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Abstract: The high-temperature oxidation resistance of the nickel superalloy prepared by the laser powder bed fusion
(LPBF) has been significantly increased as a result of in-situ formation of a thermal barrier layer (a-Al,O3 + CaMoO4)
during oxidative annealing of surface layers modified by electric spark treatment (EST). The reactive EST of the
LPBF-built items based on nickel EP741NP alloy was carried out with low-melting Al-12%Si, Al-6%Ca—0.6%Si
and Al-7%Ca—1%Mn electrodes. It was found that under EST done by Al-7%Ca—1%Mn electrode an intermetallic
(B-NiAl + y-NizAl) 15 um-thick layer reinforced by spherical oxide (CaMe)O nanoparticles was formed. Formation of
that structure increases the wear resistance of LPBF nickel superalloy by 4.5 times. Further oxidative annealing at
1000 °C leads to a formation of continuous two-layered coating with an inner layer of a-Al,O3 and an outer layer of
CaMo0Qs, which together act as an effective barrier preventing the diffusion of oxygen into the bulk of the superalloy.

Key words: Ni-base superalloy; laser powder bed fusion (LPBF); reactive electric spark treatment (EST); low-melting

electrode; oxidation resistance; thermal barrier layer

1 Introduction

Nickel-base superalloys are widely used to
manufacture critical parts of power plants operating
in atmospheric air under high-temperature gas
corrosion conditions, including loads [1]. Oxidation
of the alloys depending on their chemical
composition and microstructure starts in the
temperature range of 750—800 °C, which shortens
their service life and limits the scope of applications
at higher temperatures [2,3]. Therefore, it is
relevant to increase the operating temperatures and
enhance wear resistance, which are responsible for
the service life of parts made of these alloys,
especially those manufactured by laser powder bed
fusion (LPBF).

Most nickel-base superalloys form fast-
growing oxides of nickel (NiO), chromium (CrO,
CrO,, CrO;, and Cr,0O3) [4] and spinels based on
NiAle4, NiCI‘zO4, (Ni,CI')Alzo4, COA1204, and
NiWO; [5] in air at temperatures above 750 °C. If a
discontinuous surface oxide layer is formed or this
layer is damaged, oxygen atoms diffuse into the
bulk of the material, eventually leading to complete
failure of the item. Gaseous (oxygen) corrosion is
the main cause of elevated-temperature failure of
structural materials. Modern understanding of the
principles underlying successful protection of items
against oxidation is based on ensuring conditions
for the formation of thermostable phases making a
dense barrier layer that prevents oxygen diffusion
(i.e., on inhibiting oxide formation). The maximally
efficient barrier layer is expected to consist of
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thermally stable phases and high adhesion to the

metal substrate, also contain no microcrack
defects [6—8].
Ion-plasma  technologies have been

successfully used for depositing high-temperature
barrier coatings [9,10]. However, their use is
limited because of the weak adhesion of coating to
the substrate. On the contrary, electrospark
treatment (EST) makes it possible to form coatings
with high adhesion to the substrate using electrodes
made of both hard alloys [11] and low-melting
eutectic-based metallic glasses [12]. So, EST is
more effective for increasing the resistance of parts
to wear and high-temperature oxidation.

The versatility of electric spark technologies
allows one to produce composite surface layers
exhibiting excellent properties. For example, in
Ref. [13], vacuum electric spark and plasma arc
treatment with CompoNiAl-M5-3 (Nis1Als1Cri2Cos-
Hfo,s) electrode of EP741NP alloy obtained by
additive manufacturing (AM) technology were used
sequentially. The double-layer coatings showed
higher resistance to high-temperature oxidation in
air at 1000 °C for 5 h than the substrate because of
the increased Al content (up to 32 at.%) compared
with that in the substrate. This can be explained by
the high thermodynamic stability of aluminum
oxide formed during oxidative heating [14]. As part
of improving the protective coatings containing Al,
modifying additives Y [4,15], Pt [16], and Cr [17]
are used to accelerate the formation of stable
0-AlxO; oxide or improve its adhesion.

