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MINERAL PROCESSING OF NON-FERROUS METALS / OBOTALLEEHME PYA LIBETHbIX METAAAOB

UDC 622.765 Research article
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Joint use of sodium silicate

and polysaccharides in the flotation

of talcose copper-nickel ores

A.A. Lavrinenko, I.N. Kuznetsova, G.Yu. Golberg, O.G. Lusinyan

Institute of Comprehensive Exploitation of Mineral Resources n.a. Academician N.V. Melnikov
of the Russian Academy of Sciences

4 Kryukovskiy impasse, Moscow 111020, Russia

P4 Anatoliy A. Lavrinenko (lavrin_a@mail.ru)

Abstract: The paper considers the combined effect of polysaccharides (carboxymethyl cellulose and carboxymethyl starch) with sodium
silicate in the flotation of talcose copper-nickel ore. The analysis of the flotation results and the assessment of hydrophobicity and
surface charge of minerals showed that the composition of carboxymethylated polysaccharides and sodium silicate hydrophilizes the
talc surface more effectively than each of the reagents separately. Moreover, sodium silicate alone hardly depresses the talc surface at all.
The depression of flotation-active silicates is effective when polysaccharide and sodium silicate are sequentially supplied. Under these
conditions, sodium silicate makes a significant contribution to increasing the negative charge on the talc particles surface. The effect
is more pronounced for compositions with starch, characterized by a lower degree of substitution compared to cellulose. It results in a
significantly reduced recovery of flotation-active magnesium-containing silicates and a slight decrease in sulfide recovery. To determine
the features of the mechanism of talc and sulfide minerals depression in flotation, we performed calculations using the extended DLVO
theory based on the obtained values of the zeta potential and force of detachment. We established that sulfide minerals have no potential
barrier preventing their interaction with an air bubble, regardless of the compositions of the studied depressants used. We propose the
following interaction mechanism: when sodium silicate is supplied first, the talc basal surface is very insignificantly hydrophilized
as SiO(OH);z ions are not easy to fix. On the contrary, when the carboxymethylated polysaccharide is supplied first, significant
hydrophilization of the talc surface with carboxyl groups occurs due to the hydrophobic interaction between the corresponding regions
of the macromolecule and the talc basal surface.

Keywords: flotation, hydrophobicity, zeta potential, talc, sodium silicate, carboxymethyl cellulose, carboxymethyl starch, copper-nickel ore.

For citation: Lavrinenko A.A., Kuznetsova I.N., Golberg G.Yu., Lusinyan O.G. Joint use of sodium silicate and polysaccharides in the flotation
of talcose copper-nickel ores. Izvestiya. Non-Ferrous Metallurgy. 2024;30(2):5—15.
https://doi.org/10.17073/0021-3438-2024-2-5-15
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Lavrinenko A.A., Kuznetsova I.N., Golberg G.Yu., Lusinyan O.G. Joint use of sodium silicate and polysaccharides in the flotation of talcose...

TalMU, OUEHKU I'UAPpO(GOOHOCTH U MMOBEPXHOCTHOTO 3apsija MUHEPAJIOB MOKa3aHO, YTO KOMITO3U 1M1 KAPOOKCUMETUIIMPOBAHHBIX MOJIU-
caxapuIOB M XXUJIKOTO CTeKJIa TUAPODUIN3NPYET MOBEPXHOCTH TaJibKa 6osiee 2(h(HEKTUBHO, YeM KaKIblii U3 peareHTOB 110 OTAEJIbHOCTH.
ITpu 5TOM OJHO XXMAKOE CTEKJIO MTOYTH HE JEMPEeCCUpPYeT MOBEPXHOCTh Tajibka. Db deKTuBHas Aenpeccus GIoTOaKTUBHBIX CUINKATOB
JIOCTUTAETC MPU MOCJIeI0BaTEIbHOM Mogayve Mmojrucaxapuiaa v K MAKOTo cTeKJia. B 3THX yCIOBUSIX XKUIKOE CTEKJIO0 BHOCUT CYLLIECTBEHHbI I
BKJIaJl B YBEJIMUECHNE OTPUIIATEIBHOTO 3apsijia TOBEPXHOCTU YaCTUIL TaJibKa. Db GHEKT MPOSBIISETCS B OOJIbIICH Mepe 1T KOMITO3ULINY C
KpaxmaJjoM, UMEIOIINM 00Jjiee HU3KYIO CTEIEeHb 3aMEIEeH s [T0 CPAaBHEHUIO C LIEJUTION0301i. B pe3ynbraTe cylnecTBEHHO MMagaeT u3Bjiede-
HUe GJOTOAKTUBHBIX MarHUCOIEPXKALIMX CUIUKATOB ITPU HEOOIbIIOM CHUXEHUU U3BJIedeHU s CyJbhuaoB. C 11e1bI0 ONpeaeeH IS 0CO-
OeHHOCTE MeEXaHU3Ma IeIPECCUY TaIbKa U CyJIb(GUIHBIX MUHEPAJIOB IIPH (hJI0TALIMY HA OCHOBAHMH IIOJYYEHHBIX JaHHBIX 110 3HAYEHUSIM
9JIEKTPOKMHETUYECKOTO MOTEHIIMAIa ¥ CUJIbl OTPhIBA OBLIM BBHIITOJIHEHBI PacyeThl 10 pacuinpenHoii reopuu AJIPO. YecraHOBIEHO, YTO
IUISI CYTbMUIHBIX MUHEPAJIOB IMOTEHLMATbHBII 6apbep MX B3AUMOICICTBHUSI C My3bIPHKOM BO31yXa OTCYTCTBYET P IPUMEHEHU U JTI0OBIX
KOMITO3HMIIMI UCCIEIOBAHHBIX AepeccopoB. [IpeniokeH caeayolnii MEXaH u3M B3aUMOICCTBUSI: B CIydae, €C/IU B IEPBYIO OYepeab MO~
JaeTcst XKUIKOe CTeKJIO, TO TuApoduIn3aius 6a3aibHO MOBEPXHOCTH TalbKa BeCbMa He3HAUMTEIbHA 110 MPUYMHE 3aTPYHEHMST 3aKpe-
mteHust noHoB SiO(OH)37; HanpoTuB, Koraa cHayajia BBOAMTCH KapOOKCHUMETUIMPOBAHHbBIA MOJMCaXapyl, TPOUCXOIUT CYIECTBEHHAS
TUAPOGUIN3AIMS TOBEPXHOCTH TalbKa KapOOKCHIbHBIMHU TPYITTIaMU BCJIEACTBUE TMAPOGOOHOr0 B3aUMOAEHCTBI S MEXIY COOTBETCTBY-
IOLIMMU yYaCTKaMKM MaKpPOMOJIEKYJIbI M 6a3aIbHOM MOBEPXHOCTH TaJIbKa.

Kuaouessie cioBa: diiotanviss, ruipodoOHOCTD, SMEKTPOKMHETUUECKUI TOTEHITUA, TATBK, KUIKOE CTEKJI0, KApOOKCUMETUINPOBAHHAS
LIEJITI003a, KapOOKCUMETUIUPOBAHHBII KpaxMall, MelHO-HUKeJieBasi pyaa.

Jns umtuposanus: JlappuHeHko A.A., KysHeuosa U.H., Tonws6epr I1O., Jlycunsin O.I. CoBMecTHOE NMPUMEHEHME XHUIKOro cTeKaa

M IoJIMcaxapuaoB Mpu GJIoTalluu OTaaIbKOBaHHBIX MEIHO-HUKEJIEBBIX pYI. M3eecmus 8y308. Lleemnas memannypeus. 2024;30(2):5—15.

https://doi.org/10.17073/0021-3438-2024-2-5-15

Introduction

Efficient depression of rock minerals is crucial
in the flotation of copper nickel ores since naturally
hydrophobic talc and other flotation-active magnesi-
um-containing silicates may easily be recovered into
the flotation concentrate, increasing the costs of fur-
ther pyrometallurgical processing. Plant-based po-
lysaccharides are widely used for talc depression [1].
Earlier research focused on various talc depressants,
including the most effective one — carboxymethyl
cellulose (CMC) [2]. The main difficulty in applying
polysaccharides is their selectivity. With an increased
molecular weight of the reagent, depressing ability
improves, but the sulfides recovery in the concentrate
deteriorates [3—7]. Therefore, it is important to look
for ways to boost selectivity and reduce recovery of
magnesium-containing silicates in the concentrate
when using depressants of flotation-active rock min-
erals.

An analysis of literature data on the use of reagent
complexes and their mechanism of action in the flo-
tation of talcose copper-nickel ores proved the viabi-
lity of using compositions of sodium silicate (SS) with
carboxymethylated polysaccharides [§—12]. Accord-
ing to [13], the sequential supply of acidified sodium
silicate (SS) and CMC enhances the efficiency of flo-
tation separation of chalcopyrite and talc due to the
hydrophilization of talc basal surfaces by polymeric
silicic acid formed during SS acidification. Thus, in
the flotation with a CMC concentration of 500 mg/L,

6

the recovery of chalcopyrite and talc in the concen-
trate amounted to 16 % and 45 % respectively, against
95 % and 90 % without a depressant. Moreover, the
addition of acidified SS only during the flotation had
practically no impact on the recovery of these minerals
in the concentrate.

However, researchers in [14] note that the addition
of sodium silicate acidified with oxalic or hydrochlo-
ric acids reduces the floatability of silicates. At the
same time, the sequential supply of these depressants
with an SS concentration of 250 mg/L and a CMC
concentration of 300 mg/L ensured, respectively, 28 %
and 43 % recovery of talc and chalcopyrite in the con-
centrate. The paper [15] showed that in the talc flota-
tion with the pH medium increasing from 8.6 to 10.5
and the non-acidified SS concentration surging from
0 to 300 mg/I, the recovery of talc in the concentrate
rises from 70 % to 78 %. However, with a further in-
crease in pH and SS consumption, it drops, which,
in our opinion, can be attributed to the enhanced
concentration of double-charged anions SiO,(OH); ™~
at pH above 10.5. It is also indicated that the use of
CMC in combination with SS causes a reduction of
roughly 7 % in the talc recovery in the concentrate.
At the same time, it remains unclear how the order
of feeding non-acidified SS and polysaccharides af-
fects the surface properties of talc, sulfide minerals,
and, in general, the results of talcose copper-nickel
ore flotation.
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Many researchers [12; 15; 16 et al.] attribute the de-
pressing effect of sodium silicate to the hindrance of the
collector’s sorption on the mineral surface. Non-acidi-
fied SS is known to have a depressing effect on quartz in
a weakly alkaline medium as SiO(OH)5 ions are fixed
on its surface [17]. It also affects flotation-active fors-
terite (forming a chemical compound with magnesium
[18]) and serpentine in a strongly alkaline medium, as
the positive surface charge of these minerals is compen-
sated by SiO,(OH); ™ anions [19]. Thus, SS impacts sil-
icate minerals through different mechanisms of depres-
sion.

The literature data on the properties of SS solutions
(e.g., [20]) indicate that the molecular form H,SiO,4
predominates in a slightly alkaline medium at pH =
= 7.0+9.4, with single-charged anions SiO(OH); are
also present in relatively small amounts. Considering
that about 90 % of the surface of talc particles is rep-
resented by basal areas characterized by very high hy-
drophobicity due to relatively low-polarity Si—O bonds
prevailing [21], there are reasons to believe that the ad-
sorption value of Si(OH), and SiO(OH)3 in a weakly
alkaline medium is relatively small. This is probably
why these compounds do not contribute to talc hydro-
philization or an increase in the absolute value of the
negative {-potential of the surface. The findings of [15]
also support this assumption.

The purpose of this work is to determine, using the
example of flotation of out-of-balance copper-nickel ore,
the conditions under which compositions of non-acidi-
fied sodium silicate and polysaccharide depressants have
a potent depressing effect on flotation-active silicates.

The objective of the research was to find out how de-
pressants should be applied to reduce the concentrate
yield while maintaining acceptable copper and nickel
recovery.

Materials and methods

The research aims to study the depressing effect of
depressant compositions on talc and other flotation-ac-
tive silicates in the flotation of talcose copper-nickel ore.

For flotation experiments, we used the ore compris-
ing the following major elements, %:

(T E 0.12
1\ T 0.2
(o S 0.01
S oo 0.8
FC oo 1.9
ME oo 0.94
Y0 TS 50.5

Its mineral composition includes the following ele-
ments, wt.%:

ChalCopyrite.......uvvvvvvreririririiiireiiniiinnnenns 0.3
Pentlandite ........cocoeeeeeivciiniiniencenncnne. 0.6
Pyrrhotite.......coovvvvviiiiiiiiiiiiiiiiiiiiieiiiennns 0.2
PYTite oo 0.14
PYroXene .........cooevvvevvvviievieiiiieiieeiienininnnns 58
TalC oo, 12
Amphiboles.................cccco 8
Magnesite.......cevvvvverrrrrrirrerirerrrerrenaeennees 3.75
Plagioclases...........euvvvvvvevvvvevrieiiiniinennnnnnnn 1

By the content of valuable components, the ore is
classified as out-of-balance.

The scheme shown in Fig. 1 was used to conduct
flotation of the ore crushed to a size of 84 % grade
—71 um, at pH = 7 (generated by the flotation medi-
um). In the main flotation, the silicate depressant was
fed first, to be followed by the collector — butyl xan-
thogenate 50 g/t. Methylisobutylcarbinol (MIBC),
with consumption of 20 g/t, was used as a foaming
agent. Reagent consumption in the control flotation
amounted to 40 % of that in the main flotation. The
concentrates from the main and control flotations
were then combined. The following reagents were
used as talc depressants:

— sodium silicate;

— carboxymethyl starch CMS-BUR (JSC NPO
“Polycell”, Russia), with 0.4 degree of substitution
of hydroxyl groups by carboxyl ones and 60 % con-
tent of the active substance;

— carboxymethyl cellulose (polyanionic cellulose)
PAC-N (JSC NPO “Polycell”) with a 0.9 deg-
ree of substitution at 45 % of active sub-
stance.

Depressants concentrations and consumption were
recalculated taking into account the content of the ac-
tive ingredient in the reagent.

The changes in the minerals hydrophobicity
caused by depressants were evaluated by determining
the force of air bubble detachment from the mineral
surface using a torsion balances. Sections of natu-
ral samples of pyrrhotite, pentlandite, and talc were
measured [22]. NaOH was used to provide a pH =7
solution.

The zeta potential of the minerals was determined
using a ZETA-check PMX 500 device (“Particle Met-
rix”, USA). A 0.2 g sample of finely ground mineral was
placed in a 50 ml cell. The measurement principle is
based on the evaluation of the flow potential.
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Crushed ore
84 % grade —0.071 mm

Silicate depressant
Butyl xanthogenate — 50 g/t

| ]

Main flotation

Concentrate Tails

—

Control flotation

MIBC - 20 g/t

Silicate depressant
Butyl xanthogenate — 20 g/t
MIBC - 8 g/t

Concentrate

l

Concentrate

Fig. 1. Scheme of flotation experiments

Puc. 1. Cxema p10TalluOHHBIX OMTBITOB

Results and discussion

Figure 2 shows the findings of flotation studies of
copper-nickel ore with sodium silicate, carboxymethyl
starch, and carboxymethyl cellulose, as well as combi-
nations of SS + CMS-BUR and SS + PAC-N. Based
on the analysis, we came to the following conclusions:
sodium silicate does not significantly depress rock
minerals; the concentrate yield decreased by 10 % from
52.9 % to 42.8 %, at an SS consumption of 5.6 kg/t.
The PAC-N reagent demonstrates better depressing
properties compared to CMS-BUR. At the same con-
sumption of 700 g/t, the use of CMS-BUR reduced the
concentrate yield from 52.9 % to 40.9 %, PAC-N re-
duced it to 22.6 %. The combinations of depressants in
the compositions of SS + CMS-BUR and SS + PAC-N
showed stronger depressant properties compared to
each reagent separately. When the combination of
SS + CMS-BUR is used, the order of feeding the de-
pressant is important. When SS is introduced first,
followed by CMS-BUR, the concentrate yield drops
to 27.9 %, However, if SS is fed after starch, the yield
plummets to 18.8 % (see Fig. 2, a). Therefore, it is rec-
ommended to feed SS after CMS-BUR. The combined
use of PAC-N and SS also enhances the depressing
effect in the flotation (see Fig. 2, b), but the order of
feeding reagents does not significantly affect the re-
sult. With an SS consumption of 5.6 kg/t and PAC-N
consumption of 700 g/t, the concentrate yield de-
creases from 52.9 % to 15.9 %. For the composition
CMS-BUR + S8, the minimum required depressant
consumption is 280 g/t of starch and 1.4 kg/t of SS,
and its further increase does not affect depression (see
Fig. 2, a). When PAC-N + SS is used, the concen-

Tails

trate yield gradually declines with increasing reagent
consumption (see Fig. 2, b). 1.4 kg/t of SS; further in-
creases do not affect depression (see Fig. 2, a). When
PAC-N + SS is used, the concentrate yield gradual-
ly declines with increasing reagent consumption (see
Fig. 2, b).

Figure 3 shows the results of copper and nickel re-
covery into the concentrate using compositions of SS +
+ CMS-BUR and SS + PAC-N depressants. With an SS
consumption of 5.6 kg/t and polysaccharide consump-
tion of 700 g/t, CMS-BUR showed slightly better selec-
tivity for nickel: nickel recovery was 58.6 %, while with
PAC-N, this value was 54.4 %.

The results of measurements of the air bubble de-
tachment force from the talc surface showed that the
combined use of depressants (Fig. 4, a, curves 4and 5)
increases the hydrophilization of the mineral sur-
face compared to each depressant used individually.
For pentlandite and pyrrhotite (Fig. 4, b and ¢), the
compositions reduce the hydrophobicity of sulfides,
but to a lesser extent than for talc. Thus, for talc
with the maximum concentration of each depressant
(600 mg/L), the detachment force drops from 300 uN
to 50 uN, while for sulfides under the same conditions,
it decreases by 50—60 uN to 280—290 uN. It was
found that the different order of feeding depressants
barely affects the force of air bubble detachment from
the mineral surface.

The zeta {-potential of talc shifts more in the pres-
ence of different depressants (Fig. 5, a) when sodium
silicate is added. With its content of 250 mg/L, the value
of {-potential is —48 mV, while with the same concen-
tration of CMS-BUR and PAC-N, it is about —35 mV.
The effect of SS addition to polysaccharides is most pro-
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0 Concentrate yield, %

Concentrate yield, %

Without
a depressant

SS— 1,4 kg/t SS - 2,8 kg/t SS - 5,6 kg/t
CMS-BUR - 280 g/t CMS-BUR —420 g/t CMS-BUR — 700 g/t

Without
a depressant

SS - 1,4 kg/t
PAC-N - 280 g/t

SS - 2.8 kg/t
PAC-N — 420 g/t

SS— 5.6 kg/t
PAC-N - 700 g/t

Fig. 2. Impact of the composition of depressants CMC-BUR with SS («) and PAC-N with SS (b) on the concentrate yield

in the flotation of copper nickel ore

a: 1-SS,2— CMS-BUR, 3—SS + CMS-BUR, 4— CMS-BUR + SS

b: 1—SS,2— PAC-N, 3 — SS+ PAC-N, 4— PAC-N + SS

Puc. 2. Bausianue couetanus aenpeccopoB KMK-BYP ¢ 2KC (@) u [TALI-H c 2KC (b) Ha BbIX0a KOHIIEHTpaTa

rpu GJIOTALMK MEIHO-HUKEIEBO PyIbl

a: 1 - XKC, 2— KMK-BYP, 3 - XKC + KMK-BYP, 4— KMK-BYP + XKC

b: 1—2XKC, 2—-TIAL-H, 3 - KC + [TAL-H, 4 — I[TAL-H + KC

Recovery, %

Recovery, %

100 7 100 b
. 1 - 1
80 2 I 80 4 5 / / i
- ] P ] | —
60 2 2 60 - 2 2 5
401 40
204 20 -
0 = T O = T T
Without SS— 1,4 kg/t SS - 2,8 kg/t SS —5,6 kg/t Without SS - 1,4 kg/t SS - 2,8 kg/t SS - 5,6 kg/t
a depressant CMS-BUR - 280 g/t CMS-BUR —420 g/t CMS-BUR — 700 g/t a depressant PAC-N — 280 g/t PAC-N —420 g/t PAC-N - 700 g/t

Fig. 3. Impact of the composition of depressants CMS-BUR + SS (a) and PAC-N + SS () on the recovery of Cu (1) and Ni (2)

in the flotation of copper nickel ore

Puc. 3. Bniusnue kommnosunnu nenpeccopoB KMK-BYP + XKC (a) u [TAL-H + KC (b) na uzsneuenue Cu (1) u Ni (2)

npu GJOTallMU MEAHO-HUKEJIEBOI Py bl

nounced with its content of 100 mg/L. When the con-
centration of polysaccharide was increased to 250 mg/L,
the value of {-potential was close to that in the presence
of one SS.

