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Abstract: The paper investigates the impact of Mn content (Mn = 0; 0.5; 0.6; 1; 1.5 at.%) in the composition of the electrodes of the
Al—Ca—Mn system on the structure and properties of electrospark coatings formed on LPBF substrates made of EP741NP alloy. It was found
that the highest weight gain of the substrate (5.8-10~* g) was recorded when the Al—7%Ca—1%Mn electrode with a low degree of super-
cooling of the melt (Ar = 5 °C) was subject to electrospark treatment (EST). EST with this electrode with a fine eutectic structure enables the
formation of coatings with minimal surface roughness (R, = 3.51£0.14 um). The nanocrystalline structure of the coatings was confirmed
by transmission electron microscopy, including HRTEM. Comparative tribological tests revealed that the coating with maximum hardness
(10.7+0.8 GPa) formed during EST with an electrode containing 1.5 at.% Mn had the minimal wear rate (1.86-107> mm3/(N-m)). We proved
that EST with Al-Ca—Mn electrodes enables to reduce the specific weight gain of the LPBF EP741NP alloy during isothermal (r = 1000 °C)
curing in air due to in situ formation of a complex thermal barrier layer consisting of oxides (c.-Al,03, CaMo00O,) and intermetallides (y’-NizAl
and B-NiAl). We determined the concentration limit of Mn (1.0 at.%) in the electrode, at which the barrier layer retains its integrity and func-
tionality.
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Bausinue JerupoBaHus MapraHiieM Ha CTPYKTYPY
U CBOMCTBA 3JIEKTPOMCKPOBBIX MOKPBITHIA
Ha HuKeJjeBoM xaponpoyHoMm CJIC-cniaase DII741HII
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Aunoranus: VccienoBaHo BIMsSHME comepxkaHus Mapranma (Mn = 0; 0,5; 0,6; 1; 1,5 at.%) B cocraBe 371eKTpoa0B cucteMbl Al-Ca—Mn
Ha CTPYKTYpY U CBOMCTBA 3JIEKTPOMCKPOBBLIX MOKPBITUI, chopmupoBaHHbiX Ha CJIC-noanoxkax u3 criaBa DI1741HI1. O6Hapyxe-
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HO, YTO HauOOJBIINNA MPUBEC MACCHI MOMJIOXKH (5,8'10_4 r) 3aMKCUpPOBAH MpU JIEKTPOUCKPOBOii ob6paboTrke (BMO) anekTpoaom
Al-7%Ca—1%Mn, umeromnM HU3KYIO CTENeHb MepeoxaaxaeHust pacmiasa (A1 = 5 °C). Ipouecc DUO naHHBIM 3JIEKTPOIOM C TOHKOM
3BTEKTUYECKOI CTPYKTYPOIi M03BOJIsIeT (hOPMUPOBATH MOKPHITHUS C MUHUMAJIBHOII IIEPOXOBATOCTbIO MOBepxHOCTHU (R, = 3,51£0,14 MKM).
Hanoxpucraminyeckast CTpyKTypa MOKPBITUIA Oblula MOATBEPKAeHA METOLaMU MMPOCBEYMBAIOLIEH 2JIEKTPOHHON MUKPOCKOIMH, B TOM
qHCIie ¢ BRICOKUM paspernieHueM. [1o pe3ynbrataM CpaBHUTEIbHBIX TPUOOTOTUMYECKUX UCITBITAHN 0OHAPYKEHO, YTO HAMIYYIIIei U3HO-
cocroitkocTsio (1,86-107>mM>/(H-m)) 0Gnanaet mokpeITHe ¢ MaKcHMaabHOI TBepaocThio (10,7+0,8 I'Tla), chopMupoBaHHOE B mMporecce
BUO anexTponoM ¢ conepxkanueM 1,5 at.% Mn. I[Tokazano, utro DUO anekTporamu Al—Ca—Mn Mo3BoJISIET CHU3UTD YACIbHBIN TPUBEC
CJIC-cninaBa DI1741HIT npu uzorepmuueckoii (r = 1000 °C) BbiaepkKe Ha Bo3myxe Oiaromaps in situ GOPMUPOBAHUIO KOMIIEKCHOTO
TepPMOOAPLEPHOTO CJI0SI, COCTOSILIEro U3 oKcua0B (0-Al,03, CaM00O,)  unTepmeramnnos (y'-NizAl, B-NiAl) . YeraHoBeH npenes KOH-
ueHtpauu Mn (1,0 at.%) B a1eKTpoe, TPU KOTOPOii 6apbepHbIii CJIOM COXpaHsIeT CBOU LIEJOCTHOCTD M (DYHKIIMOHAIBHOCTb.

KoueBbie ciioBa: XaporpovYHbINl HUKEIEBBII CIIJIaB, CEIEKTUBHOE JIa3epHOE CIIJIaBJIeHNEe, 2IEKTPOUCKPOBasl 00paboTKa, M3HOCOCTOM-
KOCTb, CTOMKOCTb K OKUCJIEHU 0, TEPMOOAPbEPHbIil CJIOM.

BaaronapuocTtu: Pabora BolroTHeHa Mpu GUHAHCOBOI ToAepXKe MUHUCTEPCTBA HAYKU U BhIciero oopasoBanus PD B pamkax rocy-
napcTBeHHoro 3aaaHus (nmpoekt 0718-2020-0034).