According to the Richardson—Ellingham
diagram [18], calcium oxide has low Gibbs free
energy like aluminum oxide does, which is
indicative of its thermodynamic stability. Based on
this fact, near-eutectic ternary calcium-containing
electrodes Al-7%Ca—1%Mn and Al-6%Ca—0.6%Si
were proposed in the earlier studies [19] for electric
spark treatment of nickel alloys obtained by AM. In
particular, the electrospark layer formed during
EST using the Al-7%Ca—1%Mn electrode
exhibited excellent oxidation resistance at 870 °C
due to the formation of a dense uniform CaAl,O4
barrier layer and a high f-NiAl content. Therefore,
it is especially interesting to use Ca as an alloying
element to increase resistance to high-temperature
oxidation at 1000 °C.

A new trend in the development of EST is
elimination of surface defects typical of LPBF-built

items. The high potential of using EST has been
demonstrated in Refs. [19-21]. It was found that
local protrusion melting takes place when using
low-melting Al-Si electrodes during EST of LPBF-
built items made of Ti- and Ni-based alloys and
containing typical surface defects. The chemically
active fluid-flow melt formed in the inter-electrode
space spreads over the surface, fills the dimples,
and interacts with elements from the substrate.
Its solidification is accompanied by formation of
intermetallic  compounds, surface roughness
reduction and strengthening.

This study aimed to investigate whether
resistance against wear and high-temperature
oxidation at 1000 °C of LPBF-built items based on
nickel superalloy can be enhanced using electric
spark treatment with low-melting Al-12%Si, Al—
6%Ca—0.6%Si, and Al-7%Ca—1%Mn electrodes.

2 Experimental

Heat-resistant LPBF-built alloy of EP741NP
grade [4] (55.38 Ni, 15.49 Co, 10.84 Al, 10.03 Cr,
2.29 Mo, 2.18 Ti, 1.75 W, 1.62 Nb, 0.19 C, 0.08 Hf,
0.08 B, 0.05 Mg, 0.017 Cr, and 0.003 Ce in at.%)
was used as a substrate (cathode). Laser powder bed
fusion of the EP741NP alloy was conducted on an
EOS M 400 3D printer (EOS, Germany) equipped
with an ytterbium-doped fiber laser. Samples were
produced under an argon atmosphere with laser
power of 180 W, scan speed of 800 mm/s, layer
thickness of 0.04 mm, and laser spot diameter of
0.10 mm. The stripe scanning strategy without
contour was applied for depositing each layer, and
the scanning direction between the adjacent
deposition layers was rotated by 67° [4].

Structurally homogeneous rods of 4 mm in
diameter manufactured by melt quenching were
used as electrodes (anode), and their compositions
were as follows: Al-12%Si, Al1-6%Ca—0.6%Si, and
Al=7%Ca—1%Mn (mass fraction).

Electric spark treatment was carried out on
an Elitron 22A automated stand in an argon
atmosphere (pulse energy 1.6 mJ, pulse duration
100 ps, voltage 20 V, and pulse frequency 100 Hz).
The gain in substrate mass ZAK and electrode mass
loss 2AA4 were measured on a KERN 770 analytical
balance (KERN, Germany).

The microstructure and composition were
examined on an S—3400N scanning electron micro-
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scope (Hitachi, Japan) equipped with NORAN
System 7 X-ray Microanalysis (Thermo Scientific,
USA) for energy dispersive spectroscopy (EDS).
X-ray diffraction (XRD) phase analysis was
performed using the spectra recorded on a D2
PHASER automated diffractometer (Bruker AXS,
USA) using non-monochromatic Cu K, radiation
(4=0.15418 nm). The quantitative fractions of the
phases were determined using DIFFRAC. EVA
(Bruker, USA) software by intelligently separating
the reflexes taking into account the EDS results and
then measuring their intensity.

The fine structure was studied on a JEM—2100
transmission electron microscope (TEM) (Jeol,
Japan). The samples (lamellae) were cut off from
the near-surface layers modified by EST using the
focused ion beam technique on a Quanta 200 3D
FIB instrument (FEI Company, USA). Low ionic
current (10 pA) was used to reduce lamella
contamination by evaporated material resulting
from its condensation on metal surfaces.