For chalcopyrite, the shift of {-potential was almost
the same regardless of the depressant (Fig. 5, b). The
value of zeta potential of chalcopyrite without reagents
is —4 mV, while in the presence of CMS-BUR and
PAC-N, the concentration of each being 250 mg/L,
it reaches —8.5 mV, and when SS is added, this value
amounts to about —10 mV. The combination of depres-
sants, with 100 mg/L SS concentration and 250 mg/L
polysaccharide concentration, shifts the potential to
—10 mV.

The zeta potential of pyrrhotite without reagents
reaches —8.8 mV (Fig. 5, ¢), and it shifts more when so-
dium silicate is added. The combination of depressants
shifts the potential toward negative values by 1—2 mV
up to 11 mV.

Thus, when depressants affect talc at a concentra-
tion of 250 mg/L, the zeta potential shifts from the in-
itial value by 16—28 mV to the values of —36...—48 mV
depending on the depressant. For sulfides (pyrrhotite
and chalcopyrite) {-potential is —8...—10 mV with a
shift from the initial one by 1—2 mV towards negative
values.

To determine the features of the mechanism of talc
and sulfide minerals depression in the flotation based

9
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0 Detachment force, pN

a
0 T T T
200 400 600 800
Reagent concentration, mg/L
Detachment force, uN
c
340
320 1
300
280 T T
0 200 400 600 800

Reagent concentration, mg/L

on the obtained values of the zeta potential and detach-
ment force, we made calculations using the extended
DLVO theory, taking into account the components
of the potential energy of interaction between a min-
eral particle and an air bubble: electrostatic (Uy with
the “+” sign), molecular (U, with the “—” sign) and
hydrophobic (Uy with the “—” sign). The calcula-
tion method based on this theory for talc depression
is described in [23]. According to [24], if the curve
showing dependence of the total potential energy (U)
of the particle interaction with a bubble on the dis-
tance between the surfaces of these objects () has a
barrier with a height of minimum 10 k7" (where k =
= 1.38:10723 J/K — Boltzmann constant; 7 — abso-
lute temperature, K), the interaction of these objects is
hampered. When the barrier is lower or non-existent,
the interaction is unimpeded.

Considering the literature data, the following pa-
rameter values included in the equation of the extended
DLVO theory were used in the calculations:

— ionic strength of the dispersion medium —
0.04 mol/L;

10

Detachment force, pN

b
340
320 4 1
2
300 - 3
4
5
280 . r ;
0 200 400 600 800

Reagent concentration, mg/L

Fig. 4. Force of detachment of an air bubble from
the surface of talc (@), pentlandite (b)

and pyrrhotite (¢) at pH =7

1—SS,2— CMS-BUR, 3— PAC-N,

4—SS + CMS-BUR, 5—SS + PAC-N

Puc. 4. Cuuta oTpbiBa My3bIpbKa BO3ayxa

OT MOBEPXHOCTEH TanbKa (a), MeHTAaHauTa (b)
U nuppoTuHa (¢) npu pH = 7 B 3aBUCUMOCTH
OT KOHIICHTpAILIMK peareHTa

1—-2XKC, 2—-KMK-BYP, 3 -TIALI-H,
4—KC+ KMK-BVYP, 5 - KC + ITALI-H

— Hamaker constants for talc particles and air bub-
bles are 1.7-1072% and 3.7-1072° J, respectively;

— the surface potential (¢) of air bubbles in the aque-
ous medium at pH = 7, according to various data, ranges
from —0.037 to —0.265 V.

Figures 6 and 7 features the calculated curves
of U dependence on 4 at pH = 7. The presented da-
ta demonstrates that in the absence of reagents the
calculated curve is entirely in the region of negative
U values, since talc particles, due to their natural
hydrophobicity, freely interact with air bubbles. In
the presence of individual reagents, including SS,
CMS-BUR and PAC-N, maxima emerge on the
curves corresponding to the value of 4 ~ 2+3 nm. They
are located above the curve for the reagentless mode,
but still entirely within the region of negative values,
even when the consumption of investigated reagents is
at its maximum.

Figure 6 also shows that curve 4 corresponding
to SS is located above curves 2 and 3 for PAC-N and
CMS-BUR. We attribute this to the fact that some part
of carboxyl groups does not participate in forming the
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Reagent concentration, mg/L

negative charge of the talc surface due to steric hin-
drances and incomplete dissociation. At the same time,
silicic acid ions are characterized by a denser arrange-
ment on the talc surface, which causes a greater negative
charge and, consequently, a greater value of the electro-
static component.

Figure 7 shows that the use of PAC-N composi-
tion with SS creates a potential barrier of interaction
between the particle and the bubble with an ordinate
of about 10 k7. This is presumably due to the fact that
PAC-H hydrophilizes the talc surface with carboxyl
groups. This, in turn, creates favorable conditions for
additional hydrophilization of talc by SiO(OH)5 ions
and increase in the negative charge of the surface. At
the same time, compared to the mode without reagent
supply at the point corresponding to the maximum
height of the potential barrier (4 = 1.7 nm), the value
of Uy is 4.5 times higher, and that of Uy is 1.4 times
lower. This gives reasons to suggest that the electrostat-
ic component makes the most significant contribution
to the barrier formation due to the increased number
of negatively charged groups on the talc surface. This
effect is the greatest for PAC-H, for which the degree
of substitution is 0.9. At the same time, CMS-BUR,
characterized by a much lower degree of substitution

C-potential, mV

-11 T
0 50

100 150 200 250

Reagent concentration, mg/L

300

Fig. 5. {-potential of talc (@), chalcopyrite (b)
and pyrrhotite (¢) with different depressants at pH=7

1— CMS-BUR, 2— PAC-N, 3 — SS,
4SS (100 mg/l) + CMS-BUR,
58S (100 mg/l) + PAC-N

Puc. 5. {-moteH1Man TanbKa (@), xaabkornupura (b)
U TMPPOTHHA () C pa3HBIMU JCTIPeccopamMmu

mpu pH = 7 B 3aBUCUMOCTH OT KOHIICHTPAIIUY
peareHTa

1— KMK-BYP, 2 — TIALI-H, 3 — XC,
4 KC (100 mr/n) + KMK-BYP,
5—KC (100 mr/n) + TALL-H

(0.4), cannot create a potential barrier under the same
conditions.

Also, the calculations revealed that for sulfide min-
erals, there was no potential barrier in their interaction
with an air bubble no matter what compositions of inves-
tigated depressants were used.

Based on the above, the following mechanism of talc
depression by the compositions of polysaccharides and
SS seems feasible. If SS is fed first, the hydrophilization
of the basal surface of talc is insignificant as SiIO(OH)z
ions are not easy to fix. On the contrary, when the car-
boxymethylated polysaccharide is fed first, according
to the detachment force measurement data, the talc
surface is substantially hydrophilized by the carbox-
yl groups due to hydrophobic interactions between the
corresponding sites of the macromolecule and the talc
basal surface. This, in turn, creates favorable conditions
for additional hydrophilization of talc by SiO(OH);
ions, and their contribution to the increase in the neg-
ative charge of the surface is more noticeable for the
CMC-BUR reagent with a 0.4 degree of substitution
compared to PAC-N, for which this parameter is 0.9.

Thus, the depressant reagents decrease the hydro-
phobic component and increase the electrostatic one due
to their negative charge.

1
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Fig. 6. Potential curves illustrating the interaction of air
bubbles and talc particles with individual depressants
in the quantity of 250 mg/L each at pH =7

1 — without reagents, 2— CMS-BUR, 3 — PAC-N, 4—SS

Puc. 6. [loTeHuMaIbHBIC KPUBBIC B3aUMOACICTBU S
IMy3bIPHKOB BO3/yXa U YaCTUII TaJbKa

C MHIMBHMAYAJbHBIMU JAETIPECCOPaAMU

B KosimuecTBe 250 Mr/n Kaxaoro rnpu pH =7

1 — 6e3 pearentos, 2 — KMK-BYP, 3 — [NALI-H, 4 — XKC

U, kT
0-
—2000 -
—4000
1
—-6000
2
—-8000
3
-10000 T T T T
0 2 4 6 8 h, nm

Fig. 7. Potential curves illustrating the interaction of air
bubbles, talc particles (Z, 2) and pyrrhotite (3)

with depressant compositions

1—PAC-N +SS,2—- CMS-BUR + 8§, 3— PAC-N + SS
Concentrations: SS — 100 mg/L, CMS-BUR — 250 mg/L,
PAC-N — 250 mg/L

Puc. 7. [loTeH1IManbHbIE KPUBbIE B3aUMOJEHCTBUS
MMy3bIPHKOB BO3AyXa M YacTUIl Tajbka (1, 2)

¥ MUppOoTHHA (3) ¢ KOMITO3UIIMSIMU IEITPECCOPOB
1—TIAL-H + XC, 2—KMK-BYP + XKC, 3 —TTAL-H + XKC
Konuenrparuu KC — 100 mr/n, KMK-BYP — 250 mr/n,
MALL-H — 250 mr/n
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Conclusion

The investigation of the flotation of talcose cop-
per-nickel ore, along with the assessment of the hydro-
phobicity and surface charge of minerals, revealed that
the combination of carboxymethylated polysaccharides
and sodium silicate hydrophilizes the talc surface more
effectively than each of the reagents separately. However,
sodium silicate alone hardly depresses the talc surface at
all. The depression of flotation-active silicates is effective
when polysaccharide and sodium silicate are sequential-
ly supplied. Under these conditions, SS contributes sig-
nificantly to the increase in the negative charge on the
talc particle surfaces. This effect is more pronounced for
compositions with starch characterized by a lower degree
of substitution compared to cellulose.

The combined use of carboxymethylated polysaccha-
ride and sodium silicate considerably reduces the yield
of concentrate due to the depression of flotation-active
magnesium-containing silicates, with a slight decrease
in the recovery of sulfides. This subsequently creates
conditions for enhancing the efficiency of the concen-
trate’s pyrometallurgical processing.
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Abstract: Using keyhole plasma arc welding, welded joints of a Ti,AINb-based alloy, VTI-4, were obtained, and their structure and me-
chanical properties were studied. It has been established that the dynamic effect of a keyhole arc had a positive effect on the quality of the
welded joint; namely, lack of penetration, porosity, and microcracks were eliminated. The welded joint consisted of a fusion zone (FZ),
a heat-affected zone (HAZ), and a base metal (BM). Depending on the phase composition and morphology of the obtained phases, the HAZ
can be divided into four zones: HAZ1 with large B-phase grains near the melting line, HAZ2 with large B-phase grains + o,, HAZ3 with
more fragmented B-phase grains retaining more o,-phase, and HAZ4 with the phase composition § + o, + O. Subsequent heat treatment
(HT: quenching at 920 °C for 2 h, cooling in air, followed by aging at 800 °C for 6 h, cooling in air) preserved the zone structure of the weld
but led to the formation of the O-phase within B-grains. The microhardness of the weld in the zone corresponds to 360£15 HV,, ,, but after
HT, it increased to 382+20 HV,) ,. The strength properties of the welded joint after HT were above 90 % of the base metal (6,., = 1120 MPa,
Gy, = 1090 MPa), while elongation to failure is close to the initial condition (5 = 2.1 %).
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Aunnotanmusa: MeToIOM MJIa3MEHHOU cBapK¥W MPOHUKAIOIIEH Ayroil 3aroToBok u3 crniaBa BTH-4 Ha ocHOBE OpPTOPOMOMYECKOTO aTiOMU-
Huzaa tutaHa Ti,AINb noay4yeHsl cBapHble COEIUHEHUS M UCCIIEIOBAHbI X CTPYKTYPa U MEXaHUYECKUE CBOICTBA. YCTAHOBJECHO, YTO AU~
HaMUYeCKOoe BO3ACICTBUE MPOHUKAIOUIEH 1yTY OKa3bIBaeT MOJIOXHUTEIbHOE BIUSHHUE Ha KAYeCTBO CBAPHOTO COENMHEH M S: UCKTIOUaIOTCs
HenpoBap, BO3HUKHOBEHUE MOPUCTOCTU U MUKPOTPEILMH, a TaKke hopmupyetcs daaronpusiTHas popma KopHs 1Ba. O6HapyKeHO, 4TO
CBapHOE COeIMHEHNE COCTOUT U3 30HbI MaBiaeHus (3I1), 3oHbl Tepmuveckoro BausHus (3TB) u ocHoBHoro Merasia (OM). B 3aBucu-
MocTH OT (hazoBoro coctaBa U Mopdoioruu dasz 3TB mMoxxHO paznenuts Ha 4 obnactu: 3TBI u3 KpymHbIX 3epeH B-da3bl BOIU3M TUHUT
crnasyenusi, 3TB2 u3 kpynHbix 3epeH B-dasbl + oy, 3TB3 ¢ 6osiee pparmMeHTHPOBaHHBIMYU 3epHaMU B-Da3bl ¢ coxpaHeHUEM O0JIbLIEro
KosnuecTBa o, -dasel u 3TB4, nmerouteit hasoselii cocras B + o, + O. [Tocnenyowas repmuyeckas oopadorka (TO: 3akasnka npu Temre-
patype 920 °C ¢ BeIAEpKKOM 2 4 ¥ OXJIaXKJACHUEM Ha BO3AyXe C Mocjieayomueii Boiaepkkoi 6 4 mpu 800 °C u majibHEN MM OXJIaX ICHUEM
Ha BO3/lyXe) o0ecreynBaeT COXpaHeH e 30HHOM CTPYKTYPbI CBAPHOTO 11Ba, HO MPUBOAUT K GOPMUPOBAHUIO BO BCEX 30HaX BHYTpH [-3e-
pen yactun O-¢dasbl. MUKPOTBEPIOCTH CBAPHOTO 11BA B 30HE MIABJIEHUS COOTBETCTBYET 36015 HV) 5, a nocsie TO ona Bospactaet 10
382420 HV ,. [IpouHocTHbIE cBOliCTBA cBapHOro coennHenus nociue TO HaxoasTca Ha ypoBHe Boiue 90 % oT nokasaresieil UCXOAHOM
KOBaHOM 3aroToBku (o, = 1120 MIla, 6, , = 1090 MTla), a nnactuyHoCTh 6113Ka K MCXOAHOMY cocTosiHuIo (8= 2,1 %).

Kuroyesbie ciioBa: criiaB BTH-4 Ha ocHoBe opTopomMbuueckoro ajmoMuHuaa tutana, TioAINb, miasmMeHHas cBapka MpoHUKaloLIei ay-
roi, ceapHoii mos, BSE-ananus, EBSD-aHanus, MexaHuuyeckue cBOMCTBa, MUKPOTBEPIOCTb.

Baarogapuoctu: Pabora BeinosHeHa npu puHaHcoBoit mogaepxke PH® (Cornamenune Ne 19-79-30066) ¢ ucrmonb3oBaHueM 000pynoBa-
Hus LleHTpa KoIIeKTUBHOrO Mojib3oBaHus «TexHonoruu u Marepuanst HUY “Benl’y”».

Jag uutuposanusi: Haymos C.B., ITanos 1.0., Yepuuuenko P.C., Cokonosckuit B.C., Canuuies I'A., Anekcees E.b., Heynbsioun C.1.,
benunun J.C., uusiH FO. /., JTykessaoB B.B. CTpykTypa 1 MexaHu4YeCcK1e CBOMCTBA CBAPHBIX COENMHEHU I U3 CIlJlaBa HA OCHOBE OPTO-
pPOMOMYECKOTO aJIIOMUHUIA TUTAHA, TTOJTYUYSeHHBIX IJIa3MEHHOM CBapKOii MPOHUKAIONIEeH TYTOl ¢ TOCIeAYOIIel TepMUIecKoil 00paboT-
Koii. Uzeecmus 6y306. Lleemnas memannypeus. 2024;30(2):16—29.

https://doi.org/10.17073/0021-3438-2024-2-16-29

17



lzvestiya. Non-Ferrous Metallurgy e 2024 ¢ Vol. 30 e No.2 e P. 16-29

Naumov S.V., Panov D.O., Chernichenko R.S. et al. Structure and mechanical properties of Ti,AINb-based alloy welded joints using...

Introduction

Titanium alloys based on orthorhombic titanium
aluminide (Ti,AIND alloys) are considered as a poten-
tial replacement for Ni-based superalloys in the aero-
space industry [1]. The interest in these materials is
due to their high creep resistance and burn resistance
compared to conventional titanium alloys, allowing
their use at temperatures up to 650 °C [2]. Addition-
ally, they have higher ductility and crack resistance
compared to y-TiAl- and o,-TisAl-based alloys and
lower density (p = 5+6 gm/cm’) compared to Ni-based
superalloys [3—6].

One of the main obstacles to the widespread use of
Ti,AIND alloys is the difficulty in obtaining high-qua-
lity weld joints due to low thermal conductivity, high
residual stresses, and a cascade of phase transforma-
tions during cooling. These characteristics require the
selection of welding parameters to achieve the optimal
structure of the weld joint for the desired mechani-
cal properties. Technologies for creating non-dis-
mountable joints have been proposed to manufacture
high-quality structures, expanding the application
range of Ti,AIND alloys [7]: tungsten inert gas weld-
ing (TIG) [8; 9], diffusion bonding [10; 11], friction stir
welding [12; 13], laser beam welding [14—16], electron
beam welding [17—19], etc. Among the welding me-
thods for titanium alloys, TIG welding is the most
widely used in the industry [20].

Common problems when using TIG welding with
Ti,AIND alloys include low productivity, porosity of the
weld joint, and the formation of a coarse dendritic struc-
ture of the B-phase in the fusion zone. Additionally, when
welding thick (>4 mm) products, it is necessary to use
filler material with a corresponding chemical composi-
tion, which requires the manufacturing of such consum-
ables [21]. Moreover, multi-pass welding leads to repeat-
ed overheating of the weld joint, resulting in significant
grain growth and consequently low ductility. On the oth-
er hand, keyhole plasma arc welding (K-PAW) can serve
as the most technologically advanced alternative among
arc welding methods for obtaining non-dismountable
joints, allowing for defect-free welds of titanium alloys
over a wide range of thicknesses. This method has not
been used to obtain non-dismountable joints from Ti,Al-
Nb alloys, requiring research on the influence of welding
parameters on the quality of the weld joint, its structure,
and mechanical properties.

Thus, the aim of this study was to develop K-PAW
parameters and determine the influence of the optimal
welding regime and subsequent heat treatment on the
structure and properties of welded joints made from the
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VTi-4 alloy based on orthorhombic titanium alumini-
de (Ti,AINb).

Materials and research methods

The study utilized plates made from the VTi-4 alloy,
the chemical composition of which is provided below,
in at.%:

Tt Base
Al e 23
D e 23
Ve 1.4
ZT ettt 0.8
MO e 0.4
St 0.4

The investigated alloy in its initial forged state pos-
sesses the following mechanical properties: ultimate
tensile strength (6,,.5) = 1230 M Pa, yield strength (o) =
= 1190 MPa, elongation to failure (8) = 3.5 %, micro-
hardness 42015 HV) ,.

The microstructure of the initial billet in the form of a
hot-rolled plate is shown in Fig. 1. It exhibits large 3-grains
with a size of 300+50 pm, with globular a,-phase grains
of 10+5 pm located along the grain boundaries. Addi-
tionally, uniformly distributed within the volume of the
[-grains, there are needle-like w-phase precipitates with
a length of 8+3 um and a thickness of 1—3 pm.