Jlns uutuposanusi: Mykanos C.K., Tlerpxuk M.W., Jlorunos I1.A., JleamoB E.A. BnusiHue nerupoBaHust MapraHieM Ha CTPYKTypy U
CBOIICTBA 3JIEKTPOUCKPOBBIX MOKPHITUI Ha HUKeJeBoM kaponpouHoM CJIC-crnaBe DI1741HI1. Hzeecmus ey3oe6. Lleemuas memannypeus.
2024;30(2):70—84. https://doi.org/10.17073/0021-3438-2024-2-70—84

Introduction

Gas turbine components play a key role in the op-
eration of power generators [1; 2]. Nowadays, steam
pressure is increased to 35 MPa and temperature — to
750 °C [3] (there are plans to raise it to 1000 °C in the
future) to enhance efficiency and environmental pro-
tection in the working zone of power plants. For this
reason, gas turbine blades [3] are made of nickel-based
heat-resistant alloys (Inconel, GTD, MGA, etc.) that
can function under severe conditions of high tempe-
ratures and centrifugal loads. The structure of classi-
cal nickel superalloys includes the face-centered cubic
(FCC) matrix and strengthening y’-phases [5]. Rea-
sonable alloying of such a structure ensures excellent
mechanical properties and creep resistance at elevated
temperatures up to 1150 °C [6; 7].

However, temperature and vibration gradients, as
well as the ingress of various kinds of abrasive into the
working zone can lead to critical wear and premature
turbine failure [8—10]. Therefore, improving the wear
resistance of nickel superalloy parts is crucial for ensur-
ing the reliability and durability of gas turbine blades.
Various methods of deposition of coatings and/or mo-
dification of surfaces of item are used to achieve this
objective. Deposition/synthesis of refractory phases
(NiAl intermetallides, NiB borides [11], and Al,O3,
Y,03, ZrO, oxides [6; 12]) responsible for wear and oxi-
dation resistance of coatings in various gas environments
at elevated temperatures are used to prevent premature
wear. One traditional method of surface hardening is
plasma spraying of Tribaloy T-800 coatings [13] coatings
onto the contact surface of casings. These coatings are
based on a Co—Cr—Mo alloy system and structurally
reinforced with Laves phases. However, such coatings
are unstable due to difference in thermal expansion

coefficients of the microstructural constituents, which
leads to cracks generation.

In addition, there is an issue of mutual diffusion of
alloying elements at the interface between the coating
and superalloy at high temperatures. It is solved by us-
ing thermal barrier coatings with increased oxidation
resistance. They typically consist of an outer ceramic
layer containing a basic oxide (ZrO, or Al,03) stabilized
with yttrium (6—9 wt.% Y,03) so called YSZ [14] and
are characterized with a porosity of 10—25 % and a low
thermal conductivity (1.5—3.0 W-m~!-K™!) [15]. Mo-
dern thermal barrier coatings [16] have a gradient mic-
rostructure in which each layer is obtained using diffe-
rent techniques.

The technique of electron-beam deposition of ther-
mal barrier coatings is used to extend the service life of
parts and assemblies made of superalloys. It also has its
disadvantages due to low adhesion of the coating to the
substrate [17].

The surface also can be protected from wear and oxi-
dation by means of electrospark treatment (EST)
with fusible Al-based electrodes. It is due to in-situ
reaction finished by synthesis of intermetallides. This
was found in [18] when A1—Si, Al—Ca—Si, Al—Ca—
Mn electrodes were used for EST of EP741NP alloy
obtained by laser powder bed fusion (LPBF). It was
shown that during EST with these electrodes NiAl,
Nij;Al, NiAl; hard intermetallics have been formed,
increasing the wear resistance of EP741NP alloy by
4.5 times. In addition, the coating formed by the
Al—Ca—Mn electrode showed excellent resistance to
oxidation in air at r = 870 °C, as dense and homo-
geneous CaAl,0, barrier layer was formed and the
proportion of B-NiAl increased. When the annealing
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temperature reached 1000 °C for 30 h, the investigat-
ed coating was found to change the oxidation kinetics
from a linear law which is typical for SLM superalloy
to a parabolic law. This effect is caused by the forma-
tion of a two-layer Al,05; /CaMoO, protective barrier
on the surface, which reduces the oxidation rate by
16 times.

When manganese has been added to aluminum al-
loys it leads to a positive impact on their mechanical
properties and heat resistance. However, as its content
exceeds 1.5 wt.%, coarse inclusions of the A1,Mn phase
in microstructure are released, significantly deteriorat-
ing casting properties [19; 20]. Therefore, it is extremely
important to investigate the influence of Mn in compo-
sition of the electrode on the properties of electrospark
coatings.

The purpose of the work was to study how Mn con-
tent within the Al—Ca—Mn electrode affects the struc-
ture and properties of coatings formed by electrospark
treatment of SLM substrates made of EP741NP alloy.