High-temperature oxidation resistance tests
using the sample mass gain method were carried
out in a SNOL 7.2/1200 electric muffle furnace
(Lithuania) at 1000 °C for 30 h in air; exposure
duration was 0.25, 0.5, 0.75, 1, 2, 3, 4, and 5 h, and
then every 5h. Specific mass gain (K) was
measured on an ALC-210d4 analytical balance
(Acculab, USA) with an accuracy of 0.1 mg and
was calculated using the following formula:

K=Am/So )

where Am is the difference between the sample
mass before the test and its mass after oxidation,
and Sy is the total surface area of the sample before
the test.

The oxidation rate (V) was calculated as a ratio
of the specific mass gain of the sample to test
duration (?):

V=K/t )

The Gibbs free energies (AG) of the potential
chemical reactions occurring during oxidation were
calculated using the FACT software [22].

The pin-on-plate tribological reciprocating
sliding tests were carried out at room temperature
on a TRIBOMETER (CSM Instruments,
Switzerland) in compliance with the ASTM
G133-22 standard test method before and after
high-temperature oxidation resistance tests. A ball
with 3mm in diameter made of 100Cr6 steel

(ASTM 52100) was used as a counterbody. The test
conditions were as follows: wear track length,
4 mm; applied load, 2 N; maximum speed, 5 cm/s.
The wear tracks were studied wusing a
WYKO NT1100 optical profilometer (Veeco, USA).
The reduced wear (/) was calculated by normalizing
the volume loss during testing (AV) by the mileage
(N) and the applied load (P):

_AV
=P 3)

3 Results

3.1 Characterization of substrates and electrodes

According to the XRD data (Fig. 1), the
structure of the LPBF-built EP74INP sample
consists of the y-(Ni) solid solution with lattice
parameter ¢=0.3609 nm. The near-cutectic Al-Si
electrode contains two phases of (Al) solid solution
and Si; Al—Ca electrodes also contain two phases of
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Fig. 1 XRD patterns of Al-7%Ca—1%Mn electrode (1),

LPBF-built sample (2), and samples subjected to EST

with Al-12%Si (3), Al-7%Ca—1%Mn (4) and Al-

6%Ca—0.6%Si (5) electrodes
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(Al) solid solution and AlsCa intermetallic phase.
The portion of the Al4Ca phase (PDF 03-065-2677)
with lattice parameters ¢=0.4341nm and c=
1.1054 nm is 15.7 wt.%. According to the
literature [23], the lattice parameter a of the AlsCa
phase is 0.428 nm. The increase in lattice parameter
a is possibly caused by substitution elements of the
AlsCa phase by Mn in the crystal lattice.

3.2 Structure and properties of modified layers
Figure 2 demonstrates that the maximum gain
in substrate mass AK was observed after EST with
the Al-Ca—Me electrodes during 3 min. The Y AK
values for these electrodes were 35% higher than
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those recorded for treatment with the Al-Si
electrode; erosion Y A4 of Al-Ca—Me electrodes
also occurred more vigorously. Therefore, EST
mode of all the samples was performed under
3 min/cm?.

Figure 3 shows the microstructure of the
modified layers and the elemental composition
of structural zones after EST with low-melting
Al-6%Ca—0.6%Si and Al-7%Ca—1%Mn electrodes.
One can see that thickness of the layers is as high
as 15 pum, and the boundary between structural
components is well-discernible according to the
concentration contrast and difference in the
morphology.
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Fig. 2 Kinetic curves of mass transfer of LPBF sample with area of 1 cm? after EST: (a) Mass gain of substrate Y AK

(cathode); (b) Mass loss of electrode Y’ A4 (anode)
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Fig. 3 SEM images of modified layers formed after EST using Al-6%Ca—0.6%Si (a, b) and Al-7%Ca—1%Mn (c, d)
electrodes and corresponding EDS data (wt.%)
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The electric spark layer formed after EST
with the Al-6%Ca—0.6%Si electrode (Figs. 3(a, b))
consists of two sublayers with spherical grains
(I and II), as well as Zone III of columnar
crystallites, with long axis oriented perpendicular to
the interface with substrate. The size of spherical
grains increases from 180 nm in the near-surface
Zone I to 270 nm in the intermediate Zone II
Compared to Layer II, grains in Zone I contain no
silicon and are depleted in aluminum and calcium,
but enriched in nickel. The transversal size of
crystallites in Zone III is no larger than 100 nm,
while their orientation coincides with direction of
heat dissipation.