K-PAW was performed using the PMI-350 AC/
DC TL power source (SBI, Austria) on an automated
gantry-type console [22]. Fixing plates were weld-
ed to the welding locations to secure the workpieces

300 Lm
i | UL S|

Fig. 1. Microstructure of forged plate of the VTI-4 alloy

Puc. 1. MukpocTpyKTypa ropssyeKOBaHOM TJIUThI
u3 cruiaBa BTU-4
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in the fixture, allowing for the delivery of shielding
gas to the root of the weld joint and ensuring uni-
form movement of the plasma torch with the shield-
ing block. Samples for K-PAW with dimensions of
50 x 25 x4 mm were cut from the forged plate. Pri-
or to welding, the entire surface of the samples was
ground with abrasive paper with a grain size of 68 pm
FEPA P Ne 220, and the mating surface at the joint
was ground with grinding wheels with a grain size of
18 um FEPA P Ne 1000.

Welding of 4 mm thick plates made from the VTi-4
alloy was performed end-to-end without gaps or filler
material. The melting current required to form a hole
at the root of the weld (keyhole) was set at 150—160 A
and applied for 0.5 sec. As a result of the melting, the
welding process transitions to the keyhole mode, and
part of the arc energy is dissipated. The main weld-
ing current in this process is reduced to 140—150 A,
the arc voltage is 21—22 V, welding speed is 20 m/h,
and the current at the end of welding (at the moment
of exiting the fixating plates) drops to 15—20 A. Since
non-consumable (copper) fixating plates were used,
the welding process was completed at minimal cur-
rents. The plasma-forming gas flow rate was 3 L/min,
the shielding gas flow rate was 3 L/min, and the ad-
ditional shielding gas flow rate for the shielding block
was 8 L/min. Argon grade 5.0 (99.999 % Ar) was used
as the plasma-forming gas.

The interaction of the compressed arc with the weld
pool occurs in the formed crater cavity.

The magnitude and nature of the distribution of the
compressive arc’s force impact in the weld pool largely
determine the characteristics of the melting front abla-
tion process, molten metal movement, bath retention,
and the quality of weld root formation.

Welded joints underwent heat treatment in a split-
type folding tube furnace RS80/300/13 (“Nabertherm”,
Germany) according to the quenching + aging: quench-
ing at a temperature of 920 °C for 2 h followed by air
cooling and subsequent aging for 6 h at 800 °C with fur-
ther air cooling. Prior to loading the samples into the
furnace, they were subjected to a 3-cycle argon purging
and vacuum evacuation. Heating was performed in an
argon atmosphere with excess pressure.

Samples for mechanical testing and microstructural
analysis were cut using a Sodick VL400Q wire EDM ma-
chine (China). The surfaces of the samples were ground
using Struers SiC FEPA P Ne 220-2000 abrasive mate-
rials (from 68 to 10 pm) on Metrotest (Russia), Baipol
Metco (India), and LaboPol-5 (“Struers”, Denmark)
equipment. Subsequent surface polishing was carried
out using Struers MD Chem suspension with OP-S
NonDry suspension. Samples for further microstructu-
ral analysis were cleaned of organic matter, suspension
particles, or abrasive in an ultrasonic bath model 3404
(“Sapphire”, Russia) with acetone for 15 minutes.

The microstructure was examined usinga Q600 3D
electron microscope (FEI, Czech Republic) equipped
with a standard Everhart-Thornley secondary and
scattered electron (SEM) and detector of backscat-
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Fig. 2. Samples for uniaxial tensile tests: from VTI-4 plates after K-PAW (a); area for measuring microhardness in the cross

section of a welded joint of the VTI-4 alloy (b)

The dimensions are specified in millimeters

Puc. 2. OGpa3subl 4151 UCIIBITAHWI HA OMHOOCHOE pacTsixkeHue u3 miactud BTH-4 mocJie mia3MeHHOR cBapKu (@)
M 00J1aCTh U3MEPEHM I MUKPOTBEPIOCTH B ITONEPEUHOM CEUEHHM U CBAPHOTO coeTuHeH U (b)

Pa3Mep1>1 YKa3aHbl B MM
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tered electron (BSE) at an accelerating voltage of
20—30 kV. EBSD analysis was performed in backs-
cattered electron diffraction mode with grain orien-
tation mapping. Samples for BSE analysis were fixed
on an instrument table with a 45° tilt using carbon
conductive adhesive 502 (EMS, USA) or clamps,
while NEM TAPE carbon tape (“Nisshin”, Japan)
was used for ETD analysis. The sample, additionally
tilted at a 25° angle (total angle of 70° to the horizon-
tal), was scanned with a 3 um step. Data processing
and analysis were carried out using OIM Analysis 9
software (EDAX, USA).

Tensile tests on welded joints were conducted using
a “5882 testing machine” (Instron, UK) at room tem-
perature with a deformation rate of 10~* s~'. Control
and data collection were performed using “Bluehill 2”
software (Instron, UK). The scheme and dimensions of
the samples for tensile testing are shown in Fig. 2, a. For
testing, at least two samples of the base material, welded
joints before and after heat treatment, were used.

Microhardness was determined on microgrinds
in the cross-section of welded joints using a Vickers
402MVD microhardness tester (Netherlands) with a
load of 200 g and an indentation time of 10 sec (HV,),)
with a 0.2 mm step. Microhardness in the cross-section
of the weld joint was evaluated at 3 points: in the area
closer to the weld bead, in the middle of the weld joint,
and closer to the weld root (Fig. 2, ). Control and da-
ta collection were performed using “Hardtest Wolpert
Group” software (Netherlands).

Research results

The results of the study are presented in Table 1,
which shows the tested parameters of keyhole plasma
arc welding (K-PAW) for 4 mm thick plates made of the
VTI-4 alloy. The selection of optimal K-PAW condi-
tions was carried out on a control sample. It was found
that at low currents, a melting channel is not formed,
leading to disruption of the keyhole plasma arc weld-

ing process. Preliminary investigations showed that a
high-quality welded joint was obtained with K-PAW in
mode 4 (Table 2): the melting current of the keyhole
was set at 160 A, the main welding current was 150 A,
and the current at the end of welding was 20 A. In this
case, the width of the weld bead is 6.0 mm, and the
root of the weld is 3.0 mm. No external defects such as
pores and cracks were observed in the resulting welded
joints (Fig. 3). Thus, welded joints obtained in mode 4
were used for subsequent research.

Technological plates used for fixture fixation leave
traces on the edges of the welded joint (Fig. 3). At the be-
ginning of the weld, there is a zone with a buildup where
through melting is formed, and at its end, a zone with
edge melting is detected, formed as a result of the dis-
placement of liquid metal to the newly melted weld pool.
All detected defects are of a technological nature, which
can be eliminated using fixating plates at the beginning
and end of welding.

The cross-sectional structure of the welded joint, as
determined by BSE-SEM analysis, is shown in Fig. 4.
It exhibits an hourglass shape. Interestingly, the bound-
ary of the fusion zone is less curved compared to weld-
ed joints after laser and electron beam welding (Fig. 4).
This difference can be attributed to the plasma arc pass-
ing from top to bottom, resulting in a more evenly dis-
tributed heat across the cross-section of the central and
root parts of the weld.

In the welded joint, three main zones can be dis-
tinguished: the weld zone or fusion zone (FZ), the
heat-affected zone (HAZ), and the base metal (BM)
(see Fig. 4—6). The fusion zone consists of large co-
lumnar P-phase dendrites oriented perpendicular
to the fusion line (FL), with an average length of ap-
proximately ~750 pym (Fig. 6, a). According to EBSD
analysis, large equiaxed crystals with a diameter of
350450 um were found in the middle of the weld, attri-
buted to the larger volume of the liquid pool and reduced
heat dissipation rate from the central part of the weld
[23]. Due to the increased cooling rate, no formation of

Table 1. The modes of keyhole plasma arc welding of the VTI-4 alloy plates with a thickness of 4 mm

Tabauua 1. Pexxumbl 1j1a3MeHHOM CBapKU NpoHMKarolei ayroi miaactuH u3 cruiaba BTU-4 tonmuHoit 4 Mmm

Melting point Main welding Current Consumption
Mode . .
number of the lock bore, current, at the end of plasma-forming/protective gases,
A A of welding, A L/min
1 150 140 15 3/3
2 160 140 15 3/3
3 150 150 20 3/3
4 160 150 20 3/3
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Welding direction

Fig. 3. Appearance of a welded joint of the VTI-4 alloy produced by K-PAW according to mode 4

a — weld bead; b — root of the weld

Puc. 3. BHenrHmit Bua cBapHoro coeanHeHus u3 crjiaBa BTU-4, moydyeHHOTo M1a3MeHHOM CBapKOii MPOHUKAIOIIEH TyToi
o pexumy 4

a — BaJIMK CBApHOI'O 1IBa; b— KOPEHb CBAPHOTI'O 1IBa

HAZI

BSEIBM/HAZASHAZ2/HAZ:1
o

Fig. 4. Cross-section of a weld of the VTI-4 alloy produced by K-PAW with marking of areas for BSE and EBSD
microstructural analysis, which are presented in Fig. 5 and 6, respectively

Puc. 4. IToniepeuHoe cedyeHune cBapHoro miBa ciiaBa BTU-4, moyuyeHHOTO MI1a3MeHHOI CBapKOii TPOHUKAIOIIEe T1yToi,
¢ pa3meTkoii obaacteit cbemkn BSE- u EBSD-aHanu308B (cM. puc. 5 u 6)

Table 2. Phase composition of the zones of the welded O- or ay-phases occurs in the FZ [24]. Additionally, the

joint of the VTI-4 alloy obtained by K-PAW high Nb content also contributes to the stabilization of
with subsequent heat treatment the B-phase [25]. Internal pores were not detected in
Ta6nuua 2. Da30Bblii COCTaB 30H CBAPHOTO COEAMHEHMUS both the FZ and at the fusion line boundary (Fig. 5,
n3 crtaBa BTU-4, moyd4eHHOTO MIa3MeHHO# cBapKoit a, b). In the near-fusion zone, large globular B-grains
MPOHMKAIOIIEH AYTOii ¢ MOCIeNYIOLIeH TePMUIECKOi with an average size of ~160+100 um are formed
06paboTKoii along the fusion line. In the HAZ at a distance of

3.54£0.5 mm from the center of the weld, smaller equia-

Clomtemtimnat, 72 xed grains with an average size of ~100£40 um are ob-

Phases
FZ | HAZ1 | HAZ2 | HAZ3 | HAZ4 | BM served (zone HAZ3, Fig. 6, b).
B 6 The structure of the HAZ after K-PAW can be di-
% B ! = 78 90 10.3 vided into 4 zones depending on the phase composi-

o) 46.0  43.0 440 440 450  46.0 tion and morphology. In the HAZ1 zone, close to the
fusion line, large B-phase grains with diameters of

40 570 45 482 460 437 60—260 pm are observed (Fig. 5, ¢). Here, o,- and
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O-phases completely dissolved during the heating temperatures are required to complete the o,—f trans-
process of welding, and no reverse transformation oc- formation [25]. At the same time, large 3-phase grains
curred during cooling. Inthe HAZ2 and HAZ3 zones, have sizes ranging from 40—160 um (Fig. 5, d, e).
the globular o,-phase is partially preserved, as higher HAZ4 consists of B-, O-, and a,-phases (Fig. 5, f).

SVAVZIVARID

fo X

B

300) jtm 300 v 300} vm
1] I ]

Fig. 5. BSE analysis of the microstructure in the cross section of the welded joint of the VTI-4 alloy produced
by K-PAW
a — fusion zone (FZ); b — fusion line (FL); ¢ — HAZ1; d — HAZ2; e — HAZ3; f— HAZ4 and base material (BM)

Puc. 5. Pesynbratsl BSE-aHann3za MUKpPOCTPYKTYPBI B TIONIEPEYHOM CEUYEHU UM CBAPHOTO coelMHeHUs 13 crtaBa BTU-4,
MOJIYYEHHOTIO IJIa3MEHHOI CBapKOI MPOHUKAaIOIIE 1yroi

a — 30Ha utasienust (3I1); b — munus crasnenus (JIC); ¢ — 3TB1; d — 3TB2; e — 3TB3; f— 3TB4 u ocHoBHoIt MaTepuan (OM)

Fig. 6. EBSD analysis of a welded joint of VTI-4 alloy in the cross section of the weld obtained by K-PAW

a — center of the weld; b — from the fusion zone to the base metal

Puc. 6. EBSD-kapT1sl cBapHOTO coeinHeH s U3 crijiaBa BTH-4 B momepeyHOM ceYeHUM CBapHOTO 1IBa,
MOJYYEHHOTO MJIa3MEHHOUN CBAPKOUW MPOHUKAIOWIEN AyTrOn

a — 1ICHTP CBApHOTIO 111Ba; b— Y4aCTOK OT 30HbI IJIaBJICHUs 10 OCHOBHOIO ME€TaJl1a
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Unlike the BM, in HAZ4, during heating, the O-pha-
se partially transforms into the B-phase, while the
0,-phase mainly remains.

The transition from HAZ2 to HAZ3 and HAZ4
is gradual and accompanied by the appearance of the
0,-phase and an increase in its proportion in the struc-
ture. During the transition from HAZ4 to BM, an in-
crease in the O-phase content is observed. Zones of
thermal influence with phase composition, morphology,
and size similar to those described above were also ob-
served in previous studies [25—27].

During the heat treatment process, within the fu-
sion zone (FZ), needle-like O-phase particles with
lengths ranging from 1.1—2.9 pum and thicknesses
of 0.21£0.15 um were precipitated (Fig. 7, a). In the
HAZ]1, precipitations of o,-phase with sizes of 0.6+
+0.2 pm formed along the boundaries of large [3-grains,
with an overall volume fraction not exceeding 1 %. In-
side the B-grains, particles of the O-phase with lengths
ranging from 0.8—2.1 um were observed (Fig. 7, b). In
the HAZ2, needle-like O-phase and o,-phase precipi-
tations were observed inside and along the boundaries of
B-grains, respectively. Additionally, globular o,-phase

8O

10 um * 10 pum

300 pm

2 ©

\

10 pm

300 pm

particles were found inside the B-grains (Fig. 7, ¢, d).
In the HAZA4, particles of o,-phase close to equiaxed
shape with diameters of 0.7—3.5 pm, located along the
boundaries of B-grains, and needle-like particles of the
O-phase with lengths of 1.1—2.4 pum inside the B-grains
were also observed (Fig. 7, e). In the base metal (BM)
zone, a large number of globular a,-phase particles
with sizes ranging from 1.2—4.5 um were present, pre-
dominantly along the boundaries of primary B-grains
(Fig. 7, f). The BM zone differs from HAZ4 in its low-
er content of B-phase and higher content of O- and
op-phases: 43.7 %, 46.0 %, and 10.3 %, respectively,
compared to 46.0 %, 45.0 %, and 9.0 % in HAZA4.

The distribution of microhardness across the trans-
verse section of the weld is shown in Fig. 8. The width
of the fusion zone (FZ) ranges from 3 to 6 mm and is
within the range of —3 to 3 mm on the graphs, with a
microhardness of 360£15 HV) ,. The heat-affected zone
(HAZ) extends several millimeters on both sides, and
the microhardness approaches the values of the base
metal (BM) (420£15 HV,,). Thus, the width of the
HAZ is 4—5 mm.

It is noteworthy that the microhardness profile at dif-

: :IJ\ ()\ n

300 pm

300 pm

Fig. 7. The results of the BSE analysis of the microstructure in the cross-section of the welded joint of the VT1-4 alloy,

obtained by K-PAW followed by heat treatment

a — fusion zone (FZ); b — HAZ1; ¢ — HAZ2; d — HAZ3; e — HAZ4; f— base metal (BM)

Puc. 7. Pesynbrarel BSE-aHanu3za MUKPOCTPYKTYPHI B ITOMEPEYHOM CEYEHU M CBApHOTO coelnHeHus u3 criaa BTU-4,
MOJIYYEHHOTO TJIa3MEeHHOM ¢cBapKOil MpOHMKAlOIIEH AYyTroli ¢ moclieayolIei TepMuUecKoil 00padboTKo

a — 3oHa masnenus (311); b — 3TBI1; ¢ — 3TB2; d — 3TB3; e — 3TB4; f— ocHoBHoI1 MeTa/u1 (OM)
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Fig. 8. Microhardness of the initial plate (HV,, , BM) and welded joints of the VTI-4 alloy in the cross section
of the weld obtained by K-PAW (HV,, , K-PAW) with subsequent heat treatment (HV,, , K-PAW + HT)

| K-PAW — keyhole plasma arc welding, HT — heat treatment]|

Puc. 8. YcpenHeHHbIe 3HaUEHU I MUKPOTBEPAOCTU UCXOIHOM 3aroToBKu (OM) u cBapHbIX coearHeHu# us criasa BTU-4
B [IONEPEYHOM CEUEHU U CBAPHOTO 111Ba, MOJYUYEHHBIX MJIa3MEHHOI cBapKoii npoHukauiei nyroi (I1C)

¢ TIocJieAyIolei TepMmudeckoii oopadorkoii (ITC + TO)

ferent levels of the weld remains nearly the same. It is
known [28] that for Ti,AINb alloys, dispersion strength-
ening of the O-phase is the main strengthening mecha-
nism. Therefore, due to the absence of the O-phase, the
microhardness is lowest in the FZ and HAZ1 immedi-
ately after welding. However, as the transition from the
FZ to the BM occurs, it increases [29].

After heat treatment (quenching + aging), the micro-
hardness level slightly increases in the FZ and HAZ1 to
382120 HV,, (Fig. 8). At the same time, a decrease in
microhardness to 310—380 HV,) , is observed in HAZ3
and the BM. The hardness profile is closely related to
the structural state in each zone. The increase in micro-
hardness in the FZ is primarily associated with the pre-
cipitation of fine O-phase during heat treatment [24; 28].
However, a noticeable decrease in microhardness was
observed in the BM and HAZ4, which can be explained
by the softening effect of static recovery and recrystalli-
zation [30].

The tensile test diagrams of samples cut from the
original forged blank, as well as the welded joint be-
fore and after heat treatment (HT), are presented in
Fig. 9. The mechanical properties of the welded joint
without HT are at a level higher than 80 % of the pa-
rameters of the original blank (6, = 1020 MPa, 6., =
= 1010 MPa); however, elongation to failure of the
weld is substantially lower (0.5 %), which may be at-
tributed to the formation of large dendrites of the
B-phase in the fusion zone (FZ) [31]. The mechanical
properties of the welded joint after HT reach a level
exceeding 90 % of the initial state (6., = 1120 MPa,
Oy, = 1090 MPa). Thus, heat treatment contributes to
an increase in mechanical properties by approximately
10 % compared to welded joints obtained under plas-
ma welding conditions without subsequent heat treat-
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ment. At the same time, elongation to failure of the
welded joint reached 2.1 %.

Fracture of the base metal after tensile testing mostly
exhibits a ductile relief, however, zones of ductile failure
with the formation of dimples and quasi-brittle cleavage
facets are identified, explaining the higher ductility of
the material (Fig. 10, ¢, d). In the welded joint, failure
occurs through the FZ, and a ductile relief is observed
on the fracture surface (Fig. 10, a, b). Microcracks and
pores, which could have opened up or become place of
failure, were not detected.

The observed fracture is characteristic of welds
with a B-phase structure [24; 25], where fracture in-
volves the splitting of the crack at the base of the duc-
tile pattern. In this case, transgranular brittle fracture
explains the low ductility of the material [31]. Weld-
ed joints after HT fail through a mixed mechanism
of inter- and transgranular fracture (Fig. 10, e—Ah).