Materials and methods

As substrates we used parallelepiped-shaped samples
with the size of 4 x 5 x 15 mm obtained by laser powder
bed fusion from EP741NP alloy of the following compo-
sition, at.%:

Nioioiiiiiiiis 55.38 Nb.oooiiiiiiii 1.62
Cornriii, 15.49 Co 0.19
Al 10.84 Hf...oo 0.08
Cruiiiiiiii 10.03 B 0.08
Mo ..o 2.29 Mg .o 0.05
Tioiiiiis 2.18 Cruoiiiii 0.017
W 1.75 [ 0.003

Electrospark treatment of the nickel alloy additive
surfaces was performed at the rotary motion of the elec-
trode according to the scheme “electrode — cathode,
substrate — anode” in the argon medium (99.998 %) at
constant values of frequency, duration and pulse energy:
1920 Hz, 25 ps and 48 mJ, respectively.

The composition of near-eutectic electrodes was
chosen based on the analysis of the Al—Ca—Mn phase
diagram [20]. The charge was melted in an electric fur-
nace GF1100N2D (Graficarbo, Italy) using high pu-
rity materials (A99; Ca 99.99) and addition alloy Al—
20 wt.% Mn. Core electrodes with a diameter of 3—4 mm,
the composition of which is presented in Table 1, were
prepared by sucking the melt into a quartz tube.

The kinetics of mass transfer during EST was inves-
tigated by the gravimetric method on a KERN 770 pre-
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cision balance (Germany) with an accuracy of 107 g.
Differential scanning calorimetry (DSC) at a rate of
20 °K/min in a protective argon atmosphere was per-
formed according to the scheme 25—700—25 (°C) on
a DSC 404 C Pegasus calorimeter (“Netzsch”, Ger-
many).

The microstructure and composition were studied
on a S-3400N scanning electron microscope (“Hi-
tachi”, Japan) equipped witha NORAN System 7 X-ray
Microanalysis System spectrometer (“Thermo Scien-
tific”, USA). The fine structure was analyzed using a
JEM-2100 transmission electron microscope (TEM)
(Jeol, Japan). The samples (lamellae) for TEM were
cut by the focused ion beam (FIB) method on a Quan-
ta 200 3D FIB instrument (“FEI Company”, USA).
The X-ray diffraction (XRD) phase analysis was per-
formed based on the spectra obtained on an automated
DRON-4 diffractometer (“Burevestnik”, Russia) using
monochromatic CoK,-radiation in the range of angles
26 from 10° to 130°.

Comparative tribological tests were performed using
a reciprocating movement according to the “rod—plate”
scheme on an automated Tribometer friction machine
(“CSM Instruments”, Switzerland) in compliance with
ASTM G 99-17 at room temperature. The ball with
a diameter of 3 mm made of 100Cr6 steel (analog of
ShKh15) was used as a counterbody. The following test
conditions were met: the track length was 4 mm, the ap-
plied load was 2 N, and maximum speed was 5 cm/s.
Surface roughness and wear track profiles were studied
on a WYKO NTI1100 optical profilometer (“Veeco”,
USA). Mechanical properties (hardness and -elastic
modulus) were investigated on a Nano—HardnessTester
(“CSM Instruments”, Switzerland) at a maximum load
of 10 mN.

The resistance to high-temperature oxidation of
electrospark coatings was evaluated by the sample
weight gain after isothermal annealing at 1000 °C for

Table 1. Composition of rod electrodes
of the AlI—-Ca—Mn system

Tabnuua 1. CocTaB cTep>KHEBBIX JEKTPOIOB
cuctembl Al-Ca—Mn

Concentration of elements, at.%
Designation
Al Ca Mn
Al-5Ca 94.82 5.18 -

Al-7.5Ca—0.5Mn 92.00 7.5 0.50
Al-5.7Ca—0.6Mn 93.68 5.71 0.61
Al-7Ca—1Mn 92.00 7.00 1.00
Al—6.5Ca—1.5Mn 92.00 6.50 1.50
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30 h in air. Oxidation annealing of the samples was
conducted in a SNOL 7.2/1200 muffle electric fur-
nace. After annealing with a duration of 0.25, 0.5,
0.75, 1, 2, 3, 4, 5 and then every 5 h samples were
weighed at room temperature on ALC-210d4 Acculab
analytical scales (USA) with an accuracy of 107> g.
Specific weight gain was calculated according to the
formula

K=Am/S,, ()

where Am is the difference between the masses of the
sample before the test and after oxidation, mg; S, is the

total surface area of the sample before the test, cm?.

Results and discussion

The rod electrodes were studied using the DSC
method (Fig. 1) to determine the temperatures of melt-
ing (#),) and solidification (fg). Melting proceeds in a
single endothermal peak for all compositions, and when
alloys containing more than 6.5 at.% Ca solidify, small
exothermic effects associated with the precipitation of
AljyCaMn, primary crystals from the melt are noti-
ceable at temperatures higher than the main solidifica-
tion exopeak.

The microstructure of quenched electrodes is
highly dependent on the material composition. Fig.
1 and Table 2 demonstrate that Mn addition to the
Al—Ca base electrode correlates with the formation of
primary Al,Ca crystals (Fig. 2). Solidification of the
Al—5%Ca clectrode starts with the formation of Al
dendrites, 20—30 um in size, around which a double

a t
622 °C Al-5Ca
620 °C Al-5.7Ca—0.6Mn
619 °C Al-7.5Ca—0.5Mn
2
é 616 °C Al-7Ca—1Mn
g
T 617 °C Al-6.5Ca—1.5Mn
¥ Endo
T T T T T T
560 600 640 680 1,°C

Fig. 1. Thermograms of Al-Ca—Mn rod electrodes

a — melting curves, b — solidification curves

Puc. 1. TepmorpamMMbl CTep>KHEBBIX 2J1eKTpo0B Al—Ca—Mn

a — KPUBLIC IIaBJICHUA, b— KPUBBIC 3aTBEPACBAHUS

eutectic with a composition of Alg,Cag crystallizes.
Other electrode (Al1—5.7%Ca—0.6%Mn) alloyed with
manganese, solidifies with the formation of primary
Al4Ca crystals in the form of plates of the same size,
as well as the Al;;CaMn, phase and triple eutectics
Algg 1Cas sMny ¢.