As one can see in Figs. 3(c, d), EST with the
Al=7%Ca—1%Mn electrode yields a lamellar
structure that can be subdivided into three zones.
Zones | and II consist of columnar NiAl crystallites
with the transverse grain size <100 nm. A columnar
structure is observed in Zone III (<l pm in
thickness). This zone was also found to have
increased contents of Al (53.2 at.%), Ca (1.4 at.%)
and Mn (0.5 at%) and reduced Ni content
(28.3 at.%). The NiAls phase detected by XRD
phase analysis is possibly concentrated here.

The XRD patterns (Fig. 1(b)) indicate that the
modified layers consist predominantly of the
intermetallic phases y-NizAl (PDF 03-065-0430)
and NiAl (PDF 01-083-3994). Furthermore, the
XRD patterns shown in (4) and (5) of Fig. 1(b)
(after EST with Al-Ca—Me electrodes) contained
peaks belonging to NiAls, as well as weak-intensity
reflections at 26 angles of ~32°, 35° and 41°
corresponding to the crystalline phase of the

 (110) (011)
L adh \/

NiAI[111]

\]
E

tetragonal system (/4/mmm), which seems to be
Al4sCa phase.

The electric spark layer formed after EST with
the Al-7%Ca—1%Mn electrode was additionally
analyzed by TEM. Figure 4(a) shows an image of
the lamella cut off from a transverse section. One
can see that equiaxed grains sized 1.0—1.5 um
reside closer to the surface, while grains located
farther away from the surface have an elongated
shape (up to 3.5 um in length). Analyzing electron
diffraction from the grain oriented along the [111]
zone axis it was found that it has structure of
[-NiAl phase (a=0.2894 nm). This finding is
consistent with the XRD data. One can see from
Fig. 4(b) that spherical nanoparticles, with the
average size of ~20nm, are embedded in the
matrix. Dark gray “belts” in between nanoparticles
have the same composition as the matrix, and their
average width is <10 nm.

The phase composition of spherical
nanoparticles was identified by simultaneously
analyzing the EDS spectra and Fourier transforms
(Fig. 5). The high calcium content in the spectra, as
well as the presence of reflections from the (011)
planes with interplanar distance ¢=0.241 nm
(Fig. 5(a)) indicates that nanoparticles have a
CaO-type structure. According to the EDS data
(Fig. 5(b)), the nanoparticles have higher calcium
and oxygen contents and lower content of the
remaining elements compared to the matrix. Since
spherical nanoparticles consist of 50 at.% metals
(Al, Ni, Co and Cr), 30 at.% calcium and 19.4 at.%
oxygen (Fig. 5(c)), it is fair to assume that they
correspond to complex oxide (CaMe)O.
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Fig. 4 TEM image of electrospark layer formed after EST with Al-7%Ca—1%Mn electrode: (a) Image of lamella and

microdiffraction pattern; (b) Nanostructure of individual grain
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Fig. 5 (a) TEM image of spherical (CaMe)O nanoparticle
in NiAl matrix formed during EST wusing Al-
7%Ca—1%Mn electrode; (b) Element distribution over
lamella thickness; (c) Corresponding EDS data (at.%)

3.3 Structure and phase
oxidative annealing

Figure 6(a) shows the kinetic curves of
oxidation of the samples at exposure duration of
30 h. Regression analysis (Table 1) demonstrates
that oxidation of the LPBF-built sample occurs via
the linear law and involves two stages. During the
first 4 h (the first stage) the sample mass linearly

transition during

increases, and the mass gain is minimal. At the

second stage, the oxidation rate increases abruptly
to 3.2x10"*mg/(cm?:s), since oxygen penetration
occurs, followed with formation and peeling of the
oxide layer (Fig. 6(b)). In contrast, in samples
subjected to EST, oxidation occurs at one stage
and the formed oxide layer does not peel off
(Figs. 6(c—e)).

