chromium
[17]. The presence of characteristic XRD diffraction
peaks of Cr,0O; in wrought and DMLS specimens
indicates that the diffusion of chromium through the
chromium layer significantly influences the oxidation
mechanism. The longer high-temperature exposure
time is, the thicker the chromium oxide scale is formed
and more chromium is depleted from the sub-surface
(Figs. 8, 9 and 10). Although chromium is necessary
for a protective chromium oxide surface layer forma-
tion, its higher content may result in phase instabilities
and the development of brittle chromium-rich phases
[30, 31]. One should highlight, that in the tempera-
ture range between 900 °C and 1200 °C, a higher alu-
minium content may offer better protection since the
growth and diffusion rate of aluminium oxide (Al,O;)
are slower as compared to chromium oxide (Cr,0O53)
[32]. However, an effective Al,O; layer can form when
the aluminium content exceeds 3 wt.%. Since Haynes
282 has a relatively low aluminium volume of about
1.5%, it is not possible to form a protective Al,O; layer.

One should also consider the interactions on grain
boundaries due to intergranular oxidation, which can
be clearly observed in Figs. 7, 8 and 9. These could
be described, although the qualitative EDS mapping

approach was used. After 100h high-temperature
exposure at 1000°C, both DMLS and wrought Haynes
282 exhibited an external scale consisting of chro-
mium, as well as intergranular oxides TiO, and Al,Os.
Chromium diffused towards the surface of the alloy,
traversing through the grains and grain boundaries,
that are recognized as pathways for diffusion, and
where it reacted with oxygen to form the external
chromium scale [33]. On the other hand, the volume
of aluminium and titanium, their concentrations and
diffusion coefficients are too low to enable their diffu-
sion towards the surface to create a continuous exter-
nal layer thus their oxides are formed internally [33].
Finally, one should stress, that the growth of inter-
granular oxide is facilitated by the rapid diffusion of
oxygen along grain boundaries, as well as the subse-
quent formation of aluminium and titanium oxides
on such boundaries. Based on Figs. 7, 8 and 9, it can
be concluded, that aluminium and titanium concen-
trations decreased to zero approximately 60um from
the surface, suggesting diffusion towards the grain
boundary to stimulate the growth of intergranular
TiO, and Al,O;. Simultaneously, aluminium atoms
diffuse towards the nearest grain boundary and dif-
fuse upward in the grain boundary to react with
oxygen. Consequently, the diffusion of titanium and
aluminium led to the dissolution of hardening precipi-
tates like v/, y”, and 0 phases [33].

In order to reveal the oxidation kinetics, the
measurements of and thickness of the formed scale
(Fig. 11a) and the depth of aluminium diffusion
(Fig. 12a) were executed. Subsequently, linear, loga-
rithmic, parabolic and cubic laws were used to rep-
resent the data obtained during the measurements.
The dominant oxidation kinetics mechanism was then
revealed according to the best fit of the square root
function. Because of the brittleness of the scale formed
after 100h and its subsequent spallation, the measure-
ments at that specific time were not considered during
calculations.

The analysis of oxidation kinetics presented in
Figs. 11 and 12 confirmed, that the formed scale of
DMLS-manufactured Haynes 282 exhibits linear
behaviour (Fig. 11b) which corresponds to the forma-
tion of a brittle, non-protective oxide scale [34]. On
the other hand, tight and adhered scale formed on
wrought material was well represented by logarithmic
law (Fig. 11c). The oxidation kinetics were also inves-
tigated in terms of the depth of aluminium diffusion
and its formation on grain boundaries in the form of
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Figure 11 The thickness of scale (a); oxidation kinetics based on linear (b), logarithmic (c), parabolic (d) and cubic laws (e).

aluminium oxides (Fig. 12). It was found, that DMLS-
manufactured material obeys cubic law (Fig. 12e),
while wrought one logarithmic (Fig. 12b). One could
observe the significant increase of aluminium diffu-
sion depth for DMLS material just after 5h of high-
temperature exposure followed by its stabilization up
to 100h. On the contrary, wrought Haynes 282 exhib-
ited a steady increase of aluminium diffusion from 1
to 100h.
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Based on microstructural observations (Figs. 6, 7,
8 and 9) and changes in scale thickness and depth of
the aluminium diffusion zone (Figs. 11 and 12), one
can conclude, that the oxidation rate of DMLS Haynes
282 was higher as compared to the wrought alloy. This
could be potentially attributed to the smaller grain
size of the AM material. The smaller grain size pro-
motes diffusion of aluminium and titanium and faster
nucleation of oxides on grain boundaries. Another
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Figure 12 The depth of the diffusion zone (a); oxidation kinetics based on linear (b), logarithmic (c), parabolic (d) and cubic laws (e.