The microstructure of the Al—7.5Ca—0.5Mn elec-
trode with the increased calcium content also contains
primary Al4Ca crystals in the form of plates, but their
portion is higher, while the composition of the ternary
eutectic is the same — Algy,Cas,Mn(¢. Comparing
the compositions of electrodes and eutectics, we can
conclude that manganese is not found in the primary
crystals of the A1—7.5Ca—0.5Mn electrode and is part
of eutectic. The microstructure of the Al—7Ca—1Mn
electrode contains plates of primary AlyCa crystals,
AljyCaMn, particles, and eutectic with a composition
of Algy 3Cas3Mnj4. The Al—6.5Ca—1.5Mn electrode
has the same microstructure, only with a higher volume

Table 2. Composition and DSC results of Al—-Ca—Mn
electrodes

Ta6auua 2. CoctaB u pesynbrathl JJCK
anekTponoB Al-Ca—Mn

Electrode | ty, 'C | tg, °C | At=ty—tg °C
Al-5Ca 622 609 13
Al-5.7Ca—0.6Mn 620 607 13
Al-7.5Ca—0.5Mn 619 612 7
Al-7Ca—1Mn 616 611 5
Al—6.5Ca—1.5Mn 617 606 11
b TEXO
L
% 609 °C Al-5Ca
=
g Al-5.7Ca~0.6Mn
T
Al-7.5Ca—0.5Mn
Al-7Ca~1Mn
606 °C Al-6.5Ca~1.5Mn
560 600 640 680 t,°C
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-©-0.5% Mn
-8-0.6% Mn
—A- 1.0 % Mn
-y~ 1.5% Mn

Fig. 2. SEM images of the electrode structure Al-5Ca (@), A1-7.5Ca—0.5Mn (b), A1-5.7Ca—0.6Mn (c),
Al-7Ca—1Mn (d), A1—6.5Ca—1.5Mn (e) and kinetic curves of electrode mass transfer on Ni substrate (f)

Puc. 2. POM-u3o6paxkeHnst CTpyKTypbl sekTponos Al—5Ca (a), Al1-7,5Ca—0,5Mn (b), Al-5,7Ca—0,6Mn (c¢),
Al-7Ca—IMn (d), Al-6,5Ca—1,5Mn (e), KWHETUYECKE KPUBbIE MacCOIepeHoca 3J1eKTpoa0oB Ha Ni-moasioxkKy (f)

fraction of Al,jCaMn, particles and coarser ternary
eutectic.

The kinetic curves of mass transfer during EST
of EP741NP alloy with electrodes with different Mn
content are presented in Fig. 2, £ All of them are of
an extreme nature. The highest substrate weight gain
(AK = 5.8-10~* g) was recorded after 2 minutes of
treatment using the near-eutectic Al—7Ca—I1Mn
electrode that contains small Al;;CaMn, particles in
its microstructure (see Fig. 2, d) and has a low degree
of supercooling (At = 5 °C) (see Table 2). The elec-
trode erosion (AA) is slightly higher (Fig. 2, f) than
the cathode weight gain (AK). There is no clear cor-
relation between these parameters, which indicates
a significant dispersion of erosion products (molten
metal) in the interelectrode gap.

Figure 3 presents images of the microstructure of
electrospark coatings on cross sections. The coatings
formed during EST with electrodes, their Mn content
(at.%) amounting to 0, 0.5, and 0.6, consist of submicron
spherical particles. Near the coating surface, their size
is less than 1 um and it increases towards the substrate
(Fig. 3, a—c). The submicron structure of the electro-
spark layers indicates that after local melting when
exposed to electric discharges, the melt cooling rate
reaches 10°—10° K/s [21].
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The thickness of the investigated electrospark coat-
ings depends on the electrode composition and varies
from 11 to 22 um. After treatment with an electrode
containing 1.5 at.% Mn (Fig. 3, d), the coating has a
layered structure. The near-surface layer of this sam-
ple, as well as other ones (Fig. 3, a—c), consists of
well-connected particles smaller than 1 pm. The bot-
tom layer, however, is formed of columnar crystals ori-
ented along the direction of heat removal. The ratio of
Ni to Al in the electrospark coating varies with depth:
closer to the surface, Al content is higher and as the
substrate nears, the amount of Ni increases. According
to the EDS data, the highest Mn concentrations (0.9—
1.0 at.%) along with Ca (3.4—3.9 at.%) were found in
the dark coating areas, whereas the light areas corre-
spond to B-NiAl.