Oxidation of the samples subjected to EST
with the Al-12%Si and Al-6%Ca—0.6%Si
electrodes also involves two stages. Rapid oxidation
occurs initially (Table 1), further leading to oxide
layer growth. The formed oxide layer acts as a
barrier, i.e., it slows down the oxidation rate and the
mass gain rate of the sample according to the
parabolic law at exposure durations between 4 and
20 h. At exposure durations longer than 20 h, two
out of three samples showed an increase in mass
gain and transition to the linear oxidation law,
which was caused by cracking oxide film and

losing its continuity under thermal cycling
conditions  (Figs. 6(c,d)). The Dbest high-
temperature oxidation resistance was attained

after EST with the Al-7%Ca—1%Mn electrode
(Figs. 6(a, €)). Oxidation of this sample followed
the parabolic law in the entire range of exposure
durations.

Figure 7 and Table2 show the phase
composition of oxidized samples. Oxidation of the
untreated LPBF sample gives rise to NiMoOs, NiO,
and NiWO4 oxides. The surface layer of the sample
subjected to EST using the Al1-12%Si electrode
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Fig. 6 Kinetic curves of sample oxidation before and after EST (a) and appearance (b—e) of samples after annealing at
1000 °C for 30 h: LPBF-built sample (b), and EST samples with Al-12%Si (c), Al-6%Ca—0.6%Si (d) and Al-

7%Ca—1%Mn (e) electrodes
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Table 1 Parameters of regression equation for oxidation kinetic curves at 1000 °C during 30 h

L. Regression Confidence coefficient ~Oxidation rate/
Sample Time interval/h . . ~ 5
equation of fitting (10*mg-cm2-s7")
0<t<4 Am/S=0.278¢ 0.9814 0.8
EP741NP (1 =
(D 5<1<30 Am/S =1.2809¢ 0.9952 3.2 (fractured after
—3.2898 15 h)
0<¢<20 Am/S=0.9112¢%3 0.9461 1.5
(1) + EST with Al-12%Si 20 30 Am/S=1.2084¢ 0.9471 s
<t< . .
- —20.539
(1) + EST with 0<¢<20 Am/§=0.9385¢%3 0.9763 0.7
Al-6%Ca—0.6%Si 20<t<30 Am/S=0.43211-5.3642 0.9737 0.7
(1) + EST with Al-7%Ca—1%Mn 0<1<30 Am/§=0.5621{°3 0.9805 0.2

+ Ni;Al *NiWO, 4 NiMoO,
o NiO o ! NiALO, * AlL,O4
A + CaMoO, , r\ v NiAl
A
A\ " IOAAO b AA AO ma .(a)
_ﬂ Wml \...4/"3!%«’ bt M s A ettt

s ot

Fig. 7 XRD patterns of samples after oxidation at
1000 °C during 30 h: (a) LPBF-built sample; (b, c, d)
Samples after EST with Al-12%Si, Al-6%Ca—0.6%Si,
and Al-7%Ca—1%Mn, respectively

predominantly consists of NiAl,Os phase with
structure of spinel. An oxide layer consisting of
0-Al,O; and CaMoQO; is formed during oxidative
annealing of the sample subjected to EST with the
Al-6%Ca—0.6%Si electrode. The XRD pattern
was also found to contain low-intensity peaks
corresponding to the NiO phase with the lattice
parameter a=0.8353 nm. Therefore, it is fair to say
that for this sample, the second stage at exposure
durations of 20 h < ¢ < 30 h follows the linear law
(Fig. 6) and is related to oxidation of the Ni
substrate. For the sample treated with the
Al-7%Ca—1%Mn electrode, the content of the
CaMoOs phase noticeably increases from 10.2 to
43.3 wt.% after annealing for 30 h. At this case
oxidation involves a single stage and follows the
parabolic law.

Figure 8 shows the morphology of the samples
subjected to oxidation at 1000 °C for 30 h. Based

on the analysis of both EDS and XRD (Table 2),
one can suppose that the loose oxide layer with dark
inclusions within the spot of the surface of sample
not subject to EST consists of NiO (Fig. 8(a)). The
oxidized surface of the electrospark layer with the
Al-12%Si electrode mostly consists of NiAl,O4
spinel (Fig. 8(b)) as well as NiO and NiMoOs
oxides, being consistent with the XRD data.