Engineering stress, MPa

1300
—— K-PAW
- —— K-PAW +HT
9004 — BM ’|
500~
100 T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10
Engineering strain, %

Fig. 9. Tensile diagram of the base metal (BM), welded joint
(K-PAW) of the VTI-4 alloy with subsequent heat treatment
(K-PAW + HT) obtained by K-PAW

Puc. 9. [lnarpaMmMbl pacTsikeHUsI OCHOBHOT'O MeTaJljia
(OM), cBapHoro coennHeHus (I1C) u3 crrtaBa BTU-4,
TMOJIYYEHHOTO TIJIa3MEHHOM CBApKOU C MOCJIeAYyoLIeH
Tepmuueckoit oopadotkoii (ITC + TO)
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The fracture occurs at the boundary (fusion line) be-
tween the weld and the HAZI1. Obviously, the preci-
pitation of the O-phase in the FZ contributed to the
strengthening of the weld, and failure occurred at the
FZ/HAZ]I interface. Cracks along the boundaries of
large B-phase grains are observed on the fracture sur-
face (Fig. 10, g, h), as well as facets of transgranular
fracture.

Thus, compared to TIG welding of Ti,AINb-based
alloys [8; 32], keyhole plasma arc welding maintains

2 mm
|

a large dendritic structure in the weld, but due to the
increased thickness of the welded metal and welding
speed, the productivity of the process for producing
non-detachable joints significantly increases. Further-
more, after heat treatment (HT), the mechanical prop-
erties of the welded joints reach levels close to those of
the base metal (>90 %).

In comparison to laser beam welding of VT1-4 ti-
tanium aluminide-based alloys, which are similar in
structure and properties to the original blanks [15],

Fig. 10. Morphology of fracture surface of samples after tensile tests: @ — general view of the fracture of the welded joint (WJ);
b — morphology of the fracture surface of the WJ; ¢ — general view of the fracture of the base metal (BM); d — morphology
of the fracture surface of the BM; e — general view of the fracture of the WJ after heat treatment (HT); f/~h— morphology

of the fracture surface of the WJ after HT

Puc. 10. TToBepxHOCTH pa3pylIeHUsT 00pa3IoB MOC/Ie UCTIBITAHWI Ha pacTSXKeHKE: OO BUI 1 MUKPOCTPOECHME
M3JI0MOB CBapHOTo coennHeHus (a, b), ocHoBHOro metaJsuia (¢, d) U CBapHOTro COeIMHEH U ST

rocie TepmMmoodpadboTku (e—h)
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K-PAW ensures the absence of porosity in the weld due
to the specific dynamic impact of the plasma arc dur-
ing welding. Despite the large dendritic structure of
the weld after K-PAW (~750 pum), the level of mechan-
ical properties of such dense, defect-free (no porosity)
welded joints is close to that of welds obtained by pulsed
laser beam welding [15].

Conclusion

Within the scope of this study, the keyhole plasma
arc welding (K-PAW) mode for 4 mm thick plates made
of VT1-4 alloy was determined to achieve defect-free
welded joints, consisting of the fusion zone, heat-af-
fected zone, and base metal. The HAZ structure af-
ter welding, depending on the phase composition and
morphology of the phases, can be divided into the fol-
lowing zones: HAZ1 — zone of large B-phase grains
near the fusion line; HAZ2 — zone of large B-phase
grains with o,-phase particles; HAZ3 — zone with
more fragmented B-phase grains with a large amount
of o,-phase preserved; HAZ4 — zone containing f3-,
0,-, and O-phases.

The microhardness of the weld in the FZ corre-
sponds to 36015 HV,,, and after heat treatment
(HT) (quenching at # = 920 °C, holding for 2 h, air
cooling, aging at 800 °C, T = 6 h, air cooling), it in-
creases to 382+20 HV0.2 due to strengthening from
the precipitation of fine O-phase particles. The me-
chanical properties of the welded joint after HT are
above 90 % of the parameters of the original forged
blank (6, = 1120 MPa, 6, = 1090 MPa), with elon-
gation to failure approaching the original state (5 =

=2.1%).
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Selection of heat treatment

and its impact on the structure and properties

of AK1I0M2N—-10%TiC composite material obtained
via SHS method in the melt

A.R. Luts, Yu.V. Sherina, A.P. Amosov, E.A. Minakov, 1.D. Ibatullin

Samara State Technical University
244 Molodogvardeyskaya Str., Samara 443100, Russia

4 Alfiya R. Luts (alya_luts@mail.ru)

Abstract: The composite materials based on the Al—Si system alloys, strengthened with a highly dispersed titanium carbide phase, possess
improved characteristics and belong to the group of promising structural materials. Currently, self-propagating high-temperature synthesis
(SHS) based on the exothermic interaction, wherein titanium and carbon precursors directly involve in the melt, is the most accessible and
effective method to obtain them. This paper proves the feasibility and demonstrates the successful synthesis of a 10 wt.% titanium carbide
phase in the melt of the AKIOM2N alloy, resulting in the AKIOM2H-10% TiC composite material. Samples of the matrix alloy and the
composite material were subjected to heat treatment according to the T6 mode, with various temperature-time parameters for hardening and
aging operations. Based on the results, optimal heat treatment modes were selected to ensure maximum hardness. We studied the macro- and
microstructure of the obtained samples and performed micro X-ray spectral and X-ray diffraction phase analyses. Different groups of properties
underwent comparative tests. It was established that the density of AK1I0M2N—10%TiC samples before and after heat treatment, according to
optimal modes, is close to the calculated value. We showed that the combination of reinforcement and heat treatment significantly increases
hardness, microhardness, and compressive strength, with a slight decrease in ductility. Additionally, it maintains the values of the coefficient
of thermal linear expansion, high-temperature strength, and resistance to carbon dioxide and hydrogen sulfide corrosion at the level of the
original alloy. The greatest effect was observed during the investigation of tribological characteristics: heat treatment of the composite material
according to the recommended mode significantly reduces the wear rate and friction coefficient, eliminates seizure and tearing, and prevents
temperature rise due to friction heating.

Keywords: composite material, aluminum, melt, titanium carbide, self-propagating high-temperature synthesis (SHS), heat treatment.
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Bbi0op TepMuuecKoii 00padOTKH M UCCJIeJOBAHNE

ee BJMSAHNUS HA CTPYKTYPY U CBOICTBa
kommno3unuonnoro marepuaja AK1I0M2H—-10%TiC,
noJjydenHoro meroaom CBC B pacniaBse

A.P. JIyn, 10.B. Illepuna, A.Il. Amocos, E.A. Munaxkos, 1./I. MoaTyima

Camapckuii rocy1apcTBeHHbI TeXHUYECKHIA YHUBEPCUTET
Poccus, 443100, r. Camapa, yi1. MononorBapaeiickasi, 244

P4 Anbousa Pacumosna Jlyn (alya luts@mail.ru)

AunHotanus: KoMno3niiMoHHbIe MaTepuasbl Ha OCHOBE CIJIaBOB cUcTeMbl Al—Si, ympouHeHHbIE BbICOKOAMUCTIEPCHOM (a3oil KapOu-
1a TUTaHa, XapaKTepU3YyIOTCs YAYYIIEHHBIMU CBOMCTBAMM M OTHOCSITCSI K TPYTIINE MePCHEeKTUBHBIX KOHCTPYKIIMOHHBIX MaTepuajoB.
B HacTosiee BpeMst HauboJjiee TOCTYITHBIM U 3D GHEKTUBHBIM CITOCOOOM MX TIOJYUEHUs SIBISIETCSI CaMOPACTIPOCTPAHSTIONINTICS BBICO-
koremrnepaTypHblit cuHTe3 (CBC), 0CHOBaHHBII Ha 9K30TEPMUUYECKOM B3aUMOJIEUCTBUM NMPEKYPCOPOB TUTAHA U yTJIEpOJa HETIOCPEeI-
CTBEHHO B pacriyiaBe. B pabote o60cHOBaHa 11e71ecO00Pa3HOCTD M TTOKa3aH yCIelHbli onbIT cuHTe3a 10 Mac.% da3bl kKapouga TuTaHa
B pacrurase criaBa AK10M2H u moaydeHust KomnosurnoHHoro Mmarepuana AKI0M2H—10%TiC. Ha o6pa3siax MaTpUIHOTO CIIaBa U
MOJIYYEeHHOTO Ha €r0 OCHOBE KOMITO3UIIMOHHOTO MaTeprajia peajn3oBaHa TepMudeckas 00paboTka 1mo pexxumy T6 ¢ pa3audHBIMU TEM-
nepaTypHO-BpPEeMEHHBIMU MTapaMeTpaMy ONepaluil 3aKajlky U CTapeHUsI, IO pe3yJbTaTaM KOTOPBIX BHIOpaHbI ONTUMaIbHbIE YCIOBU S
TepMO0OOpPabOTKH, obecreunBalolIe MoTyueHne MaKCuMaabHOU TBepaocTu. MccnenoBana Makpo- 1 MUKPOCTPYKTYpa, MPOBEAECHBI
MUKPOPEHTTEHOCTEKTPaAbHbI/ U PEHTTeHO(a30BbIii aHATU3bI MOJYYSHHBIX 00pa31oB. BbIMOTHEH KOMIJIEKC CPABHUTEIbHBIX UCTIbI-
TaHMUi1 pa3HBIX IPYIIT CBOCTB. YcTaHOBIEeHO, 4TO 00pa3ibsl AKI0M2H—10%TiC no u nociie mpoBeaeHUsI TEPMUUYECKON 00paboTKH 10
ONTUMAaJbHBIM PEXMMaM UMEIOT MJIOTHOCTb, OJU3KYIO K pacyeTHOMY 3HauyeHUIo. [TokazaHO, YTO COBMECTHOE MPOBEIEHUE apMUPO-
BaHUS U TEPMOOOPAOOTKM CIOCOOCTBYET CYLIECTBEHHOMY MOBBIIIEHUIO NTOKa3aTeaeil TBEPAOCTH, MUKPOTBEPAOCTH U MPOYHOCTH Ha
cxKaThe Py He3HAYMTEJIbHOM YMEHbIIEHUM TIJACTUYHOCTH, a TaKKe MO3BOJISIET COXPAHUTDh 3HaYeHUsI KO3 dHIIMeHTa TEepMUUIECKO-
ro JUHEWHOTO pacUIMpPeHUsl, KapOMPOYHOCTH M CTOMKOCTU K YIJIEKMCIOTHON M CepOBOIOPOIHON KOPPO3UM Ha YPOBHE MCXOIHOIO
crutaBa. HauGonbimmii ahhekT oTMeueH mpu ncclieIOBAaHUM TPUOOJIOTHISCKUX XapaKTePUCTUK: TTPOBEICHNE TEPMUIECKOI 00paboTKU
KOMTIO3UIIMOHHOTO MaTepualia Mo peKOMEeHIOBAHHOMY PEXHMMY CTIOCOOCTBYET CyIIECTBEHHOMY CHUKEHUIO CKOPOCTHU U3HAIIIMBAHU S
1 Ko3(DdOULIMeHTa TPEeHM s, TO3BOJISIET UCKIIOUNTDH CXBAaThIBAHUE U TTOSIBJICHME 3aJUPOB, a TAKKE HE NOTYCTUTD MOBBIIIEHU ST TeMIIepa-
TYPBI BCJIEACTBUE Pa30TpeBa MPU TPEHUU.

KioueBbie cjioBa: KOMITO3MIIMOHHBIN MaTepuas, aJlOMUHUIA, pacrjiaB, KapOua TUTaHA, CAMOPACIIPOCTPAHSIIOIINIACS BHICOKOTEMITEpa-
TypHbIit cuHTe3 (CBC), Tepmuueckas oopaborka.

Ias putuposanus: Jlyu A.P., lllepuna 10.B., Amocos A.Il., Munakos E.A., M6arynnun U./1. Beibop Tepmuieckoit 00paboTKU U UC-
clie[IOBaHNE €€ BAUSHUS Ha CTPYKTYPY U CBOMCTBA KoMIo3unonHoro matepuana AKI0M2H—10%TiC, monyuennoro metonom CBC
B pacniaBe. Mzeecmus 6y306. Lleemnas memannypeus. 2024;30(2):30—43.
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Introduction

The Al—Si system alloys, commongly known as si-
lumins, are among the most common cast aluminum
alloys. They are characterized by high casting proper-
ties, satisfactory weldability, and corrosion resistance,
making them suitable for manufacturing medium
and large critical duty cast parts such as compressor
housings, crankcases, cylinder heads, pistons, and more.

Special alloys, which contain additional alloying
components besides silicon, such as Cu, Mg, Mn, Ti,
and less frequently Ni, Zr, Cr, etc., are the most com-

mon. The introduction of such additives enhances the
strength characteristics of silumins, and the presence
of copper and magnesium allows for heat treatment
according to the T6 mode, which includes harden-
ing followed by artificial aging to achieve additional
strengthening. However, it remains important to find
ways to further enhance the mechanical properties of
silumins, as even after alloying and heat treatment,
their properties remain lower than those of duralu-
mins [1].
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One of the most promising approaches is creat-
ing casting composite materials based on silumins by
combining a matrix alloy with a dispersed phase con-
stituted of particles of silicon or titanium carbides [2;
3]. Silicon carbide is produced in large volumes and
is more affordable. However, it can react with the SiC
filler and the matrix, forming the hexagonal lamellar
Al4C3 phase, which leads to instability in physical
and mechanical properties and a decrease in corrosion
resistance [4]. Titanium carbide reinforcement is less
common but is a better choice: firstly, unlike the SiC
hexagonal lattice, titanium carbide has a FCC lattice
close in size to the lattice of matrix aluminum, so dis-
persed particles of this compound can effectively act
as crystallization centers. Secondly, titanium carbide
is characterized by higher physical and mechanical
properties, such as a melting point of 7 ., = 3433 K
(compared to 2873—2970 K for SiC); Young’s mo-
dulus E = 440-10° N/m? (>3350-10° N/m?); hardness
HV = 32-10° N/m? (24+:28-10° N/m?); strength G, =
= 1.2+1.54-10° N/m? (0.4+1,7-10° N/m?) [5].

The final characteristics of composite material
reinforced with dispersed carbide phases are largely
determined by its production method [6; 7]. In terms
of technological availability and cost-effectiveness,
liquid-phase methods are preferable. These methods
are subdivided into ex situ, where reinforcing particles
are prepared in advance outside the matrix and later
introduced into the melt, and in situ, where reinforc-
ing particles are synthesized by chemical reactions di-
rectly in the matrix alloy during composite fabrication
[8]. The most common method from the first group is
mechanical mixing, which often leads to contamina-
tion with oxides and impurity elements and excludes
the possibility of obtaining a highly dispersed rein-
forcing phase, as the particles tend to agglomerate [9].
The more promising method from the second group,
self-propagating high-temperature synthesis (SHS),
does not have these disadvantages. It can be imple-
mented on standard foundry equipment, is character-
ized by low energy consumption due to the short du-
ration of the process, and most importantly, it enables
the synthesis of the titanium carbide phase from initial
powders of carbon and titanium (or their compounds)
with particle sizes from 100 nm in a wide range of con-
centrations [10].

A number of studies on liquid-phase reinforcement
of silumins with carbide phases have been conducted
in Russia. The study in [11] shows that mechanically
mixing SiC particles into AK12, AK9, and AL25 alloys
contributes to a deterioration of the castings’ dendritic
parameter and an increase in the modulus of elasticity,
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hardness, and bearing capacity. In [5; 12], researchers
compared antifriction compositions based on the AK12
and AK12M2MgN alloys reinforced with dispersed SiC
or TiC particles in amounts of 5 or 10 wt.%, with and
without intermetallic phases (Al;Me type compounds).
It was found that the optimal filler is a titanium carbide
phase in the amount of 10 wt.%, as this increased wear
resistance up to 10 times and reduced the coefficient of
friction by 60 %.

There are also several publications on heat treat-
ment of silumin-based composites [13—16]. The paper
[14] showed that the AK12M2MgN alloy, reinforced
with endogenous (formed in the melt) AlTi, Al;Ti,
AL3Ni, etc. phases and exogenous (introduced from
outside) SiC and Al,03 nano- and microparticles in
the amount of 0.1 wt.%, exhibits a hardness increase
of 50 MPa at r = 20 °C and 30 MPa at 300 °C. After
heat treatment (holding at 515 °C, quenching in water,
and aging at 210 °C), the hardness increased by 110—
160 MPa and 60—80 M Pa, respectively. Similar results
were obtained in [15; 16], where mechanical stirring
of SiC dispersed phase up to 15 wt.% into the AK9h,
AKI2MMrN, and A359 alloys with subsequent T6 heat
treatment accelerated the aging process and increased
hardness overall. The authors attributed this to the en-
hanced density of dislocations in the composites and
the difference in elastic moduli between the matrix and
the reinforcing phase.

These studies provide convincing evidence that
producing and thermally treating composites based
on silumins is promising. However, it is also clear that
domestic developments mainly focus on obtaining
composites through mechanical stirring and primar-
ily use silicon carbide as the filler. In contrast, foreign
studies cover a wider range of production methods and
composite structures. For instance, foreign research-
ers show significant interest in titanium carbide, both
introduced from the outside and formed in the melt
of silumins by the SHS method [17—20]. In [20], re-
searchers added an Al + Si powder mixture in amounts
of 0—40 % to a charge of titanium and graphite, then
mixed, pressed in an argon atmosphere, and intro-
duced it into the Al—Si eutectic melt heated to 900 °C.
X-ray phase analysis showed that at any content of Al
and Si powders, the final composite structure includ-
ed only Al, Si, and TiC phases, confirming that SHS
of the carbide phase can be conducted directly in the
silumin melt.

Care must be taken when selecting the tempera-
ture modes for creating and heat treating such com-
posites, as several studies indicate that the titanium
carbide phase becomes thermally unstable at high
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temperatures and long holding periods in the presence
of silicon [21—24]. In [22], 10 wt.% TiC particles were
introduced into the A1—7%Si melt heated to 700 °C.
After crystallization, the samples were oven-exposed
at temperatures ranging from 500 to 1000 °C for 6
hours. It was found that in the range of 600—800 °C,
titanium carbide decomposes, forming Ti—Al—Si
ternary phase and Al,C5 intermetallic phase, while at
temperatures above 800 °C, the reverse process occurs,
and the carbide phase content nearly restores to the
initial level. However, [23] demonstrated that during
a 20-minute holding at 800 °C of the Al—12Si/TiC
composite, titanium carbide decomposes completely
and irretrievably because silicon atoms diffuse into the
lattice of titanium carbide.

A similar conclusion was made in [24]. At tem-
peratures of 750 and 800 °C, TiC particles decompose
to form Al4C; and TiAlSi, phases, and at 900 and
1000 °C, they form Al4C; and TiAl,Si, phases, and at
=900 and 1000 °C, to form Al4C; and Ti;SiC,.

All authors agree that the carbide phase can degrade
at high temperatures of the silumin melt and during
prolonged holding times. Therefore, the SHS method is
particularly relevant, as it requires minimal time and the
entire cycle of obtaining the composite material, from
charge input to crystallization of the finished product,
lasts no more than 10 minutes, which is insufficient for
carbide phase decomposition.

Another important issue is phase formation in the
presence of other alloying elements and carbide phase
particles. The study [25] explores the influence of 1 % Fe
on the structure and properties of the Al—12%Si—
1%Fe—(0.4—0.8)%TiC composite obtained by the SHS
method. It was found that with increasing titanium
carbide content, o-AlgFe,Si of favorable morphology
forms instead of the sharp-angled $-AlsFeSi phase, en-
hancing the tensile strength from 148.2 to 198.7 MPa,
the yield strength from 84.7 to 93.5 MPa, and the rela-
tive elongation from 2.3 to 4.93 %.