Figure 4 shows the structural constituents of the coat-
ing formed during EST with the A1—7%Ca—1%Mn fu-
sible electrode. Its thickness, as well as that of the coating
formed with the A1—7.5Ca—0.5Mn electrode (Fig. 3, ¢),
is within ~15 um, and the microstructure includes the
regions (Fig. 4, a, zone ) formed as a result of concen-
tration stratification of the melt. This structure feature
is characteristic of the coatings formed by the electrodes
with low degree of supercooling — Al—7.5Ca—0.5Mn
(7 °C) and Al—7Ca—1Mn (5 °C).
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Fig. 3. SEM images of the microstructure of electrospark coatings obtained during EST with electrodes Al-5Ca (a),
Al-5.7Ca—0.6Mn (b), A1-7.5Ca—0.5Mn (c¢) and Al—6.5Ca—1.5Mn (d)

Puc. 3. POM-u306pakeHUsI MUKPOCTPYKTYPBI 3JIEKTPOUCKPOBBIX TTOKPBITU, TTOJyYeHHBIX Tpu DU O ayekTpogamu
Al-5Ca (a), Al1-5,7Ca—0,6Mn (b), Al-7,5Ca—0,5Mn (c¢) u Al—6,5Ca—1,5Mn (d)

Figure 4, b shows that the electrode made of Al—
7Ca—1Mn alloy is used to form a coating with a layered
structure, which can be divided into two characteristic
zones. Zone [ consists of crystallites with a transverse
grain size of 1.0—1.5 um. Fig. 4, ¢ demonstrates that the
grains contain spherical nanoscale particles distributed
in interlayers (indicated by white arrows). The average
thickness of interlayers (strips) in which nanoparticles
are found is less than 10 nm. According to the EDS da-
ta, their elemental composition does not differ from that
of the matrix and they possibly represent shear strips.
These interlayers are mostly oriented along the direction
of heat removal (perpendicular to the substrate). The
HRTEM image (inset A) shows that the particles have
a diameter of about ~20 nm. The Fourier transform of
the particles’ images along the zone axis [011] (Fig. 4,
inset B) revealed that the particles are isostructural to
calcium oxide CaO.

In zone /1, the grains are ~3.5 um long and have an
elongated shape. The direction of the columnar crys-
tallite growth coincides with that of heat removal. In-
creased concentrations of Al (53.2 at.%), Ca (1.4 at.%)
and Mn (0.5 at.%) are observed in this region, but Ni
content shrinks (28.3 at.%). According to the TEM

diffraction pattern in region Il (insert C), the values
of interplane distances (1.99 nm and 2.82 nm) corre-
spond to Ni,Al; trigonal syngony with the P3ml space
group.

According to the linear EDS analysis data ob-
tained in the mode of scanning transmission electron
microscope, the particles are enriched with calcium
(Fig. 5), while the concentrations of all other ele-
ments (Al, Ni, Co, Cr) sharply drop. The Ca content
reaches 30 at.% and that of oxygen — 19.4 at.%. This
is consistent with the HRTEM findings (Fig. 4, in-
set B) indicating that the particles are a complex oxide
of the (CaMe)O type. The formation of these parti-
cles during EST may be attributed to the reduction of
metal oxides by calcium, which has a high affinity for
oxygen [22].

Figure 6 shows that manganese alloying also leads to
an increase in hardness (from 7.6£0.5 to 10.7+0.8 GPa)
and elastic modulus (from 152%41 to 181+16 GPa).

The results of comparative tribological tests pre-
sented in Fig. 6, b, ¢ and Table 3 prove that Mn intro-
duction into the electrode significantly enhances the
wear resistance of electrospark coatings, but hardly
affects the coefficient of friction, the average value of
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Fig. 4. Microstructure («); TEM image of the lamella (b) and enlarged images of the corresponding coating zones (c, d) formed

by the AI-7Ca—1Mn electrode
A — HRTEM of (CaMe)O nanoparticles in the NiAl matrix; Band C — TEM diffraction patterns of the corresponding regions

Puc. 4. Muxkpoctpyktypa (a), [IDM-un3zobpaxeHue 1amenu (b) 1 yBeJMUEHHbIC N300pakeHU I COOTBETCTBYIOLIUX 30H
nokpbitusi (¢, d), chbopmupoBaHHOro 3j1eKTpoaoM Al—7Ca—1Mn
A — I19M BP nanouactuir (CaMe)O B NiAl-matputie; B u C — nudpakiimonnble KapTuHbl [I19M cooTBeTcTBYyO1INX 00MacTei

Fig. 5. TEM EDS spectra and the map of elemental distribution of (CaMe)O nanoparticle in the NiAl matrix

Puc. 5. [19M BJIC-cniekTpsl ¥ KapTa pacrpeneieHus aneMeHToB HaHouacTuilsl (CaMe)O B NiAl-maTpuiie
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which correlates with the surface roughness. Its va-
lue was the lowest (0.27) when the electrospark coat-
ing was tested with minimal surface roughness (R, =
= 3.51%0.14 pm), which was formed during EST with
the Al—7Ca—1Mn electrode with a thin eutectic
structure (see Fig. 2, d).

Figure 6, b, ¢ shows that wear resistance of samples
subjected to EST significantly improves with an increase
in the Mn content in the electrode from 0.5 to 1 at.%
Mn. However, the increase in Mn concentration by
more than 1 at.% does not result in a considerable surge
of this indicator.