After oxidation test, the surface of the sample
subjected to treatment with the Al-6%Ca—0.6%Si
electrode (Fig. 8(c)) is characterized by the
presence of CaMoOs grains and discontinuous
ALOs layer with NiO. Contrariwise, oxidation of
the sample subjected to EST with the Al-7%Ca—
1%Mn electrode (Fig. 8(d)) resulted in the
formation of a continuous CaMoOs layer with the
scheelite-type structure, which has a fine-grained
dense white- colored structure with dark inclusions
of A,Os. No grains of the NiO phase were detected
on the surface.

Oxidative annealing on the samples subjected
to EST using the Al-12%Si and Al-6%Ca—0.6%Si1
electrodes (Figs. 9(b, c)) was accompanied by
formation of multiphase oxide layer in which light-
gray areas correspond to the Mo-containing phases.
Near-surface grains of NiO was detected for these
samples. As it is demonstrated in the kinetic
oxidation curves (Fig. 6(a)), it unfavorably affected
resistance to high-temperature oxidation of the
samples. Islet-like growth regions of CaMoOs
grains were detected for the sample subjected to
treatment with the Al-6%Ca—0.6%Si electrode.

As distance from the surface increases, the
oxide layer of sample modified with the Al-7%Ca—
1%Mn electrode (Figs. 9(d) and 10) consists of
CaMo0Oj4 and a-Al,O3 grains. Next, there lies the
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Table 2 Phase composition of samples subjected to oxidation at 1000 °C for 30 h

Lattice parameter/nm

Sample Phase Structure type Content/wt.% 5

a C
NiMoO4 C2/m 62.2 0.9566 0.8734 0.7649

NiO Fm3m 13.4 0.8348 - -

LPBF-built EP741NP (1)

NiWO, P2lc 12.6 0.4600 0.5660 0.4910

NizAl Pm3m 11.8 0.3569 - -

NiALO, Fd3m 64.1 0.8106 - -

NiO Fm3m 17.4 0.8358 - -

(1) + EST with Al-12Si

NiMoO4 C2/m 9.8 0.9566 0.8734 0.7649

NizAl Pm3m 8.6 0.3563 - -
ALOs R3c 36.0 0.4759 - 1.2993

NiALO4 Fd3m 35.3 0.8054 - -

(1) + EST with Al-6Ca—0.6Si NizAl Pm3m 13.1 0.3581 - -
CaMoO, I4/a 10.2 0.5222 - 1.1425

NiO Fm3m 6.7 0.8353 - -
AL Os R3c 449 0.4752 - 1.2937
CaMoO; I41/a 433 0.5203 - 1.1382

(1) + EST with Al-7Ca—1Mn _
NizAl Pm3m 9.6 0.3585 - -
NiAl Pm3m 22 0.2860 - -

ok 4 ‘ » v.:{ ek : s $ ¢ 1 %

; .4 g :“ i % RN - P ‘:’ﬂ ! %- u’ . >
Fig. 8 SEM images of surface of samples oxidized at 1000 °C during 30 h: as-built LPBF sample (a), and samples
subjected to EST using Al-12%Si (b), Al-6%Ca—0.6%Si (c) and Al-7%Ca—1%Mn (d) electrodes

oxygen-free zone rich in Ni and depleted in Al In order to understand the mechanism of
(y"-NizAl) under the oxide layer. Under it, there is a single-stage oxidation (according to the parabolic
dense f-NiAl-containing layer. law) of the sample with a coating deposited using
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the Al-7%Ca—1%Mn electrode, we studied the
phase composition and surface morphology
depending on duration (4, 10 and 30h) of
isothermal exposure at 1000 °C. At the initial
oxidation stage (=0—4 h) when continuous oxide
layers were formed (1.068 mg/cm?), the mass gain
sample was minimal. After annealing for 30 h, the
mass gain was 2.474 mg/cm’, being noticeably
lower than that for other samples.

Figure 11 shows that intensity of XRD peaks

Lateral crack

30 pm

corresponding to S-NiAl decreases with increasing
oxidation duration, while the intensity of a-Al,O3
and CaMoO, peaks increases in a regular manner.
Hence, f-NiAl accumulates Al, and the a-AlOs
layer is formed on the surface after the S-NiAl —
y"-NisAl phase transition. The surface morphology
of the samples (Fig. 11(b)) demonstrated that grains
of CaMoO4 were formed as early as after isothermal
exposure for 4 h. Continuity of the layer increased
with oxidation duration.