Several studies have focused on the addition of
magnesium, with varying findings. The authors of
[26] mixed 10 wt.% TiC into the silumin composi-
tion Al—14.2%Si—0.3%Myg, additionally introduced
1 wt.% Mg, and subjected the mixture to heat treat-
ment (holding at 525 °C, quenching in cold water, and
aging at 151—155 °C). They attributed the significant
increase in wear resistance to the uniform carbide
phase distribution, decreased surface tension, and in-
creased wettability caused by the presence of magnesi-
um. However, in [27], which studied phase formation
in an Al—Mg—Si alloy reinforced with 2 % TiC du-
ringagingat 160 °C, it was found that the carbide phase

prevents the formation of Guinier—Preston zones and
the release of strengthening metastable Mg—Si pha-
ses in the aluminum matrix. As a result, after heat
treatment, the maximum hardness of the compo-
site (75.8 HV) was lower than that of the matrix alloy
(123 HV). The role of magnesium is also negatively
evaluated in [28], where the Al—3.5vol.%TiC alloy
obtained by the SHS method was introduced into the
Al—10%Si melt at 850 °C to form 2 vol.% TiC, with
0.2—0.4 wt.% Mg added to some samples. After syn-
thesis, the samples were subjected to heat treatment
(holding at 540 °C, quenching in cold water, and ag-
ing at 160 °C). Based on the microstructure analy-
sis, the authors concluded that the Mg,Si compound
forms but segregates near TiC particles and facilitates
the interaction between carbide particles and silicon.
This leads to the formation of complex phases such as
Al;TiSi,C,, and Al3Ti, which slightly enhance hard-
ness and strength but significantly reduce the mate-
rial’s ductility.

Thus, the process of structure formation in compos-
ites based on special silumins is not entirely clear, but
it is evident that their aging kinetics differ significantly
from those of initial silumins, and the phase compo-
sition can undergo significant changes. However, all
studies indicate that the presence of a carbide phase
contributes to enhanced hardness and wear resistance
[29; 30]. This suggests that such reinforcement is most
appropriate for tribological materials requiring this
complex of properties, such as heat-resistant piston
aluminum alloys. In this group, the most widespread
materials are special silumins with nickel, particular-
ly the AKI1I0M2N alloy, which is extensively used to
manufacture piston castings for internal combustion
engines. Previous studies conducted by Samara State
Technical University demonstrated the feasibility of
conducting SHS with AKI0OM2H silumin containing
10 wt.% TiC. This process reduced the friction coeffi-
cient of the composite material by three times without
subsequent heat treatment, while increasing the sei-
zure load by at least 1.5 times compared to the matrix
alloy [31].

To further enhance the material’s characteristics,
we conducted this study to select the optimal heat treat-
ment mode and investigate its effect on the structure and
properties of the AK10M2N-10%TiC composite materi-
al obtained via SHS in the melt.

Research methodology

The AK10M2N alloy produced by “Sammet” LLC
(Russia) according to GOST 30620-98, was used as
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a matrix for the melt. To obtain a charge mixture,
powders of titanium (TPP-7, TS 1715-449-05785388)
and carbon (P-701, GOST 7585-86), taken in a stoi-
chiometric ratio for the SHS reaction Ti + C = TiC,
were mixed with salt Na,TiFg (GOST 10561-80) in
the amount of 5 % of the charge mass. The resulting
composition was then divided into 3 equal portions,
wrapped in aluminum foil and alternately introduced
into the silumin melt heated to a temperature of
900 °C in a graphite crucible of a PS-20/12 melting
furnace (Russia) for conducting SHS reaction and ob-
taining composites.

To study the microstructure, the samples were etched
with a solution of 50%HF + 50%HNO; for 10—15 s.
Metallographic analysis was carried out on a JSM-6390A
scanning electron microscope (“Jeol”, Japan) equipped
with a JSM-2200 module for micro X-ray spectral ana-
lysis (MXSA).

The phase composition was determined by X-ray
diffraction (XRD) phase analysis. X-ray spectra were
recorded on an ARL X’trA automated diffractometer
(“Thermo Scientific”, Switzerland) using CuK,-radi-
ation with continuous scanning in the range of angles
20 = 20°+80° at a speed of 2 degrees/min. HighScore
Plus software (PANalytical B.V., the Netherlands) was
used to analyze the diffractograms.

The samples were subjected to thermal treatment in
a SNOL laboratory chamber furnace with an operating
temperature reaching 1300 °C.

The density of experimental samples was determined
by hydrostatic weighing on VK-300 scales (Russia) of the
4th accuracy class according to GOST 20018-74.

The method based on measuring the elongation of
cylindrical rods, 60 mm long and 7 mm in diameter,
during heating was used to estimate the coefficient of
thermal linear expansion (CTLE). The CTLE value was
measured on a mechanical dilatometer under the follow-
ing conditions: TXA thermocouple, type K; duration —
5 h; temperature limit value — 300 °C; the measurement
interval — 25 °C. CTLE was calculated according to the
formula

L=1
a=—
Lt 1)

where o is the temperature coefficient of linear expan-
sion, K7'; t; and t, are initial and final test temperatu-
res, K; /; and /, are sample lengths corresponding to #
and 75, mm.

Hardness of samples was determined on TSH-2M
hardness tester (Russia) according to GOST 9012-59,
after which the impression diameter was assessed on
a Motic DM-111 microscope (Russia) and analyzed
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using the Motic Educator software. The microhard-
ness of the samples was measured on a standard
PTM-3 microhardness tester (Russia) according
to GOST 9450-76 using a diamond-pyramid hard-
ness test with a square base and an interface angle
at the apex of 136°; the weight on the indenter was
100 g. Compression tests were carried out according to
GOST 25.503-97 on type 111 samples with the diame-
ter dy = 20 mm under a load up to 300 kN. To evaluate
the heat resistance, compression tests were performed
at temperatures of 150 and 250 °C using an Instron
8802 universal machine (USA) with a 3119-406 ther-
mal chamber at a load of 100 kN; the thermocouple
was mounted directly on the sample; the traverse speed
reached 1 mm/min.

Corrosion resistance was evaluated according to
GOST 13819-68 in the Coat Test 3.3.150.150 auto-
clave complex under the following conditions: an aque-
ous solution of 5 % NaCl; gas phase CO, (1 Pa) + H,S
(0.5 MPa) + N, (3.5 MPa) at 80 °C; duration — 240 h;
total pressure — 5 MPa. Corrosion resistance parame-
ters were calculated according to GOST 9.908-85.

Tribological tests were carried out using the “Univer-
sal-1B” universal tribological complex (Russia), accord-
ing to the ring-plane test scheme, which simulates the
operating conditions of friction surfaces “piston — pis-
ton pin” in the internal combustion engine in the follow-
ing mode: normal contact load — 400 N; counterbody
rotation speed — 600 rpm (average linear velocity in the
contact zone is 0.157 m/s); test duration — 60 min (or
until complete seizure).

Results and discussion

During the TiC synthesis, an active and rapid
SHS reaction with bright flashes was observed in the
AKI10M2N melt. The fractures of AKIOM2N-10%TiC
samples obtained after solidification were characterized
by homogeneous gray color, had neither foreign inclu-
sions nor residues of unreacted charge.

The AKI0OM2N alloy belongs to the group of spe-
cial piston silumins with nickel addition. The T1 mode,
that includes artificial aging only, can be used for its
heat treatment aimed at enhancing its strength charac-
teristics. Moreover, the material partially hardens du-
ring cooling in the casting mold, but in this case hard-
ening will not be significant. More frequently the T6
mode is used. It includes hardening within the range of
515—535 °C and artificial aging in the interval of 160—
190 °C [32—34]. Based on the review of the recom-
mended modes, the following were selected as expe-
rimental ones:
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1) heating for hardening at ¢ = 515 °C for 1—2 h
with cooling in cold water and aging at = 190 °C for
1—6 h;

2) heating for hardening at ¢ = 535 °C for 1—2 h
with cooling in cold water and aging at t = 160 °C for
1—6 h.

Hardness was used as a quantitative criterion to eval-
uate the heating effect.

The analysis of the obtained results showed that the
maximum hardness values are achieved by heating for
hardening at ¢t = 515 °C followed by artificial aging at
t = 190 °C for 2 h, but with different periods of hold-
ing for hardening: for the AKIOM2N matrix alloy the
maximum hardness of 152 HB was observed after 2 h
of holding, while for the AKIOM2N—10%TiC sample,
the hardness of 171 HB was registered after 1 h of hold-
ing (Fig. 1). The highly dispersed particles of titanium
carbide obviously contribute to the increase in vacancy
concentration, dislocation density, grain refinement,
which, in combination, intensify structural transforma-
tions. The above modes were found to be optimal, and
further studies were performed after these types of heat
treatment.

The microstructural study of the samples after heat
treatment revealed that many rounded particles, their
sizes ranging from 180 nm to 2 um, were present in the
composite (Fig. 2). MXSA that was conducted further
(Fig. 3) indicates the presence of Ti and C in the com-
posite structure, which confirms their assimilation in
the melt, as well as other elements (Si, Cu, Mg, Ni, and
Fe) included in the initial AK10M2N alloy.

According to the sources [1; 32], after heat treat-
ment of piston silumins, magnesium is usually pre-
sent in their structure in an amount of about 1% in the

Hardness, HB

190 ] “
170 4 sk 10M2N-10%TiC
150
130:
110 |
0 > 5 6 T, h

form of eutectic inclusions of the Mg,Si phase, but it
can also form other Mg-containing compounds. Cop-
per in alloys with nickel forms the main strengthening
phases Al,Cu and Als;Cu,MggSiq, as well as ternary
compounds Al;CuyNi and Al;CuNi. Nickel with iron
can form the AlgFeNi compound, eutectic inclusions
of which are undesirable due to rough morphology.
However, the following phases are most likely to form:
AL3Ni, AlgCu;3Ni and Al;(Ni,Cu),. The XRD analysis
was performed to clarify the obtained phase composi-
tion, which revealed the presence of Al,Cu and Al;Ni
intermetallic phases in the matrix alloy and TiC ce-
ramic phase (9 wt.%) in the composite, which is quite
an acceptable level, taking into account some inho-
mogeneity of its distribution, as well as the presence
of the same Al,Cu, Al;Ni phases (Fig. 4). We can also
assume the presence of other phases from the above-
mentioned list in too small an amount to be detected by
the XRD method.

Investigation of properties

of the AKIOM2N alloy

and the AKI0OM2N—10%TiC
composite material after heat treatment

We conducted comparative studies of the samples of
the initial alloy and the AKIOM2N—10%TiC composite
material before and after heat treatment according to the
recommended modes.

Initially, the density and porosity of the samples were
determined. The obtained data are presented in Table 1.
The comparison of theoretical (p,) and experimental (p,)
density revealed that these values are very close and the
porosity is 0. This phenomenon is not typical for pro-

0 Hardness, HB
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AKI10M2N-10%TiC
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Fig. 1. The hardness change of the AKI0M2N alloy and the AK1I0M2N—10%TiC composite material after heating
for hardening with holding for 1 h (@) and 2 h (b) at = 515 °C, cooling in cold water and artificial aging at a temperature

of t=190 °C for 1-6 h

Puc. 1. Usmenenue tBepaoctu ciiaBa AK10M2H u komnosunmonHoro marepuana AK10M2H—10%TiC mociie Harpesa
MoJ 3aKaJKy ¢ BbIAepKKOM 1 U (@) 1 2 4 (b) mpu ¢ = 515 °C, oxJaxxaAeHUsI B XOJOHOI BOJIe U UCKYCCTBEHHOI'O CTapeHU s

rpu £ = 190 °C B TeueHue 1—6 9
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Fig. 2. Microstructure (x500) of the AK10M2N alloy (a) and the AKIOM2N—10%TiC composite material (b)

after heat treatment according to optimal modes

Puc. 2. MukpoctpykTyphl (x500) crtaBa AK10M2H (a) u kommosunmonHoro matepuanra AK10M2H—10%TiC (b)

MocJje TepMUUECKO 00padOTKU MO ONTUMATIBHOMY PEXUMY

50 pm

5 pm

Marker Element content, wt.% Marker Element content, wt.%

number | A Si Ni Cu | Mg number | A; | si | Ti | C | Ni | Cu | Fe
12 45.86 1.93 23.00  28.24 0.96 38 0.44 0.13 7998 1945 — — —
13 41.56 3.26 28.65  26.53 — 39 57.71 12.84 28.09 136 — — —
14 28.01 70.89 1.10 - - 40 1478 0.30 58.02 23.15 196 1.23 0.57
15 97.15 0.97 — 1.72 0.17 41 64.47 279 - 5.58 14.04 8.96 4.15

Fig.3. MXSA analysis of the AKI0M2N alloy (a) and the AKIOM2N—10%TiC composite material (b) after heat treatment

according to the optimal mode

Puc. 3. Pesynbrarsl MPCA cninaBa AK10M2H () 1 komnosunnonHoro marepuaia AK10M2H—10%TiC (b)

ocJjie TEPMUUYECKON 00pabOTKH 11O ONTUMAIBHOMY PEXUMY
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Fig. 4. X-ray diffraction patterns of the AK10M2N alloy (a) and the AKI0OM2N—10%TiC composite material (b)

after heat treatment according to the optimal mode

Puc. 4. Tudpakrorpammel crtaBa AK10M2H (a) u komnosuiimonHoro Mmarepuaia AK10M2H—10%TiC (b)

nocJjie TepMUUIEcKoil 00padOTKU MO ONTUMATIBHOMY PEXUMY

ducts obtained by SHS, but in this case it may indicate a
high level of adhesive bonding at the interfaces.

For piston silumins, which include the AKIOM2N
alloy, the coefficient of thermal linear expansion
(CTLE) is an important parameter [35; 36]. Figure 5
presents the results obtained at temperatures ranging
from 30 to 300 °C. The maximum CTLE values were
29.6:107% K~! and 25.1-107® K~! for the AKI0M2N
sample and 27.8-107® K~' and 26.1:107® K~' for
AKIOM2N—10%TiC before and after heat treatment,
respectively. The obtained values are close and after
heat treatment in both cases slightly decrease, but the
main conclusion is that reinforcement does not low-
er this index. This is especially important if we keep
in mind that the titanium carbide compound’s own
CTLE is higher than, for example, that of silicon carbide
(6.52+7.15-107% K~' and 4.63+4.7-107% K™, respec-
tively).

It should be noted that the obtained results are not
consistent with the conclusions given in [37]. The lat-
ter study proves that CTLE of the composite material
based on the aluminum alloy of the Al—Cu—Mg sys-

tem reinforced with 60 vol.% SiC using the compres-
sion impregnation method depends on the size of re-
inforcing particles. It was also found that as the size of
silicon carbide particles increase (from 50 to 320 pm),
the CTLE value decreases by 15—20 % at r = 20 °C
due to the shrinking proportion of interfacial bound-
aries with an unstable structure. In our case, there are
highly dispersed particles that obviously form a signi-
ficant number of interfacial boundaries, however, no
increase in CTLE is registered. This can probably be
attributed to the high degree of the particles coherence
with the aluminum matrix as crystal lattice parameters
are quite similar.

To evaluate the mechanical properties, we investigat-
ed the flow stress under uniaxial compression (until the
first crack emerges), relative strain, hardness and micro-
hardness (Table 2).

The results obtained showed that reinforcement
with TiC particles to be followed by heat treatment
can significantly enhance the strength and hardness
values while maintaining sufficient plasticity reserve.
These results are particularly noteworthy in view of

Table 1. Density and porosity of the AKIOM2N alloy and the AKIOM2N—10%TiC composite material
Tabanua 1. [TmorHOCTH 1 MopuctocTh 00pasnoB AK1IOM2H n AKIOM2H—-10%TiC

Composition Pt, g/cm3 Pe> g/cm3 P, %
AKI10M2N without HT 2.720 — —
AK10M2N after HT 2720 B B
(hardening = 515°C, t=2h + aging 190 °C, 2 h)
AK10M2N—-10%TiC without HT 2.847 2.831 0
(randening 515C. 1+ ging 190 °C. 21 247 2840 :
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Fig. 5. Change in CTLE of the AK10M2N alloy
and the AK1I0M2N—10%TiC composite material

as a function of temperature

Puc. 5. smenenne KTJIP ctaa AK10M2H
1 KommiozumonHoro matepraia AK1I0M2H—10%TiC
B 3aBUCHMOCTH OT TeMITIepaTyphl

the fact that, according to [5], the introduction of
10 wt.% of reinforcing TiC particles, 40—100 pm in
size, into the AKI12M2MgN aluminum alloy leads
to a decrease in compressive strength from 489 to
470 MPa, and that of the deformation degree from
17.01 to 12.65 %. Obviously, the increased strength in
our study can be attributed to the higher dispersion
of the reinforcing phase and, consequently, its good
wettability and adhesion.

The AKI10M2N alloy belongs to the group of
heat-resistant alloys, therefore, the compressive
strength was further evaluated at elevated tempera-
tures of 150 and 250 °C under a constant load of 100 kN
(Fig. 6).

The analysis of the obtained data indicates that the
values of the flow stress of both the matrix alloy and the
composite material do not change throughout the tem-
perature range.

Table 3 presents the results of evaluating the rein-
forcement and heat treatment impact on the samples
corrosion resistance. The composites had a slightly
higher corrosion depth index. However, in general, as

Table 2. Mechanical and technological properties of the AKIOM2N alloy and the AK10M2N—10%TiC

composite material

Ta6auwa 2. Mexanundeckue cBoiictBa ciutaBa AK10M2H u komnosuunonHoro Mmarepuaia AK10M2H—10%TiC

Sample composition Hardness, Micro-hardness Compression tests
HB HV, MPa o, MPa o %

AKI10M2N without HT 1100 1135 464 24
AKI10M2N after HT

(hardening 515 °C, 2 h + aging 190 °C, 2 h) 1360 1363 558 33
AKI10M2N—-10%TiC without HT 1520 1502 447 22
AKIOM2N—10%TiC after HT

(hardening 515 °C, 1 h + aging 190 °C, 2 h) 1710 1779 587 20

Table 3. Corrosion parameters of the AKIOM2N alloy and the AKI0M2N—-10%TiC composite material

Ta6auua 3. Kopposuonnsie nokasatenu cmuiasa AK1I0M2H n kommosunmonnoro Mmarepuana AK10M2H—10%TiC

Mass loss Change Corrosion Corrosion
.. Mass loss, R . .
Sample composition per unit area, in sample rate, depth index,
£ kg/m? thickness, m g/(m?-h) mm/year
AKI10M2N without HT 0.0009 0.0003 0.0001 0.0012 0.000004
AKI0M2N after HT
(hardening 515 °C, 2 h + aging 190 °C, 2 h) 0.0038 0.0012 0.0004 0.0050 0.000020
AKI0M2N-10%TiC without HT 0.0238 0.0076 0.0027 0.0316 0.000009
AKI0M2N—-10%TiC after HT
(hardening 515 °C, 1 h + aging 190 °C, 2 h) 0.2193 0.0698 0.0245 0.2910 0.000090
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Table 4. Results of comparative tribological tests of the AKI0M2N alloy and the AK10M2N—10%TiC

composite material

Tabnauua 4. PesynbraThl cpaBHUTEIbHBIX TPUOOTEXHUUECKUX UCTTbITaHUI crutaa AK10M2H

1 KommosuimoHHoro Marepuana AK10M2H—10%TiC

Sample Wear rate, Friction Self-heating temperature
p um/h coefficient at friction, °C

AKI10M2N without HT 22.25 0.57 75
AKI10M2N after HT

(hardening 515 °C, 2 h + aging 190 °C, 2 h) 4.25 0.12 70
AKI10M2N—-10%TiC without HT 0.5 0.09 60
AKI10M2N—-10%TiC after HT

(hardening 515 °C, 1 h + aging 190 °C, 2 h) 0.25 0.03 66

Compressive stress ,, MPa

700
1 AK10M2N

Bl AK10M2N-10%TiC

587 587

600' 558

558
5001
4004

3001

241 240

2004

100

20 150 250 t,°C

Fig. 6. Evaluation of the heat resistance of the AK10M2N
alloy and the AK10M2N—10%TiC composite material
after heat treatment according to the optimal mode

Puc. 6. Ouenka xxapormpouHoctu criiaBa AK10M2H
u KoMmno3uinonHoro marepuaia AKI0OM2H—10%TiC
MOCJIe TePMUYECKOI 06pabOTKHU MO ONITUMAJIBHOMY PEXKUMY

it is the case with the matrix alloy, it does not exceed
0.001 mm/year, so we can state that the obtained mate-
rials are quite resistant to corrosion [38].

For the final analysis of tribological characteristics
of prototypes, the conditions for operating friction sur-
faces “piston-piston pin” in the internal combustion
engine were modeled (Table 4).