Figure 7 demonstrates the oxidation kinetic curves
of the samples with electrospark coatings. We can see
that EST enables to reduce the specific weight gain of

H, GPa E, GPa
15 a CH L 200
+ e
_%_ ++ - 160
10+
] _é_ //’ -120
i _é_ %
5 ot | - 80
//
o
- - 40
0 T T T T 0
0 0.5 0.6 1.0 1.5

Mn content in the electrode, at.%

Adjusted wear, 10~ mm*/(N-m)

EP741NP SLM alloy, which indicates a decreased oxi-
dation rate. The kinetic curves of oxidation of the sam-
ple with 1.5 at.% Mn show a sharp increase in the mass
after 10 h of isothermal curing. This is attributed to the
violation of the oxidized coating integrity and unim-
peded diffusion of oxygen into the substrate. The kinet-
ic curves of oxidation of electrospark surfaces obtained
during EST with Al—Ca—Mn electrodes, the Mn con-
tent amounting to 0, 0.5 and 1.0 at.%, present parabolic
dependence [23; 24]:

(Am/S)" = kt, @

where Am/S is the mass gain per unit area, mg/cmz;
k is the oxidation reaction rate constant; » is the oxida-
tion reaction index; ¢ is the oxidation time, h.

Depth, pm
0
b — 0% Mn
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Fig. 6. Influence of the Mn content in the Al-Ca—Mn electrode composition on mechanical (a) and tribological (b, ¢)

properties of electrospark coatings

Puc. 6. Biusiaue conepxxanust Mn B coctaBe Al—Ca—Mn-a5ieKTpona Ha MexaHu4ecKue (a) u Tpudogorudyeckue (b, ¢)

CBOMCTBA 9JIEKTPOUCKPOBBIX MOKPBITUI
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Table 3. Tribological characteristics and surface roughness of samples with coatings obtained during EST

with AlI-Ca—Mn electrodes

Ta6auua 3. Tpubosaoruueckue xapakKTepUuCTUKM U IEPOXOBATOCTh MOBEPXHOCTU 00Pa3LI0B C MOKPBITUSIMMU,

nonydyeHHbIMU ipu DU O anekrpogamu Al—Ca—Mn

Mn content in the Adjusted wear, Friction coefficient R
electrode, at.% 1073 mm?3/(N-m) Init. Max. Av. Final @ MM
0 11.95 0.27 0.45 0.29 0.28 4.38+0.57
0.5 11.37 0.15 0.46 0.30 0.27 4.3310.17
0.6 8.78 0.07 0.52 0.31 0.31 4.8710.87
1.0 1.93 0.09 0.40 0.27 0.28 3.51+0.14
1.5 1.86 0.37 0.47 0.29 0.28 4.04£0.15

To confirm the validity of the parabolic law of oxi-
dation and to find the constants of equation (2), we
used the approximation of oxidation curves, the re-
sults of which are presented in Table 4. The regression
analysis of kinetic curves showed that treatment with
electrodes, the Mn content ranging from 0 to 1.0 at.%,
changes the oxidation mechanism from linear to para-
bolic. The analysis validity is confirmed by the values
of the approximation coefficient which are close to uni-
ty: 0.9604—0.9846.

X-ray phase analysis was only performed on the sam-
ples which oxide layer was not destroyed during oxida-
tion annealing (Table 5). Electrospark coatings subject-
ed to isothermal oxidation annealing include the same
phases. As the Mn content in the electrode increases, so
does the proportion of calcium molybdate CaMoOy, in
them. However, the predominant phase in the surface
layers of samples treated with electrodes without Mn
and with 0.5 % Mn is Ni3Al, whereas the oxidized layer
of the coating obtained using an electrode with 1 % Mn
is characterized by a large proportion of o-Al,O5 and
CaMo0Qy. This can be attributed to the smaller thickness
of the oxide layers of the first two samples, which re-
sulted in an increased relative intensity of the X-ray re-
flections from the substrate.

The surface layers of the above coatings also contain
NiAl,O,4 phases and insignificant amounts of NiO. The
formation of NiAl,O, spinel and the reduced share of
o-Al,O5 on the surface of these samples can be put down
to the interaction of aluminum oxide and nickel follow-
ing the chemical reaction

NiO(1) + ALO5(1) — NiALO(1). 3)

Figure 8 shows the microstructures of cross sections
of coatings oxidized at ¢ = 1000 °C during isothermal
annealing for 30 h. The surface of all samples had a thin
layer of variable thickness of 2.0—3.5 um of tetragonal
CaMoO, phase grains, the layer thickness not depend-

78

ing on the Mn content. Below is a layer of a-Al,O;,
the thickness varying from 12.5 to 15.0 um, in which
CaMoO, regions are distributed, and light gray inclu-
sions are found that have the following components,
at.%: O — 71.1, A1— 8.0, Ti — 10.6, Nb — 4.6, Cr — 3.1,
Ni— 1.4and Co — 1.1.

Under the 0-Al,O5 layer, in the heat affected zone
of the substrate, an oxygen-free region consisting of
v’-NisAl and B-NiAl is located, which is consistent with
the XRD results. Beneath it, a band of white elongated
precipitations is visible at a distance of 30—50 pm from
the surface. EDS-analysis of fragments of this band
showed an increased content of refractory elements,
at.%: Co — 164, Cr — 14.9, Mo — 12.9 and W — 11.1.
Such structures are characteristic of oxidized nickel
alloys [25] and are called “topologically close packed”
(TCP) phases.