Fig. 9 SEM images of transverse sections of samples after high-temperature oxidation resistance tests at 1000 °C for
30 h in air: as-built LPBF sample (a), and samples subjected to EST using Al-12%Si (b), Al-6%Ca—0.6%Si (c) and

Al=7%Ca—1%Mn (d) electrodes

Fig. 10 Element distribution map for transverse section of oxidized sample subjected to EST using Al-7%Ca—1%Mn

electrode
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3.4 Tribological behavior after oxidative annealing
Figure 12 shows the effect of oxidative
annealing on wear resistance of the EP741NP alloy
subjected to EST. As temperature and duration of
oxidative annealing rose, wear resistance of the
EP741NP alloy and modified layers formed using
the Al-12%Si and Al-6%Ca—0.6%Si electrodes
increased noticeably due to the formation of hard

S. K. MUKANOV, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3935-3948

oxide layers. Reduced wear of oxidized coatings
was 7.72x107° and 9.21x107° mm?/(N-m) for the
Al-12%Si  and Al-6%Ca—0.6%Si electrodes,
respectively, being lower than that for the
unprotected EP74INP (11.8x107° mm?/(N-m)). It
can be related to spalling of loose nickel oxide
layers during tribological tests and their grinding in
the wear area. As one can see from Fig. 12 for all
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30h l i
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10h | ¢
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4h .
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« YNiAl
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Fig. 12 Reduced wear of samples subjected to EST before and after oxidation annealing (OA) at 870 and 1000 °C (in
inset there are profiles of wear tracks of samples after OA at 1000 °C) (a); 3D images of wear tracks: (1) + EST with
Al=7%Ca—1%Mn (b), (1) + EST with Al-6%Ca—0.6%Si (c), (1) + EST with Al-12%Si (d), and LPBF sample (e)
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the samples subjected to EST the values of reduced
wear after oxidative annealing at 1000 °C virtually
coincide. However, a formation of CaMoQOs and
Al>Os3 at the surface layer modified with Al-7%Ca—
1%Mn electrode was found after 30 h exposure. It
was accompanied by slight increase of reduced
wear from 8.29x107° to 8.71x1075 mm?/(N-m).

4 Discussion

The experimental findings reported in Section
3.2 prove that EST of LPBF-built Ni-based sample
using low-melting Al-Si and Al-Ca—Me electrodes
altered the phase composition of the surface layers
due to reactive phase formation. Mixing of
elements at conditions of the local melting and high
cooling rates [12] during EST of the y-Ni alloy
contributed to formation of the matrix consisting of
intermetallic ~ f-NiAl and  p-NizAl  phases
strengthened by spherical nanoparticles of
(MeCa)O-type complex oxide. Since EST took
place in the flow of protective argon gas and
oxygen content in the particle was ~20%, it is fair
to assume that calcium had reduced metal oxides
(e.g., via reaction MeO+Ca = CaO+Me). Spherical
shape of particles and their incoherence with the
matrix indicate that CaO particles were formed
either in the gas flow or in the melted drop. These
particles seem to be stronger than the A-NiAl
intermetallic phase (the matrix), since they retain
their shape after melt solidification, thus
strengthening the modified layer. As it has been
found in Section 3.2, the “belts” connecting the
nanoparticles are <10 nm wide, which do not differ
from the matrix in their elemental composition, and
possibly are the shear bands.

According to the XRD data, EST was
accompanied by enrichment in aluminum of the
surface of the Ni alloy. It promoted the formation of
NiAls. LI et al [24] revealed similar behavior when
treated TiAl alloy with an Al electrode. However, in
our study, formation of NiAls; was observed only
under EST using the Al-Ca—Me electrodes. This
can be attributed to the presence of AlsCa
intermetallic phase in the eutectic system [23],
which undergoes peritectic melting at a relatively
low temperature of 700 °C, thus increasing erosion
compared with the case of the AI-Si electrode
(Fig. 2).

The NiAl; phase in the modified layer is a

source of aluminum that is required for the
protective a-Al,Os diffusion layer to be formed
during oxidative annealing. With allowance for the
experimental data, the oxidation mechanism of
nickel alloy treated with the Al-7%Ca—1%Mn
electrode during isothermal exposure to 1000 °C in
air during 30 h is schematically shown in Fig. 13.