During the tests, the AKIOM2H sample showed a
tendency for seizure at friction and deep grooves were
detected along the direction of friction, characteristic
of abrasive wear. Heat treatment of the AK10M2N alloy
significantly reduced the rate of wear and tearing, but
the friction coefficient also increased by the end of the
test. Reinforcement of the matrix alloy with the titani-
um carbide phase led to a significant improvement of
tribological characteristics of the AKIOM2N—10%TiC

composite, however, it is heat treatment that enables to
achieve the minimum values of wear rate and friction
coefficient.

Conclusion

The conducted studies showed that heat treatment
of composite materials with a silumin AKI0M2N
matrix reinforced with a highly dispersed titani-
um carbide phase is an effective way to control their
structure and properties. The study established that
SHS of the AKIOM2N-10%TiC composite, followed
by hardening at 515 °C and aging at 190 °C, produc-
es a practically non-porous material and increases
hardness by 35 HB, microhardness by 416 MPa, and
compression yield stress by 29 MPa. Additionally, it
reduces the wear rate by 17 times and the friction co-
efficient by 4 times, while maintaining the values of
the coefficient of thermal linear expansion, corrosion
resistance, and heat resistance at levels typical for the
matrix alloy.
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Abstract: As part of the study, the influence of yttrium content on the properties of particles during controlled precipitation and after thermal
treatment was investigated. Precipitation was carried out at a constant pH of 5 from nitric acid solutions, where the concentration of zirconium was
1 mole/dm3 and the yttrium content ranged from 0 to 30 % based on their oxides. The drying and calcination temperatures of the precipitates were
40 °C and 1000 °C, respectively. It was shown that with a yttrium content of up to 15 %, there was a consistent increase in the average diameter of
zirconium hydroxide particles during deposition. When the yttrium concentration was increased to 30 %, the average particle size increased during
the first 10 minutes of deposition, followed by a gradual decrease. The largest particle diameter was observed in the specimen with 7 % yttrium.
In all cases, the formation of spherical aggregates was observed. With an increasing yttrium content, the boundaries between particles became
smoother, and the degree of co-deposition of yttrium during synthesis decreased from 80 % to 60 %. Depending on the yttrium concentration,
different modifications of stabilized zirconium dioxide powders were obtained: tetragonal ZrO, for 2—7 % yttrium, and cubic ZrO, for 15—-30 %
yttrium. Therefore, the results obtained during the study can be useful for the development of technology for the production of powdered materials
for various applications.
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Annotanus: B paMkax paGoThl TPOBENEHO U3YUCHUE BIUSHUS CONEPKaHUSI UTTPUsI HA M3MEHEHUE CBOMCTB YaCTHIl KaK B XOlle KOHTPO-
JIMPYEMOT0 OCaXJAEHUs, TaK U TMocye TepMoobpadboTku. OcaxaeHue MPOBOAUIU MPHU MOCTOSIHHOM 3HaueHuu pH = 5 u3 a3oTHO-Kuc-
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byviHayes C.B., AomaiueHkoB M.A., MawkosreB M.A. v Ap. CUHTE3 N UCCAEAOBOHME CBOMCTB MOPOLIKOB AMOKCUAC LIMPKOHUSI. ..

JIBIX PACTBOPOB, IIe KOHLEHTPALIMSI LIMPKOHUSI COCTaBIIsUIa 1 Mosb/IM>, a comepxkanue uttpusi — ot 0 10 30 % B repecueTe Ha NX OKCH-
nbl. TemriepaTypbl Cymku 1 o6xura ocankoB cocTaBisiyiv 40 u 1000 °C coorBeTcTBeHHO. [TokazaHo, 4TO TIpu cofepkaHuK Y BIJIOTH 10
15 % npoucXoauT MOCTOSIHHOE yBEJIUUYEHUE CPEIHETO UaMeTpa YacTUIL TUIPOKCUIA IUPKOHUS B TIPOIIECCEe OCAXIEHW ST, TIPY TMOBBIIIIE-
HUM KoHIeHTpauu Y 1o 30 % cpenHuii pa3Mep 4acTUIl BO3pacTaeT B TeueHue MepBbIX 10 MUH ocaxkIeHU s, TOCTIe YeTO ITPOUCXOIMT ero
IUIaBHOE CHUXKeHUe. Hanbonbinuit nuameTp yacTull Habmomamcs y oopasma c 7 % Y. Bo Bcex ciayuasix ormeueHo hopmMupoBaHue chepo-
UIaNbHBIX arperatoB. [1pu 9ToOM ¢ TOBBIILIEHUEM COEePKaHUs Y TTPOMCXOSIT CTUIAXXMBAHKME TPAHUIL MEX/1y YACTUIIAMU U CHUKEHUE CTe-
reHu coocaxaeHust Y B poiiecce cuHTe3a ¢ 80 10 60 %. B 3aBucuMOCTH OT KOHIIEHTPAIIUU UTTPUSI MOy YEHbI pa3TMYHbIe MOTUGDUKAIITT
MOPOLIKOB CTAOMJIN3UPOBAHHOTO AMOKCUAA UMPKOHUS: 1ipu 2—7 % Y — TeTparoHanbHblit ZrO,, a npu 15-30 % Y — ky6uueckuit ZrO,.
Takum 06pa3om, OJyUYeHHbIE B XO[I€ UCCIEOBAHUI Pe3yIbTaThl MOTYT OBITH MOJE3HbI 17151 Pa3pabOTKU TEXHOJIOT MU MPOU3BOACTBA MO-
POILKOBBIX MaT€PUAJIOB AJIs1 PAa3TUYHOTO MPUMEHEHUSI.

KaroueBble cioBa: CTaOMIM3UPOBAHHBIN IMOKCHUI IIMPKOHUSI, OCaXKIECHUE, arperalus, TepMooapbepHbIe TOKPBITH .

Jng uuruposanus: byiinaues C.B., lomamenkoB M.A., Mamkosues M.A., [Tonusozna /1.0., ZKupenkuna H.B. CuHTe3 u ucciaenoBaHue
CBOJICTB IMOPOIIKOB TMOKCH1a IMPKOHUS C Pa3IMYHBIM COIepXKaHUeM UTTpus. Mzeecmus 8y3o6. [leemuas memannypeus. 2024;30(2):44—54.

https://doi.org/10.17073/0021-3438-2024-2-44-54

Introduction

Stabilized zirconium dioxide is used in many in-
dustrial fields, including the creation of thermal barrier
coatings [1—3], the manufacturing of ceramic products
for medical applications [4—6], and the production of
solid oxide electrolytes for electrochemical devices [7—
9]. It has low thermal conductivity [10], high chemical
and corrosion resistance [11], good oxygen conductivity,
and biological compatibility with human tissues [12].

To generate thermal barrier coatings on gas turbine
engine components, the atmospheric plasma spraying
(APS) method is often used, utilizing yttria-stabilized
zirconia (YSZ) powders [13—15]. YSZ powder should
have high bulk density, low specific surface area, sphe-
roidal particle shape ranging from 20 to 100 um, and
high flowability [16]. Coatings obtained using APS
technology reduce part erosion rates and increase adhe-
sion and corrosion resistance during thermal cycling at
high temperatures [17].

YSZ powders are also used in the production of in-
gots for vacuum electron beam evaporation [18]. These
ingots are used to form columnar-structured thermal
barrier coatings on gas turbine engine blades [19—21].
Compared to APS coatings, columnar coatings have
higher adhesion resistance, lower elastic modulus, and
surface roughness [22].

Common methods for obtaining stabilized zirconi-
um dioxide in industry include direct and reverse pre-
cipitation of zirconium hydroxides [23], the sol-gel pro-
cess [24], and spray pyrolysis [25]. However, all these
methods do not allow for the control of the properties of
precipitates and, therefore, the final powder materials.
It is known that when using precipitation methods, the
properties of hydroxide precipitates strongly depend on
pH [26].

Direct and reverse precipitation usually result in
fragmented particle shapes and wide size distribution.
The sol-gel method is often used to synthesize fine-dis-
persed powders using organic binders and solvents,
which complicates the technology and scaling process.
Spray pyrolysis can produce particles with a spheroidal
shape ranging from several nanometers to several mic-
rometers. However, obtaining coarse particles with a
diameter of 20 to 100 um is practically impossible. The
method is quite complex in technical implementation,
requiring high temperatures and posing scaling chal-
lenges.

Authors [27] have shown that by varying the pH value
during controlled precipitation, it is possible to obtain
zirconium hydroxide with different properties, such as
average particle diameter and shape, specific surface
area, and porosity. It has also been found that the addi-
tion of yttrium during this process leads to further mod-
ification of these properties.

Thus, precipitation under controlled conditions can
be a promising method for synthesizing hydroxide mate-
rials with required properties for use in various industrial
fields.

In this study, the influence of yttrium content dur-
ing controlled precipitation at a constant pH of 5 on
the properties of zirconium and yttrium hydroxide pre-
cipitates, as well as the resulting powders after thermal
treatment, was investigated. Specimens of zirconium
oxide with yttrium content up to 30 % were obtained.
An analysis of particle size distribution and shape was
performed during precipitation and after annealing.
The degree of yttrium co-precipitation and the phase
composition of the powders after annealing were also
studied.
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Materials and methods

The synthesis of zirconium hydroxide with varying
yttrium content was carried out by the controlled pre-
cipitation method at aa constant pH of 5. The initial
solutions of zirconium and yttrium nitrates were pre-
pared by dissolving zirconium carbonate and yttrium
oxide in nitric acid. A 10 % ammonia solution was used
as the precipitant. Before each precipitation, a solution
containing 123 g of zirconium in terms of oxide and the
calculated amount of yttrium to achieve concentrations
of 0, 2,4, 7, 15, and 30 % in terms of oxide in the fi-
nal powder (referred to as specimens 0%Y, 2%Y, 4%Y,
7%Y, 15%Y, and 30%Y, respectively) was prepared.

The precipitation was carried out in a 3-liter glass
beaker with constant stirring using an overhead stirrer.
The combined solution of zirconium and yttrium nitrates
was dosed into the reactor using a peristaltic pump at a
rate of 5 mL/min. The precipitant solution was intro-
duced using another peristaltic pump, which was con-
nected to a pH meter through a relay control system to
control the dosing of ammonia and maintain constant
pH. The precipitation process was carried out for 200 mi-
nutes, after which yttrium was further precipitated by
raising the pH to 8 for specimens with yttrium addition.
The suspension was then filtered using a vacuum Buch-
ner filter, dried at 40 °C for 24 h, and fired at 1000 °C.

The average particle diameter and their size distri-
bution were determined using laser diffraction on an
Analysette 22 instrument (“Fritch”, Germany) in the
measurement range of 0.08 to 2000 pm using green and
infrared lasers. Suspension specimens were taken from
the reactor at different stages during the precipitation for
this purpose. The particle shape was evaluated using an
optical microscope GX71 (“OLYMPUS”, Japan). The
yttrium concentration in the mother solution was deter-
mined by complexometric titration using Trilon B. X-ray
diffraction patterns of the specimens were obtained us-
ing an X’Pert Pro MPD diffractometer (“PANalytical
B.V.”, Netherlands) with a solid-state pixel detector in
CuK,, radiation with a B-filter. The phase composition
and lattice parameters were determined by full-profile
Rietveld analysis, and the areas of coherent scattering
(ACS) were determined using the Sherer method based
on the most intense reflections at small scattering angles
(shape factor K = 0.9) using the X’Pert High Score Plus
software (Netherlands).

Results and discussion

Figure 1 shows the change in average particle dia-
meter (d) and size dispersion as a function of precipita-
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tion duration (1). It is shown that in the 0%Y speci-
men, the value of d increased starting from the 5™
minute of the precipitation process and reached
33 um by the 200" minute. The addition of 2 % and
4 % yttrium led to a significant increase in this pa-
rameter throughout the precipitation process, reach-
ing 38 pm by the 200" minute. In the 7%Y specimen,
an even greater increase in particle size was observed,
reaching 40 um by the end of the deposition. Add-
ing 15% Y resulted in a substantial increase in the
average particle diameter to 39 um during the first
100 minutes of deposition, after which it remained
almost unchanged. For the 30%Y specimen, a sharp
increase in the value of d was recorded by the 20"
minute of deposition, reaching 28 um, after which
it gradually decreased to 23 um by the completion of
the process.

The size dispersion parameter for the 0%Y spec-
imen decreased throughout the precipitation pro-
cess, reaching 1.08 by the 200" minute. For speci-
mens with yttrium content ranging from 2 % to 15 %,
the values of this parameter decreased by the 70"
minute of deposition, after which they started to in-
crease, ending the process in the range of 1.2 to 1.28.
For the 30%Y specimen, the size dispersion value
was consistently higher throughout the precipitation
compared to the other specimens, reaching 1.3 by the
200" minute.

Figure 2 illustrates the mass size distribution of par-
ticles as a function of precipitation time and yttrium
addition. For specimens with yttrium content ranging
from 0 to 15 %, a peak in the range of T = 15+20 um
with an arm in the range of d = 1+5 pm formed du-
ring the first 10 minutes of deposition. As the precipita-
tion time increases, this peak disappears, and a peak at
d ~ 1 um with a mass fraction of less than 1 % emer-
ges. Simultaneously, the main peak shifts uniformly
towards larger sizes, indicating an increase in the av-
erage particle diameter. The peak at d ~ 1 pm remains
relatively unchanged in its position. For the 30%Y
specimen, a peak in the range of d ~ 30 um with an arm
in the range of d = 1+5 um is formed by the 10™" min-
ute of deposition. With increasing precipitation time,
the main peak shifts towards smaller sizes, and the arm
transforms into a separate peak with a maximum in the
range of d = 1+2 um.

It is likely that the formation of two populations of
particles during precipitation leads to an increase in
their average diameter due to layer-by-layer aggregation.
Apparently, conducting hydrolysis at constant pH results
in the formation of similarly charged primary nuclei,
which aggregate upon collision to form larger particles,
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Fig. 2. Mass distribution of particle sizes as a function of precipitation duration

Puc. 2. MaccoBoe pacripeieJieHUe 4YacTUIL IT0 pa3Mepam B 3aBUCUMOCTH OT IJIUTEIbHOCTH OCaXKACHU I
HCCaenyeMbIX 00pas31ioB

followed by a change in charge on the surface due to ola-  with the opposite charge serve as the basis for the me-
tion processes. chanism of aggregation processes. The addition of yttri-

Thus, the simultaneous occurrence of nucleation um during precipitation appears to significantly affect
with one charge and the appearance of larger particles the progress of olation and oxolation processes. It can
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be assumed that its presence leads to an increase in
the surface charge of primary particles, which hinders
their aggregation with each other. These nuclei pre-
dominantly begin to accumulate on the formed large
aggregates with the opposite charge, resulting in a
significant increase in the average particle diameter
when yttrium is added. However, at a yttrium con-
tent of 30 %, the layer-by-layer aggregation process
is hindered, and the large aggregates stop increasing
in size, leading to an increase in the fraction of small
particles. Presumably, the high yttrium content al-
most completely suppresses the olation processes and
neutralizes the charge on the surface of large aggre-
gates, resulting in an increase in the size of particles
in those aggregates where the charge has not yet been
neutralized.

Figure 3 illustrates optical images of particles at the
200" minute of sedimentation for specimens with dif-
ferent yttrium content. It is shown that in the specimen
without the addition of Y, the formation of spheroi-
dal aggregates with well-defined but rough boundaries
occurs. A gradual increase in yttrium content leads to
the formation of spheroidal aggregates with smoother
boundaries. It has been found that the introduction of
yttrium up to 15 % results in an increase in particle and
aggregate sizes, while increasing its content to 30 %
leads to a decrease, which is consistent with laser dif-
fraction results.

The influence of yttrium addition on the shape of
particles can be explained by the same approach used in
the analysis of particle size changes, based on the dif-
ference in their charges. As mentioned earlier, the addi-
tion of yttrium hinders aggregation of primary particles,
leading primarily to increased collisions between very
small primary particles and larger ones, thereby con-
tributing to the formation of smooth boundaries on the
surface.

Figure 4 shows the change in the concentration of
yttrium cations (Y3+) in the suspension during precip-
itation and the rate of co-precipitation of yttrium with
zirconium hydroxide as a function of process time.
It is shown that for specimens with 2%Y, 4%Y, 7%Y,
and 15%Y, there is a gradual increase in Y°>* concen-
tration with increasing sedimentation time, reaching
0.3, 3.0, 5.5, and 15 g/dm3, respectively, by the end of
the process. For the 30%Y specimen, there is a sharp
increase in Y>* content to 60 g/dm3 by the 100" mi-
nute of the process, after which it remains nearly con-
stant. At the same time, the rate of yttrium co-preci-
pitation with zirconium hydroxide reaches 80 % by the
200" minute for the 2%Y, 4%Y, and 7%Y specimens,
and 72 % and 60 % for the 15%Y and 30%Y specimens,
respectively.

Thus, despite the low pH value of the sedimentation
process, a significant portion of yttrium is captured by
the zirconium hydroxide precipitate. This is likely due to

Fig. 3. Optical images of particles of the investigated specimens by the 200" minute of deposition

Puc. 3. OnTrdeckue n3006paxeHU I YaCTUIL UCCIeyeMbIX 00pa3ioB K 200-if MUHYTe ocak IeHU st
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Fig. 4. Concentration (@) and co-deposition rate (b) of yttrium cations in slurry as a function of precipitation duration

Puc. 4. I3ameHeHMe KOHIIEHTpALIMU (@) ¥ CTETIEHU COOCaXaeHUsI (b) KaTUOHOB UTTPU S B CYCIIEH3UU B 3aBUCUMOCTH

OT AJIUTCJIBbHOCTU OCaXKACHU S

the high (excessive) concentration of OH™ groups on the
surface of the hydroxide, which bind to the Zr*" cations
during the formation of zirconium hydroxide.

Figure 5 shows the change in the average parti-
cle diameter and size dispersion as a function of the
synthesis stage for the specimens. It is shown that the
values of d decrease stepwise after drying at r = 40 °C
and annealing at 1000 °C. After annealing, the av-
erage particle size for the 0%Y specimen was 22 um,
for the 2%Y—15%Y specimens it remained at around
25 um, and for the 30%Y specimen it was 17 um. The
size dispersion values after annealing for specimens
with yttrium content up to 15 % are practically at the
same level, around 1.1, and for the 30%Y specimen
they are around 1.4.

Figure 6 illustrates the particle size distribution as a
function of the stage of specimen synthesis. For spec-
imens with yttrium content up to 15 %, after anneal-
ing at 1000 °C, a narrow, high peak is observed, which,
compared to the suspension and drying stages, has sig-
nificantly shifted to the left, indicating smaller particle
sizes. At the same time, the shape of the peak has not
changed significantly, suggesting that neither destruc-
tion nor additional aggregation occurs during heat treat-
ment. For the specimen with 30 % yttrium, the particle
size distribution after annealing looks similar, but the
distribution peak is wider and lower compared to the
other specimens. This may be due to the fact that even at
the precipitation stage, large aggregates hardly changed
in size, while a large number of new aggregates were
formed.

Figure 7 shows optical images of particles after
annealing at 1000 °C for specimens with different yt-
trium contents. It is shown that for all of them, af-
ter annealing, the particles retain a spheroidal shape.
Specimens with 0%Y, 2%Y, and 4%Y exhibit parti-
cles with uneven boundaries, while specimens with
7%Y, 15%Y, and 30%Y display particles with smooth-
er boundaries.

It is known that zirconium dioxide can exist in
three different crystalline modifications depending
on temperature: monoclinic at room temperature,
tetragonal at > 1170 °C, and cubic at 7 > 2370 °C. To
increase its thermal stability, stabilizing components
are introduced, with yttrium oxide being the most
common. The similarity of the ionic radii of Zrand Y,
as well as the isomorphism of their structures, allows
for the formation of a solid solution when Y is intro-
duced into the crystal lattice of ZrO,. Stabilization of
zirconium dioxide with low-valent cations can lead
to the stabilization of the tetragonal or cubic phase at
lower temperatures, even at room temperature. This is
due to the generation of oxygen vacancies in the lat-
tice, which in turn reduces the stress caused by the
energetically unfavorable 8-coordinated configura-
tion [28].