It was not possible to correctly estimate the thickness
of the oxide layer of the sample treated with an electrode
with 1.5 % Mn due to its delamination (see inset B in
Fig. 7). As a result of delamination, the thickness de-
creased (Fig. 8, d) and the integrity of the protective
layer was violated causing unimpeded diffusion of ox-
ygen deep into the nickel substrate, which is confirmed
by the linear nature of oxidation (see Fig. 7). A distinc-
tive feature of the initial electrospark coating (Fig. 8, d)
formed with the electrode with 1.5 % Mn is a layered
structure. As a result of the preferential grain boundary
oxygen diffusion during annealing, fracture is registered
at the interface boundaries between layers. The longitu-
dinal crack along which the oxide layer delaminated is
highlighted by blue arrows. According to the EDS data,
delamination is most frequent in the regions with low
aluminum content. This can probably be attributed to
the low cohesion of the formed electrospark coating (see
Fig. 3, d) due to its structural defects. Its distinctive fea-
ture is the increased the Mn content (up to 1.0 at.%),
while in other samples it did not exceed 0.5 at.%.
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Table 4. Parameters of the equation of kinetic oxidation curves regression at 1000 °C temperature of the coatings

formed by Al-Ca—Mn electrodes

Tabnuua 4. [TapaMeTpsl ypaBHEHUS perpeccuy KMHETUYECKUX KPUBBIX oKucieHus mpu Temnepartype 1000 °C moKpbITHii,

chopMUpOBaHHBIX 3JeKTpogaMu Al—-Ca—Mn

Mn content . Confidence s
. Time . . . Oxidation rate,
in the electrode, . Regression equation coefficient 4 )
interval, h L. 107" mg/(cm*-s)
at.% of approximation

Substrate (EP741NP) 0<t<5 Am/S=0.278t" 0.9814 3.2
Substrate (EP741NP) 5<1<30 Am/S=1.2176t — 1.8144 0.9970 3.2
0 0<1t<30 Am/S = 0.50227° 0.9846 0.3
0.5 0<1t<30 Am/S = 0.38037"> 0.9604 0.2
0.6 0<1<30 Am/S = 0.38631" 0.9875 0.2
1.0 0<1<30 Am/S=0.56217"> 0.9805 0.3
1.5 0<t<5 Am/S = 0.453510 0.9506 3.1
1.5 15<1<30 Am/S = 0.2781"3 0.9635 3.1

Table 5. Phase composition of oxide layers of the coatings formed after 30 h of isothermal curing at # = 1000 °C in air

Ta6auua 5. @a30Bblil COCTaB OKCUIHBIX CJI0EB MOKPBITUI, ChOpMUPOBAHHBIX TTOcie 30 4 M30TEPMUYECKON BbIIEPKKU

npu t = 1000 °C Ha Bo3ayxe

Mn content Lattice period, nm
in the electrode, Phase Structural type Content, wt.%
at.% g &
NiAl cF4/1 39.4 0.3582 —
0-Al, 05 hR10/1 21.6 0.4779 1.3005
0 NiAL,O4 cF56/2 18.9 0.8130 —
CaMoO, t124/16 15.3 0.5232 1.1427
NiO cF8/2 4.8 0.4184 —
NisAl cF4/1 34.8 0.3582 —
0-Al, 04 hR10/1 20.9 0.4777 1.3019
0.5 CaMoO, t14/16 20.2 0.5230 1.1426
NiAl,O4 cF56/2 18.3 0.8122 —
NiO cF8/2 5.8 0.4191 -
0-Al, O3 hR10/1 44.9 0.4752 1.2937
CaMoO, t124/16 43.3 0.5203 1.1382
1o Ni,Al cF4/1 9.6 0.3585 -
NiAl cP2/1 2.2 0.2860 —

To thoroughly study the structure of oxide layers by
the focused ion beam method, a lamella was cut from
the cross section of the sample treated with the 1 %
Mn electrode. Fig. 9 shows that the coating consisting
of y’- and B-phase grains with inclusions of spherical
nanoparticles of (CaMe)O type was preserved under
the oxide layer. In addition, at the grain boundaries
there are conglomerates of particles, which, accord-
ing to TEM data, are enriched with refractory ele-

ments, their composition corresponding to the formula
Nip3 4C0y 7Cr17W16 M0y 4AlG 5.

The outer layer of the oxidized surface consists of
large grains with interplanar distances (djy; = 0.48
nm; dyy4 = 0.15 nm), which corresponds to the scheel-
ite-type CaMoQO, phase with tetragonal crystal lattice
14,/a (Fig. 9, e). According to the works [26; 27], this
structure exhibits excellent thermal stability and ul-
tra-low thermal conductivity (0.6—1.2 W-m™"-K™!) at
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Am/S, mg/cm2

- Al-5%Ca

- Al-7.5%Ca-0.5%Mn
-4 Al-5.7%Ca-0.6%Mn
- < Al-7%Ca—1%Mn

-~ Al-6.5%Ca-1.5%Mn
-v- EP74INP

30 .h

Fig. 7. Oxidation kinetic curves of the samples with coatings
The insets show the appearance of the samples obtained during EST
with electrodes with 0.6 %Mn (4) and 1.5 % Mn (B)

Puc. 7. KuHeTnuyeckue KpruBble OKUCIEHUSI 00pa31ioB
C IIOKPBITUSIMU

Ha BcraBkax 1mokasaH BHELIHUI BUI 00Pa31OB, MOJTYYEHHBIX
npu DUO anekrponamu ¢ 0,6 % Mn (A) u 1,5 % Mn (B)