factor that may influence the oxidation kinetics is the
grain boundary diffusion rate. It was reported, that
high-angle grain boundaries in nickel-based superal-
loys provide favourable diffusion paths, and certain
crystallographic orientations of nickel oxidize more
rapidly due to the faster ion transport [35].

Even though structural stability is much better for
the wrought material, some satisfactory results could

be found for the DMLS ones. These results suggest,
that the applied printing strategy could be beneficial
in terms of large-scale component manufacturing. One
should consider, however, proper surface machining
since high surface roughness can affect the area of the
reactive surface and, therefore, the oxidation prop-
erties [36]. On the other hand, the higher density of
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wrought materials as compared to AM ones would be
beneficial for their oxidation resistance.

As mentioned, the DMLS-produced alloy Haynes
282 typically exhibits worse high-temperature oxida-
tion resistance compared to the wrought version due
to differences in microstructure and surface finish
inherent to the additive manufacturing process. In
DMLS, rapid cooling and solidification result in a more
heterogeneous microstructure with increased porosity,
higher surface roughness, and possibly incomplete or
irregular distribution of protective secondary phases
like ¥’ precipitates and carbides. These factors can lead
to less effective formation of a continuous and uniform
oxide layer on the surface, which is crucial for oxi-
dation resistance. Additionally, the residual stresses
and potential presence of micro-cracks in DMLS-pro-
duced parts can act as pathways for oxygen ingress,
further exacerbating oxidation rates compared to the
more homogeneous and refined microstructure typi-
cally seen in wrought Haynes 282, which allows for
more effective oxide scale formation and improved
high-temperature performance. In wrought Haynes
282, the controlled manufacturing process promotes
a more uniform distribution of chromium and alu-
minium, facilitating the formation of a stable, protec-
tive oxide layer without compromising phase stability.
However, in DMLS-produced alloys, the rapid cooling
and inherent process variations can result in uneven
distribution and diffusion of these elements, leading
to less effective oxide formation. The limited diffusion
of aluminium as compared to chromium means that
any microstructural inhomogeneities or surface imper-
fections in DMLS components can initiate localized
oxidation, allowing for chromium-depleted zones that
form less protective oxides and potentially more brittle
phases. This results in the observed differences in cor-
rosion behaviour between DMLS and wrought Haynes
282, despite their identical chemical compositions.

Conclusions

In this paper, the oxidation behaviour of DMLS and
wrought Haynes 282 was investigated during high
temperature exposure for 100h at 1000 °C. It was
found, that the oxidation progress more effectively
for AM material since notable growth of titanium
oxides could be observed. It is directly related to the
low structural stability of AM Haynes 282 and higher
oxygen uptakes. The DMLS-manufactured Haynes 282
is characterized by the developed surface topography

@ Springer

consisting of different titanium compounds. On the
other hand, a relatively smooth and uniform scale of
chromium oxide was observed for the wrought mate-
rial. One should emphasize, that the effective adoption
of the DMLS process for Haynes 282 manufacturing
requires optimization of process parameters to fur-
ther produce material with similar or higher strength
characteristics as well as possessing high structural
stability. Therefore, additional heat treatment should
be considered for AM material to avoid undesirable
element segregation near the surface during high-
temperature exposure.
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Table 4 The list of phases with corresponding card numbers defined during XRD measurements

Phase name Card number Phase name Card number Phase name Card number
Ni;Al 04-004-7761 Ti;05 04-007-1880 TiO, 04-008-7849
NiAl 04-002-1223 TisOq 04-005-4351 Cr,04 04-023-4726
Al O, 04-008-3293 TigOy, 01-071-0628 TiO 04-005-4347
M;05 (TiCr,0O5) 04-010-0654 M;Os (Ti,Cr,05) 04-010-9345 MO, (Ti 9,Crg 0501 96) 04-026-4380
M, 05 (Tig 24Cr; 7603) 04-015-9779
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