Depending on the yttrium content, three structural
modifications of zirconia oxide were obtained after an-
nealing at 1000 °C. The data from X-ray phase analysis
are presented in Table 1. Zirconium oxide without yttri-
um addition has a monoclinic structural modification,
with a crystallite size of 48 nm. Specimens with 2 %,
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Fig. 5. Average particle size (a) and dispersion of sizes (b) at various stages of synthesis of the considered specimens

Puc. 5. 3naueHus cpegHero nuaMeTpa yacTuil (@) U Aucriepcuu pa3Mepos (b) Ha pa3HBIX dTallax CUHTE3a

HCCIIeNyeMBbIX 00pa31oB
o, wt.% o, wt.% o, wt.%
104 0%Y 10 2%Y 10 - 4%Y
84 8 8
6 6 61
————200 min ————200 min ————200 min
N 00 4 40 °C 4. 40 °C
............ 1000 °C cevssnnnnnes 1000 °C wevessnnnnes 1000 °C
2 24 21
|
O* T T T T llll.lll T T ll‘:’ll\ll T rrrmmn T T IIIII;; T T III;‘III 0 - T rrrmmn T T llllll; T T III:‘III\
0.1 1 10 100 0.1 10 100 0.1 10 100
d, pm d, pm d, pm
o, wt.% 10 o, wt.% o, wt.%
10- 7%Y 15%Y 30%Y
8-
8-
RE
6 -
61 61
———=200 min ————200 min ————200 min
4 40°C 4- 40°C 41 40°C
............ 1000 °C werennnnnnns 1000 °C werennnnnn 1000 °C
2 21 21
0_-- _________ 0_-.. . B 0_ ...... E— ’,
0.1 0.1 1 10 100 0.1 1 10 100

d, pm

d, um

Fig. 6. Particle size distribution at various stages of synthesis of the considered specimens

Puc. 6. PacnpeneneHHe YacTHIl IO pasME€paM Ha pa3HbIX 3Tanax CUHTE3a UCCIIEAYEMbBIX o6pa3u0B

4 %, and 7 % Y content are characterized by a tetrago-
nal modification. This is confirmed by the smaller va-
lues of edge lengths compared to the monoclinic mo-
dification. The crystallite size decreases with increa-
sing yttrium content, which is consistent with literature
data [29], and ranges from 40 to 60 nm. At the same

50

time, zirconium dioxide with 15 % and 30 % Y addi-
tions undergoes the formation of a cubic modification,
as evidenced by the similar edge length parameters.
The crystallite sizes are 28 and 42 nm, respectively.
The X-ray diffraction patterns of all yttrium-modified
specimens do not show peaks corresponding to pure
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X-ray phase analysis of zirconium dioxide with various content of yttrium

Pe3yJ'H>TaTI)I pCHTI‘CHO(I)a3OBOFO aHa/ln3a O6pa3HOB JUOKCuaa HMPKOHUA C Pa3JIMYHbIM COACPXKAHUEM UTTPUA

Specimen Crystallite size, nm Modification type ; Lattice cozstants, 2 .
0%Y 48 Monoclinic 5.147 5.202 5.312
2%Y 60 Tetragonal 3.595 3.595 5.175
4%Y 51 Tetragonal 3.603 3.603 5.170
7%Y 42 Tetragonal 3.614 3.614 5.153
15%Y 28 Cubic 5.127 5.127 5.127
30%Y 42 Cubic 5.142 5.142 5.142

Fig. 7. Optical images of particles after annealing at 1000 °C

Puc. 7. Ontuueckue nszodpaxkeHus yactuil nociyie ooxkura npu 1000 °C uccienyeMbix 00pa3ioB

yttrium oxide, indicating that it is uniformly distrib-
uted in zirconium dioxide, forming a solid substitution
solution.

Conclusions

The specimens of zirconium dioxide with varying
yttrium content were produced in this study through
controlled precipitation at constant pH. The influence
of yttrium addition on the average particle diameter,
size dispersion, particle size distribution, shape, de-
gree of yttrium deposition, and phase composition of
the final powders was investigated. A mechanism for
the aggregation of zirconium hydroxide during pre-
cipitation at a constant pH value was proposed, and
the influence of yttrium addition on this process was
examined.
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Fig. 8. X-ray patterns of the considered specimens
after annealing at 7= 1000 °C

Puc. 8. PentreHorpamMsl ucciaeqyeMbiX 00pa3iion
nocie ooxura npu ¢ = 1000 °C
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It was found that the yttrium content significant-
ly influenced the particle size during deposition: in
specimens without yttrium, the average particle dia-
meter was 33 um, while with 7 % yttrium addition, it
increased to 40 um. It was also observed that yttrium
co-deposited with zirconium hydroxide at a pH of 5
during the precipitation process, with the degree of yt-
trium precipitation ranging from 60 % to 80 % depend-
ing on its content.

After thermal treatment, there was no destruc-
tion or additional aggregation of particles, and the
spherical shape of the particles was preserved, with
low size dispersion observed in all specimens. Dif-
ferent modifications of zirconium dioxide were ob-
tained depending on the yttrium content: monoclin-
ic for specimens without yttrium, tetragonal for 2—7
% yttrium addition, and cubic for over 15 % yttrium
addition.

Therefore, the obtained results can be useful in the
development of powder production technology for va-
rious industrial applications, particularly for the forma-
tion of thermal barrier coatings using atmospheric plas-
ma spraying.
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Fabrication of high speed steel electrodes
with MoSi,—MoB—HIfB, ceramic additives
for electrospark deposition on die steel
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Abstract: The electrodes for electrospark deposition (ESD) were fabricated from hot-pressed blanks composed of a mechanically alloyed
powder mixture of REOMS5KS5 high speed steel. This mixture was enriched with a 40 % addition of heat-resistant MoSi,—MoB—HfB, ceramics,
produces through the self-propagating high-temperature synthesis method (resulting in the REM5K5-K electrode), as well as variant without
any ceramic addition (resulting in the R6MS5KS5 electrode). We examined both the composition and structure of the electrode materials and
the coatings derived from them, identifying the characteristics of mass transfer from hot-pressed electrodes to substrates of SKhNM die steel
under various frequencies and energy conditions during processing. The REM5KS5 electrode consists of an o-Fe-based matrix incorporating
dissolved alloying elements and contains discrete particles of ferrovanadium, tungsten carbide, and molybdenum. The R6M5K5-K electrode,
in addition to the o.-Fe-based matrix, includes borides and carbides, as well as hafnium oxide. The use of the ROM5KS5 electrode resulted in
a consistent weight increase in the cathode throughout the entire 10-minute processing period. In contrast, the application of the ceramic-
enhanced electrode led to weight gain only during the initial 3 min of processing. Subsequently, ESD produced coatings of 22 and 50 pum
thickness on the surface of 5 KhNM steel using ROM5K 5 and R6M5K5-K electrodes, respectively. The introduction of SHS ceramics escalated
the roughness (R,) of the surface layers from 6 to 13 pm and the hardness from 9.1 to 15.8 GPa. The coating from the REM5KS5 electrode was
composed of austenite (y-Fe) and exhibited high uniformity. Conversely, the coating from the REM5K5-K electrode consisted of a diverse
matrix with both crystalline and amorphous iron, an amorphous phase rooted in the Fe—B alloy, and scattered phases of HfO,, HfSiOy,
Fe;Si, and Fe;B. High-temperature tribological testing at 500 °C in an air atmosphere showed that the coatings possess a friction coefficient
of 0.55—0.57 when coupled with a counterbody of AISI 440C steel. The integration of heat-resistant ceramics notably enhanced the coating's
wear resistance, increasing it by a factor of 13.5.

Keywords: electrospark deposition, powder high speed steel, tool steel, ceramics, silicides, borides, oxides, self-propagating high-temperature
synthesis, wear resistance.
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Aunnoramus: [ToxydeHbI 2JIEKTPOIBI ISl AJIEKTPOUCKPOBoil 06padoTku (DMO) u3 ropsiuenrpeccoBaHHbBIX 3aTOTOBOK MEXaHUYECKHU JIeTH-
POBaHHOI MOPOLIKOBON cMecH OblcTpopexylieil cranu mapku POMSKS ¢ 40 %-Hoii 1o6aBKoii XapocToiiKoit kepamuku MoSi,—MoB—
HfB,, mosiy4yeHHOI METOOM CAaMOPACIIPOCTPAHSIIOLIErOCs BBICOKOTEMIIEpaTyPHOTO cuHTe3a (3sekTpon Mmapku POMSKS5-K), u 6e3 no6as-
k1 (daekTpon POMS5KS5). M3ydyeHbl cOCTaB U CTPYKTYpa 3JEKTPOIHBIX MATEPUAIOB 1 C(POPMHUPOBAHHBIX U3 HUX MOKPBITHI. OmpeaeieHbl
0COOEHHOCTH MaccolepeHoca ropssuenpeccoBaHHbIX JEKTPOAOB Ha MOJI0XKaxX U3 ltaMnoBoii ctanu SXHM npu BapbupoBaHUU Ya-
CTOTHO-3HEPreTUYECKUX PEKMUMOB 00paboTKu. Diaekrpoa POMSKS cocTouT U3 MaTpuilbl Ha OCHOBE 0.-Fe, B KOTOPOii pacTBOPEHBI Jie-
TUPYIOLIKE 2JIEMEHTBI, U HEPACTBOPEHHBIX YacTHUIL (heppoBaHaans, Kapouaa BoJbhpamMa 1 MondaeHa. Diekrpon POMSK5-K comepkut
Marpuily Ha ocHoBe o.-Fe, Gopunbsl u kapoun, a Takxxe okcun raduus. [Ipu ncnons3zoBanuu anekTpora POMSKS Habmonamncs ycToitau-
BBIIf TpUBec Ha KaTone 3a Bce 10 MuH 06paboTKu. B ciyuae anekTposa ¢ 106aBKOi KepaMUKU MPUBEC OTMEYAJICs B MepBbIe 3 MUH JIETU-
poBanus. B pesynbrare DMO Ha noBepxHocTU cTain SXHM 6buin ccopMupoOBaHbI MOKPHITUS TOIMIMHOM 10 22 1 50 MkM maist PEOM5KS
n P6MSKS-K coorBercTBerHo. BBenenne CBC-kepaMUKK COCOOCTBOBAIO POCTY IIEPOXOBATOCTH (R,) MOBEPXHOCTHBIX CJIOEB € 6 10
13 Mmxm 1 TBeproctu ¢ 9,1 o 15,8 I'Tla. [TokpeiTrie u3 anekrpona P6MSKS coctosiyio u3 aycrenura (y-Fe) n xapakTepr30Baoch BEICOKOI
onHoponHocThio. [TokpeiTue 3 anekTpona P6MSKS-K mpencraBisiiio co6oil reTeporeHHyI0 MaTpUIly Ha OCHOBE KPUCTAJIMIECKOTO U
aMopdHoro xesesa, amopdHoii pasel Ha ocHoBe crlaBa Fe—B n nucnepcubix a3 HfO,, HfSiOy4, Fe;Sin FesB. BeicokoTemnepaTypHbIMu
TpUOOIOTNYeCKUMU UCTIBITaHUSIMU TTpu Temmiepatype 500 °C Ha Bo3ayxe BBISIBICHO, YTO MOKPBITUS 00,1aAa10T KOAGhGUIIMEHTOM TPEHU ST
0,55—0,57 B nape ¢ koHTpTeaoM u3 ctanu AISI 440C, a BBegeHMe 100aBKHU XKapOCTOMKON KepaMU KK CITIOCOOCTBOBAJIO YBEJIUMYESHU IO U3HO-
COCTOMKOCTM MOKpPHITUS B 13,5 pa3a.

KiroueBbie €j10Ba: 3J1eKTPOMCKPOBasi 00pabOTKa, JIErMPOBaHKe, MOPOIIKOBAst OBICTPOPEXYIAs CTallb, UHCTPYMEHTaIbHasl CTaJlb, Kepa-
MUKa, CUIMIUBI, O0PUIbI, OKCHABI, CAMOPACITPOCTPAHSIOIIMIICS BHICOKOTEMIIEPATYPHBII CHHTE3, U3HOCOCTONKOCTbD.
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Introduction

During operation, die tools subjected to high tem-
peratures face rapid wear and crack propagation due to
thermal effects, friction, adhesion, and micro-cracks,
among other causes [1—4]. Consequently, tools require
frequent replacement, leading to workflow disruptions
and significant economic costs.

Electrospark deposition (ESD) of wear-resistant
coatings using various electrode materials has proven
to be an effective method to restrain rapid wear and ex-
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tend the service life of die tools [5; 6]. These materials
include graphite [7; 8], metals [9; 10], alloys [11; 12],
ceramics [13; 14], and hard alloys [15; 16]. The broad
spectrum of electrode materials available allows for the
selection of an appropriate composition to tailor the
coating for a specific functional requirement. Further-
more, the application of high-energy modes expands
the capabilities of the method, facilitating the restora-
tion of worn tool surfaces [17]. The production of elec-
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trodes by consolidating powdered components enables
the incorporation of the aforementioned materials,
which are often runoff products, thereby significant-
ly improving the prospects for industrial application
[18—21].

Wear-resistant and heat-resistant electrode materials
are essential for hardening the surfaces of dies operating
at elevated temperatures. In this context, heterophase
ceramic composite MoSi,—MoB—HfB,, derived from
self-propagating high-temperature synthesis (SHS),
merits particular attention due to its highly homoge-
neous component distribution within the mixture [22;
23]. Although electrospark coatings produced from
this ceramic are extremely hard and heat-resistant—an
important attribute for hardening high-temperature
tools—they are also characterized by a low deposition
rate and inadequate wear resistance in high-tempera-
ture tribological tests [23]. To improve mass transfer in
the discharge arc and to bolster the wear resistance of
the coatings, cermet electrodes, comprising a metallic
binder and a refractory component, are employed. High
speed steel (HSS), known for its red-hardness (the abi-
lity to maintain hardness at elevated temperatures) and
high wear resistance, is a suitable choice for the binder
[24; 25]. Additionally, the use of HSS not only enhanc-
es wear resistance at high temperatures but also reduces
costs and streamlines the electrode production process
by lowering the sintering temperature.

The aim of this study was to fabricate electrodes from
hot-pressed blanks of mechanically alloyed powder mix-
ture of REMSKS high speed steel with MoSi,—MoB—
HfB, ceramics, and to investigate the characteristics of
electrospark coating formation on SKhNM die steel.

Materials and methods

The widely used R6M5KS5 steel was selected as the
binder. It was fabricated in the Activator-4M planetary

ball mill (PBM) (CJSC “Activator”, Novosibirsk) from
elemental powders by mixing Fe, W, Mo, Co, Cr, C, and
ferrovanadium FVd50U0.5 (FVd) with the following ra-
tio, wt.%: 6.0 W; 5.0 Mo; 5.0 Co; 4.0 Cr; 0.9 C; 4.0 Fvd
(2.0 V); with the remainder being Fe. The characteristics
of the powders are presented in Table 1.

The components were mixed for 30 minutes with the
drums rotating at a rate of 800 rpm. The main fraction
of finished HSS mixture exhibited a grain size of 3—
20 um, with an average particle size of 10 um.

Heterophase ceramics with a composition of 60 %
(90%MoSi,—10%MoB) plus 40 % HfB, were synthe-
sized using the method outlined in [22]. The SHS sin-
tered material was pulverized in a rotary ball mill to
produce a powder with a particle size of less than 40 pm.
This powder, constituting 40 % of the mix, was com-
bined with the HSS powder in a PBM Pulverisette 5/2
(“Fritsch”, Germany) for 60 minutes, with the drums
rotating at a speed of 300 rpm.

The final composition of the powder mixture was
as follows, wt.%: 3.6 W; 3.0 Mo; 3.0 Co; 2.4 Cr; 0.54 C;
1.2 V; 21.6 MoSi,; 2,4 MoB; 16.0 HfB,; the remainder
being Fe.

Blanks made of R6M5KS5 steel (R6EMSKS5 elect-
rode) and the HSS mixture with heterophase ceramics
(R6M5K5-K electrode) were produced by hot press-
ing (HP) at a temperature of 1000 °C, under a pressure
of 50 MPa, with a holding time of 3 minutes using the
DSP-515 SA press (“Dr. Fritsch Sondermaschinen
GmbH”, Germany) in a graphite mold of 50 mm di-
ameter. Electrodes measuring 20—50 mm in length
and having a cross-section of 5x5 mm were fashioned
by wire electrical discharge machining of the hot-
pressed blanks on the ARTA 200-2 EDM machine
(JSC “Scientific Industrial Corporation Delta-Test”,
Fryazino).

The ESD process was performed using Alier-Metal
30 and Alier-Metal G53 setups (SPA “Metal” LLC —

Table 1. Characteristics of powders used in the preparation of the R6OM5KS5 powder mixture

Tabanua 1. XapakTepuCTUKA MOPOIIKOB, UCITOJIb30BAaHHBIX IS MOJIYYEHUST MOPOIIKOBOM cMec POMSKS

Powder brand Element GOST/TS Particle size, pm Purity, %
PZhRV 2.200.26 Fe TS 14-5365-98 <120 99.24
PVCh W TS 48-19-57-91 1-5 99.99
PMCh Mo TS 14-22-160-2002 40—60 99.90
PK-1 Co GOST 9721-79 <50 99.95
ERKh-1 Cr GOST 5905-2004 <50 99.99
Fvd50U0.5 \% GOST 27130-94 <50 99.00
P-803 C GOST 7885-86 <20 99.90
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Table 2. ESD process parameters

Ta6auua 2. IMapamerpsl npouecca DUO

Pulsed Recurrence Pulse Single-pulse Total energy
Mode Setup discharge rate, duration, energy, 2E,
current rate, A Hz us J kJ-min
1 Alier-Metal 30 170 1500 25 0.1 7.65
2 Alier-Metal 30 170 3000 25 0.1 15.30
3 Alier Metal G53” 200 400 100 0.4 9.60
* Auxiliary generator.

SCINTI S.R.L., Russia — Moldova) under varying fre-
quency and energy treatment conditions, the specifics of
which are detailed in Table 2.

The deposition of the coating was achieved through
the alternating localized impact of pulsed discharge on
all areas of the processing surface of SKhNM steel sam-
ples. This was done by having the anode repeatedly pass
over the same cathode area in an argon environment.

The kinetics of mass transfer — specifically, the
anode erosion (AA;) and the cathode’s specific weight
gain (AK;) — for the REOM5KS5 and R6MS5KS5-K elec-
trodes was determined using a gravimetric method on a
KERN 770 analytical balance (KERN, Germany) with
an accuracy of 107> g. The electrodes were weighed
after treating an area of 1 cm? for 1 minute, with the
treatment continuing for a total of 10 minutes. The to-
tal cathode weight gain, SDKi, was calculated using
the formula [26]:

IAK,; = AK, + AK, + ... + AK o, )

where AK, is the cathode weight gain for the i-th minute
of alloying, g;i=1, 2, ..., 10.

The total anode erosion XAA; was calculated simi-
larly.

The microstructure of the fabricated electrodes and
coatings was examined using a S-3400N scanning elec-
tron microscope (SEM) (“Hitachi High-Technologies
Corporation”, Japan), equipped with a NORAN System
7 energy-dispersive spectrometer for X-ray microanaly-
sis (“Thermo Scientific”, USA).

X-ray diffractometric (XRD) phase analysis of the
electrodes was conducted using a DRON-4 diffractom-
eter (Research and Production Enterprise “Bourevest-
nik”, St. Petersburg) with CoK|, radiation. For the XRD
analysis of electrospark coatings, a D2 PHASER dif-
fractometer (“Bruker AXS GmbH”, Germany) with
monochromatic CoK,, radiation was utilized.

The surface topography of the coatings and the pro-
files of the wear tracks were analyzed usinga WYKO NT
1100 optical profilometer (VEECO, USA).
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Hardness measurements on cross-sections were
performed using the method of instrumented indenta-
tion with a NanoHardness Tester (“CSM Instruments”,
Switzerland), in accordance with GOST R 8.748-2011
(ISO 14577).