T=400+1000 K, which is lower than that of thermal in-
sulating layers for thermal barrier coatings such as YSZ
(1.5—3W-m~ 1K™,

The inner oxide layer in the sample subjected to EST
with an electrode with 1 at.% Mn consists of equiaxed
o-Al,O5 grains, about 400 nm in size. Nanoparticles up
to 60 nm in size were found inside and at the periphery
of the grains (Fig. 9, b, d). Based on the analysis of the
HRTEM images, it can be assumed that they are nano-
particles of the Mn,AlO, phase. The inset to Fig. 9, d
shows the image of particles after Fourier transform. It can
be seen that these particles with the R3m space group are
coherent to the matrix of the o-Al,0O4 (R3C) oxide layer.

The delamination of the oxide layer of the sample treat-
ed with an electrode with 1.5 at.% Mn can be attributed
either to the formation of particles in the matrix, in which
the Mn content is higher than in the Mn,AlO, phase, or
to the supersaturation of this phase with manganese. The
paper [28] confirms the first assumption. It shows that the
presence of 1 at.% Mn in the electrode adversely affects
the oxidation resistance of Ni—22Cr—14W—2Mo alloy as
MnO particles form and reduce the strength of adhesion

..r""«*c
v
_ Alzb

‘.\.}- 1"‘".._

10 pm

-

10 um

Fig. 8. SEM images of cross-sections of the samples with coatings obtained during EST with electrodes without Mn (a),
and with the ones containing 0.5% Mn (b), 0.6% Mn (c), and 1.5% Mn (d), after 30 h of isothermal curing

atr=1000°C

Puc. 8. PDM-u3o06paxeHus nmonepeuyHbix HIJIMGOB 00pa31ioB ¢ MOKPLITUSIMU, TToJdydYeHHbIMU nipu DU O anekTposamu
6e3 Mn (@) u conepxamumu 0,5 % Mn (b), 0,6 % Mn (¢) u 1,5 % Mn (d), mociie 30 4 U30TEpPMHUYECKOM BBIACPKKH

npu t= 1000 °C
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V-NiAL o a-ALO,

~. CaMoO, .  Pt-plating

Fig. 9. TEM image of the structure of the 1 % Mn sample after 30 h of isothermal curing

a — boundary between the electrospark coating and a-Al,O5; b — boundary between oxide layers of a-Al,O3 and CaMoOy;

¢ — diffraction pattern; d, e — HRTEM of the corresponding regions

Puc. 9. [IDM-u3zob6pakeHue cTpyKTypbl 00pa3siia, 00paboTaHHOTO 371eKTpoaoM ¢ 1 % Mn, nociie 30 4 u30TepMUYECKOM

BBIICPKKU

@ — TpPaHULA MEXIY 3JIEKTPOMCKPOBBIM MOKPBITUEM U 0i-Al,O3; b — rpaHuLia Mexay oKcuaHbIMU ciosiMu 0.-Al,O3 1 CaMoOy;
¢ — nudpakimoHHas KaptuHa; d, e — [19M BP-un300paxkeHus1 COOTBETCTBYIOIIMX 00J1acTeii

between the Cr,O; layer and the substrate. In the second
case, manganese supersaturation of the Mn,AlO, phase
formed during annealing results in a change in the lattice
parameter and accumulation of residual stresses at the in-
terface [29] due to the dimensional mismatch between the
crystal lattices of the phases causing loss of coherence and
destruction of the oxide layer.

Conclusions

1. The study of mass transfer kinetics during elec-
trospark treatment of SLM samples made of EP74INP
alloy with electrodes with different Mn content showed
that the highest substrate mass gain (5.8-10~* g) was re-
corded when the near-eutectic AlI—7%Ca—1%Mn al-
loy with a low degree of melt supercooling (At = 5 °C)
was used. During EST with the Al—6.5%Ca—1.5%Mn
electrode, structural defects are formed and the Mn con-
centration in the coating reaches 1.0 at.%. For the other
studied coatings, it did not exceed 0.5 at.%.

2. The results of tests revealed that wear resistance,
hardness and modulus of elasticity enhance with in-

creasing manganese content in the coating. Increasing
the mechanical properties start at manganese content of
0.5 at.% and its further growth up to 1.0 at.% leads also to
a significant increase in wear resistance (adjusted wear
of 1.86-10™ mm?/(N-m)).

3. Electrospark treatment of EP741NP alloy with
Al—Ca—Mn electrodes changes the oxidation kinet-
ics from linear to parabolic. As the Mn content in the
oxide layer increases, so does the volume fraction of
calcium molybdate (CaMoOQy) in the oxidative anneal-
ing process. However, as the manganese content in the
electrode reaches 1.5 at.%, oxidation proceeds by a
mixed mechanism and is accompanied by violation of
the oxide layer integrity and unimpeded diffusion of
oxygen deep into the nickel substrate. This can proba-
bly be put down to MnO particles forming in the oxide
matrix and reducing the bonding strength of the oxide
layer. Another explanation is that residual stresses ac-
cumulate due to the mismatch of the phases crystal lat-
tice parameters and coherence is lost between o-Al,O4
and Mn,AlO,4 nanoscale particles supersaturated with
manganese.
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