Selective oxidation of aluminum [25] takes
place during the initial stage of isothermal exposure
(t=0-4h), giving rise to a-Al,O3 via Reactions (4)
and (5) [22]. This process is accompanied by a high
oxidation rate, and then it begins to slow down as a
continuous barrier layer impeding oxygen diffusion
into the modified layer is formed.

NiAlL(s)+1.505(g)—ALOx(s)NiAl(s),

AG=-1253.5 kJ/mol 4)
3NiAl(s)+1.50,(g)—AlLOs(s)+NizAl(s),

AG=-1098.1 kJ/mol &)
Mo(s)+1.502(g)—Mo0s(g),

AG=-439.3 kJ/mol (6)
MoO;(g)+CaO(s)—CaMoOs(s),

AG=-163.0 kJ/mol @)
NiO(s)+ALOs3(s)—NiALO4(s),

AG=-25.1 kJ/mol (8)

As shown in Fig. 6, the Al,O;3 layer (Al—12%Si
and Al-6%Ca—0.6%Si samples) starts fracturing
after isothermal exposure at =20h, which is
accompanied by formation of a microgradient
structure with precipitated NiAl,O4, NiO, and
NiMoOs spinels (Fig.9). The absence of the
aluminum oxide phase on the surface of the
modified layer formed wusing the Al-12%Si
electrode can be attributed to complete dissolution
in NiAlLOs spinel as a result of interaction
between aluminum oxide and nickel via chemical
Reaction (8) [26].

It is fair to assume that formation of a
continuous barrier consisting of CaMoQOs grains
tightly adjacent to each other on top of Al>O; is the
reason for retaining the surface layer integrity
during annealing of the electrospark layer formed
with the Al-7%Ca—1%Mn electrode. According to
the XRD data, calcium molybdate (CaMo0QOs) has a
tetragonal scheelite-type structure having space
group [4i/a. This structure is characterized by high
packing density in the crystal lattice, which
prevents oxygen diffusion.
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Fig. 13 Scheme of oxidation of nickel alloy with modified layer formed during EST using Al-7%Ca—1%Mn electrode

According to structural studies (Figs. 9(d) and
10), during annealing molybdenum resides along
the boundary between the electrospark layer and the
substrate (the interdiffusion zone, IDZ). As reported
in Refs. [27—29], refractory elements (such as Mo,
W and Ta) reduce high-temperature oxidation
resistance of the alloys because of their diffusion to
the surface layers [30]. Oxides of refractory
clements (MoOs;, WoO; and Ta,Os) are usually
sublimated at temperatures above 800 °C, which
disrupts the oxide layer integrity. In this case,
however, calcium oxide presenting in the modified
layer (Figs. 4 and 5) interacts with MoO; to form
a continuous thermally stable CaMoQOs barrier
layer on top of AlO;via Egs. (4)—(7). This oxide
layer increases high-temperature oxidation resistance
(at 1000 °C) of nickel superalloy grown by laser
powder bed fusion.

5 Conclusions

(1) Modified near-surface layers with a
thickness of about 15 pm containing intermetallics

were formed during reactive electric spark
treatment of the LPBF EP741NP nickel alloy using
low-melting electrodes (Al-12%Si, Al-6%Ca—
0.6%S1 and Al-7%Ca—1%Mn).

(2) The most interesting result of the EST is
the formation of an intermetallic (5-NiAl + y"-NizAl)
layer reinforced with spherical nanoparticles of
oxide (CaMe)O in a result of the electric spark
interaction of a nickel substrate and an Al-7%Ca—
1%Mn electrode.

(3) The formation of nanostructured modified
layer increases the wear resistance of the EP741NP
alloy by 4.5 times.

(4) At further annealing during 30 h at 1000 °C
in air the modified layer demonstrates the lowest
oxidation rate of 0.2x10~* mg/(cm?'s) obeying the
parabolic law, which is 16-fold lower than that
for the unprotected EP74INP LPBF substrate
(3.2x10*mg/(cm?-s) obeying the linear law.

(5) The reason for this unusual oxidative
resistance is the in-situ formation of a double
barrier layer (the inner layer of a-Al,O; and the
outer layer of CaMoQ,), which prevents oxygen
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penetration into LPBF EP741NP.
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