Tribological testing of the coatings was carried out
in accordance with the ASTM G 99 standard, employ-
ing a pin-on-disk configuration on a High-Temperature
Tribometer (“CSM Instruments”, Switzerland). A 6 mm
diameter ball made of AISI 440C steel (equivalent to
95X18) served as the counterbody. The test conditions
were as follows: temperature at 500 °C, load at 5N, linear
velocity at 10 cm/s, counterbody path length at 500 m,
and track length at 3.76 cm.

Wear resistance (W) was calculated using the formu-
la:

W= SL/(HI), 2

where S is the cross-sectional area of the groove wear,
mm?2; L is the track length, mm; H is the load, N;
and /is the friction path, m.

The microstructure of the lamella from the coating
deposited by the R6M5K5-K electrode was examined
using a JEM-2100 microscope (“Jeol”, Japan) employ-
ing high-resolution transmission electron microscopy
(HR TEM). The lamella samples were prepared using
a focused ion beam tool (Quanta 200 3D FIB Instru-
ment, FEI Company, USA). In situ observations were
also conducted within the transmission electron micro-
scope column at a temperature of 500 °C.

Results and discussion
Characteristics of electrodes

The outcomes of the XRD analysis for the
R6M5K5-K electrode are detailed in Table 3. Analy-
sis reveals that the electrode comprises an a-Fe-based
matrix, borides including (Mo,W),FeB,, Mo;CoBj3, and
HfB, MogFe4C carbide, and hafnium oxide. A notable
decrease in the lattice constant of the o-Fe phase was
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observed, indicative of silicon dissolution. This disso-
lution is likely to significantly reduce the o-Fe lattice
constant [27], a finding that aligns with the elemental
distribution maps shown in Fig. 1.

According to the SEM and EDS data (Table 4) for
the R6MS5KS5-K electrode, the identified structur-
al components include HfB hafnium monoboride; an
iron-based phase (o-Fe) containing dissolved alloying
elements from the HSS itself as well as silicon from the
heterophase ceramics; and a complex carbide of iron and
molybdenum, MogFe(C.

Figure 2 displays the SEM image showing the micro-
structure of the electrode composed of HSS R6MS5KS5,
alongside the element distribution map. The image re-
veals that the Fe-based matrix is made up of grains rang-
ing from 1 to 2 um, within which alloying elements (Co
and Cr) are uniformly dissolved. The matrix contains
particles of different colors; based on the EDS data and

Table 3. Phase composition of ROM5K5-K electrode
Ta6uua 3. ®a3oBwlii cocTaB asekTpona P6MSKS-K

Content Lattice
Phase
vol.% wt.% constant, nm
o-Fe 48.4 44.8 a=0.2844
(Mo,W),FeB, 23.9 23.9 a=0.55731
c=0.3136
MogFe,C 17.2 18.3 a=1.1022
Mo;CoB; 2.6 2.7 —
HfO, 5.2 6.1 —
HfB 2.2 3.3 a=10.4568

the element distribution map, it’s determined that the
lighter particles are tungsten carbide (WC), produced
through mechanical alloying, whereas the darker par-

Fig. 1. SEM image of the microstructure of REM5K5-K electrode () and the element distribution map:

Fe (b), W (¢), Mo (d), Si (e), and Hf (f)

Puc. 1. POM-u3o6paxeHue MUKPOCTPYKTYphI 3JieKTpoaa POMS5KS5-K (a) u kapTa pacnipeaeeHus 2JIEMEHTOB:

Fe (b), W (¢), Mo (d), Si (e) u Hf (f)

Table 4. Chemical composition (at.%) of structural components in the R6OM5K5-K electrode

Ta6nuua 4. Xumuveckuii coctas (at.%) CTPYKTYPHBIX COCTaBISIOMIMX 37eKTpona POMSKS-K

Phase | C | (0] | Si | v | Cr | Co | IF2 | Mo | Hf | W
HfB" - - 0.4 33 0.5 - 11.4 15.4 69.0 -
o-Fe — 6.2 20.9 1.6 1.3 3.3 62.5 3.6 — 0.6
MogFesC 47.9 - 9.4 1.5 1.7 1.7 22.1 15.2 — 0.2

* The phase was determined based on the XRF results.
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Fig. 2. SEM image of the microstructure of ROM5K5
electrode (@) and the element distribution map:
Fe (b), W (¢), Mo (d), Co (e), V (f) and Cr (g)

Puc. 2. POM-u3o6paxeHre MUKPOCTPYKTY PbI
anekTpona POMSKS (a) u kapra pacnpeneieHust
asieMeHTOB: Fe (b), W (c), Mo (d), Co (e), V (f) u Cr (g)

ticles are identified as ferrovanadium (FVd). Both WC
particles and the undissolved FVd include molybdenum,
which is known to form a continuous range of solid
solutions with tungsten (W) and vanadium, suggesting
a complex interplay of these elements within the elec-
trode’s microstructure [28; 29].

Preparation and properties
of electrospark coatings

Figure 3 illustrates the effect of the ESD duration
using R6M5K5 and R6M5K5-K electrodes on both
cathode weight gain and anode erosion. The use of
the R6M5KS5 electrode leads to a consistent increase
in cathode weight alongside similar rates of electrode
erosion. A significant correlation was found between
the increase in total pulse energy and the weight gain
of the substrate, making mode 2 (ZE = 15.30 kJ-min)
the preferred option for the REM5KS5 electrode due to
it resulting in the greatest weight gain over a 10-minute
deposition period.

Conversely, for the ROM5K5-K electrode, all tes-
ted modes yield nearly identical cathode weight gains,
which plateau after the first 3 minutes of deposition.
The limitation in coating thickness can be attributed to
the buildup of internal stresses, a decrease in the ther-
mal resistance of the coating, and the development of an
ultra-dispersed structure within it [26].

For the purpose of visually examining the surface
topography, the surface roughness (R,) of the coat-
ings deposited over 3 minutes for each of the three
modes was measured. Figure 4 presents 3D images
of these surfaces along with their R, values. It is ev-
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ident that the use of the R6MS5KS5 electrode results
in a slightly lower surface roughness compared to the
R6M5K5-K electrode. The analysis of mass trans-
fer and roughness kinetics indicates that mode 2 is
the most favorable. This mode achieves the lowest
roughness while ensuring high mass transfer for the
R6MS5KS5 electrode and moderate mass transfer for
the REM5K5-K electrode.

The coatings applied using mode 2 were examined
via scanning electron microscopy (SEM). Figures 5 and
6 illustrate the surface topography and the cross-sec-
tional structure of the coating-substrate interface, re-
spectively.

Figure 5 demonstrates that the coating deposited
from R6MS5KS5 electrode without ceramics represents
overlaying of spreading drips of melt formed in the
pulsed discharge arc. There are almost no cracks in the
coating and micropores are detected in the surface layer.
The coating is 20—22 pm thick and the transition layer
is 5—6 um. According to the XRD data, along with EDS
(Table 5), the coating deposited from R6M5KS5 electrode
consists of y-Fe. Austenite (y-Fe) is formed due to high
rates of melt crystallization from the electrode material,
which is practically a hardening operation [17]. Ni, Si
and Mn are present in the transition layer and form part
of the substrate.

Based on the XRD data, the coating deposited
from the R6M5K5-K electrode is composed of var-
ious phases: a-Fe, HfO,, HfSiO,4, Fe;Si, and Fe;B.
It is suggested that hafnium silicate HfSiO4 forms
in the discharge arc, a result of the reaction between
hafnium oxide (present in the electrode) and silicon
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oxide SiO,. The silicon oxide likely forms from the
oxidation of silicon by impurity oxygen present in the
environment.

ASK,, 107 g a
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-804 -= Mode 2
-~ Mode 3
ASA,, 10 g

0 1 2 3 4 5 6 7 8 9 10

T, min

The use of the ROM5K 5-K metal-ceramic electrode
leads to increased surface roughness and heterogenei-
ty in the coating’s structure. According to the results
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Fig. 3. Dependence of the mass gain of the cathode (AZK,) and the erosion of the anode (AXA;) on the duration of ESD
of 5SKhNM steel with R6OM5KS5 (@) and R6M5K5-K (b) electrodes
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Fig. 4. Surface topography and roughness of coatings deposited from R6M5KS5 (a—c) and REM5K5-K (d—f) electrodes

in ESD modes / (a, d), 2 (b, e), and 3 (c, f)

Puc. 4. Tortorpaduist TOBEpXHOCTH U LIEPOXOBATOCTH MOKPHITUI U3 3J1eKTPo0B POMSKS (a—c¢) u POM5K5-K (d—f)

Ha DUO-pexumax I (a, d), 2 (b, e), 3 (c, f)
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of EDS analysis presented in Table 6, which analyzed
different areas of the coating as marked in Fig. 6, b,
the thickness of the coating varies between 20 and
30 um, with some areas reaching up to 50 um. Under
high magnification, a fine-grained microstructure is
visible, with grain sizes ranging from 0.3 to 0.6 pm.
Additionally, a dendritic structure, reminiscent of eu-
tectics, is also observed alongside dispersed inclusions
smaller than 0.1 pm. The iron-based matrix incorpo-
rates dissolved alloying elements from both the steel
and the ceramic additive.

The submicron and nanosized structural compo-
nents of the coating were analyzed using the transmis-
sion electron microscopy method (TEM). Figure 7
showcases SEM images of the lamella before (Fig. 7, a)
and after (Fig. 7, ¢) heating to 500 °C. Additionally,
diffraction patterns of sections of the o-Fe-based ma-

trix (Fig. 7, b) and the Fe—B-based amorphous phase
(Fig. 7, d) are displayed. The specific area from which
the lamella was extracted is indicated in Fig. 6, b.

Using SEM (Fig. 7) and EDS analysis (Table 7) we
characterized the composition of an a-Fe-based crys-
talline matrix interspersed with amorphous inclusions
of a similar composition. These amorphous inclusions
arose both from the rapid cooling associated with the
ESD process and the presence of amorphizing elements
such asboron and silicon [30; 31]. Furthermore, we iden-
tified an Fe—B amorphous phase containing inclusions
of Fe;B iron boride nanoparticles. These nanoparticles
are released upon heating as the amorphous matrix seg-
regates into FesB and o-Fe [32]. Distributed through-
out the matrix volume are nanoparticles of HfO,, mea-
suring 30—50 nm, and iron silicide Fe;Si, which are
15—20 nm in size.

Fig. 5. SEM images of the topography (a) and structure () of the coating (mode 2) deposited from R6MSKS5 electrode

Puc. 5. POM-u3o6paxeHnus Tornorpaduu (a) u cTpyKTypsl (b) mokpbiTUs (pexxum 2) u3 anekrpoaa POM5K5

Table 5. Chemical composition (at.%) of various areas within the coating deposited from R6M5K35 electrode

Ta6auua 5. Xumuveckuii coctaB (at.%) obyiacTeil MOKPHITUS, TOJIy4eHHOro 3eKTpogoM PO6MS5SKS

Area of analysis | C | Si | A\ | Cr | Mn | Fe | Co | Ni | Mo | \%%
Coating 15.0 - 2.2 2.0 — 74.5 3.0 — 1.8 1.4
Transition layer 9.4 0.6 — 0.7 1.0 86.8 0.0 1.6 - 0.1
Substrate 10.3 0.6 — 0.8 0.7 86.1 0.0 1.4 - —
Table 6. Chemical composition (at.%) of the coating areas marked in Fig. 6, b
Ta6nuiia 6. Xumuueckuii coctas (at.%) obaacTeil MOKPHITUSI, OTMEUEHHBIX Ha pUC. 6, b
Area C (0] Si Vv Cr Mn Fe Ni Mo Hf
1 - 66.3 - - - - 1.9 - - 31.8
2 16.2 — 13.9 1.4 1.5 — 59.0 — 6.4 1.5
3 23.8 34.1 5.5 1.2 1.4 - 25.8 - 6.8 1.4
4 24.4 40.8 4.5 0.7 - 0.4 25.7 — 33 0.2
5 11.6 - 0.8 — 0.5 0.8 84.7 1.5 — —
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Table 7. Chemical composition (at.%) of the areas marked in Fig. 7, a

Ta6auia 7. Xumudeckuii coctaB (atT.%) obiiacTeil, OTMEUYEHHBIX Ha puc. 7, a

Area Component Fe w Mo Hf Si Cr \'% Co (0)
1 Crystal matrix 84.7 1.2 4.0 — 4.8 1.4 0.5 2.0 —
2 Amorphous matrix 87.5 1.0 4.0 — 4.2 1.4 0.5 1.4 —
3 Particle based on HfO, 4.6 - - 31.0 - - - - 64.4
4 Fe—B amorphous phase” 21.7 — - - — - — — 78.3
" The phase was determined based on the diffraction pattern.

e
T —

Substrate

Fig. 6. SEM images of the surface topography («) and the microstructure (b—d) of the coating deposited

from R6M5K5-K electrode

Puc. 6. POM-u3o6pakeHust Tonorpaduu MoBepXHOCTH (a) U MUKPOCTPYKTYPbI (b—d) MOKpBITUS,

MOJIy4eHHOro 13 3j1ekTpona P6MS5SKS5-K

The results from nanoindentation measurements
of electrospark coatings deposited from R6MS5KS5 and
R6MS5KS5-K electrodes were analyzed, and hardness
distributions across the coating thickness are illustra-
ted in Fig. 8. It is noticeable that the hardness of the
coating deposited from the R6M5KS5-K electrode is
15.8+0.4 GPa, which is significantly higher than the
9.1+0.4 GPa hardness of the coating deposited from the
R6MS5KS electrode. This increase in hardness is attri-
buted to the inclusion of hardening phases such as HfO,,
HfSiO,4, Fe;B, Fe;Si within the coating.

High-temperature tribological tests

A critical attribute for tools used in isothermal forging
is their wear resistance under conditions of high-tem-
perature friction. While tribological tests conducted
according to standard methodologies may not perfect-
ly replicate the actual operating conditions of dies, the
results are nevertheless indicative of the impact of the
coatings on wear resistance.

Figure 9 illustrates the relationship between the
friction coefficient of SKhNM steel samples with
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Fe-B-based
amorphous phase

Crystal matrix (o-Fe)
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Fe;B
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['-i'_; B/a-Fe

10000 1/um

Fig. 7. TEM images of the coating deposited from R6M5K5-K electrode before (a) and after (c) heating the lamella to 500 °C,
diffraction pattern of a-Fe-based matrix (b) and Fe—B-based amorphous phase after heating (d)

Puc. 7. [IDM- uzo6paxeHust mOKpbITUs 13 2jeKTpoaa POMSK5-K 1o (a) u noce (¢) Harpesa namenu no 500 °C,
a Takxe nudpakMoHHas KapTuHa MaTpullbl Ha ocHOBe o-Fe (b) 1 amopdHoii dha3sl Fe—B nmocie Harpesa (d)

Hardness, GPa
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154 ./._./-\./‘\
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Substrate
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Coating Substrate
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Fig. 8. Hardness distribution over the thickness

of electrospark coatings deposited with REM5K5
and R6M5K5-K electrodes

Puc. 8. Pacnpenenenue rBeprocTu
10 TOJILIAHE 3JIEKTPOMUCKPOBBIX ITOKPHITH A
u3 ayekTponoB POM5KS5 u POMS5K5-K
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coatings and the counterbody path length at a tem-
perature of 500 °C, along with 2D images of wear
track profiles.

Although the friction coefficients for both coat-
ings are similar, ranging from 0.55 to 0.57, the val-
ues of reduced wear show significant differences:
38.24:107> mm?/N/m for the coating from R6M5K5
electrode and 2.82:10> mm?3/N/m for the coating
from R6MSKS5-K electrode. This disparity signifies a
substantial increase in wear resistance by 13.5 times
for the coating containing hardening phases HfO,,
HfSiOy4, Fe;B, and Fe;Si.

However, a minor fluctuation in the initial path
section (20—150 m) for coatings deposited from the
R6M5KS5-K electrode can be attributed to the coun-
terbody wearing in and the removal of protruding ar-
eas of the rough surface (R, = 13 pm). Additionally,
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Fig. 9. Dependence of the friction coefficient of electrospark coatings deposited from R6MS5SK5 and R6M5K5-K electrodes
on the sliding distance of the counterbody at 500 °C (@) and 2D profiles of wear tracks (b)

Puc. 9. 3aBucumoctb KoahbuiiMneHTa TPEHU ST JEKTPOUCKPOBBIX MOKPBITU I 13 31eKTpoaoB POMSKS u POMSKS5-K
OT IJIMHBI Mpobera KoHTpTena npu remnepatype 500 °C (a) u 2D-npodunu nopoxek uzHoca (b)

30 [tm

e € i i s s i DO LT s s

Fig. 10. SEM images of tracks (a, b) and wear products (¢, d) during the tests of electrospark coatings deposited

from R6MS5KS5 (a, ¢) and ROM5KS5-K (b, d) electrodes

Puc. 10. POM-u3o6paxxeHus nopoxex (a, b) u npoayKToB U3Hoca (¢, d) Tpy UCTIBITAHUSIX 3JIEKTPOUCKPOBBIX MTOKPBITUIA,
MOJIy4eHHBIX 13 2J1IeKTpoaoB P6MSKS (a, ¢) u POMSKS5-K (b, d)

the chipping of HfO, particles during the tests, as
confirmed by their presence in the wear products (il-
lustrated in Fig. 10 and Table 8), contributes to this
fluctuation.

Oxidation of the components is observed in
both coating formulations. As the coating deposit-
ed from the R6M5KS5 electrode wears off, layers of
the coating that are less oxidized become exposed
and emerge on the surface. In contrast, the coating
deposited from the R6M5KS5-K electrode remains
quite homogeneous, exhibiting less pronounced
wear traces.

Conclusions

1. Electrode materials suitable for the electro-
spark deposition on die steel were sourced from a
powdered mixture of ROM5KS5 high speed steel and a
powdered mixture of R6M5KS5 high speed steel with
40 % boride-silicide ceramics (MoSi,—MoB—HfB,).
Through the examination of mass transfer and
roughness kinetics, the optimal processing mode for
SKhNM die steel was identified, which ensures the
lowest surface roughness while maintaining acceptable
mass transfer rates.
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Table 8. Chemical composition (at.%) of areas in Fig. 10

Ta6auua 8. Xumuveckuii coctaB (atT.%) obiacrteit Ha puc. 10

Area (0] Si v Cr IFe Co Mo W Hf
Wear tracks (Fig. 10, a, b)
1 27.2 — 2.1 2.2 61.3 3.5 2.1 1.5 —
2 41.3 — 1.6 2.0 48.9 33 1.7 1.3 —
3 55.4 — 0.3 0.5 42.7 0.9 — — —
4 27.2 13.7 1.6 2.0 41.0 2.9 7.9 0.8 29
5 55.4 3.8 0.3 59 31.5 0.6 1.4 - 1.1
6 59.6 — 0.7 0.8 15.2 0.6 2.8 — 20.2
Wear products (Fig. 10, ¢, d)

7 54.0 0.8 — 3.6 41.0 — 0.6 — —
42.7 — 1.5 1.5 50.8 — 1.9 1.6 —

45.2 5.4 0.7 3.5 28.7 — 2.1 — 14.4

10 47.1 9.7 0.7 1.5 32.4 1.0 3.3 — 4.3

2. The coating applied from R6M5KS5 electrode,
consisting of austenite, measures 20—22 um in thick-
ness and is noted for its high uniformity, with a hardness
of approximately 9.1+0.4 GPa. On the other hand, the
coating from the REM5K5-K electrode, which incorpo-
rates ceramics, features a uniform distribution of hard-
ening phases such as HfO,, HfSiO,, Fe;Si, and Fe;B,
and varies in thickness from 20 to 30 um, achieving a
hardness of 15.8+0.4 GPa. The dispersed HfO, parti-
cles are sized between 30—50 nm, while Fe;Si particles
range from 15—20 nm.

3. High-temperature tribological testing revealed
that the coating from the R6M5K5-K electrode ex-
hibits significantly enhanced wear resistance, being
13.5 times greater than that of the coating from the
R6M5KS5 electrode. The reduced wear rate for the ce-
ramic-enhanced coating was measured at 2.82:107°
mm3/N/m, attributed to the presence of hardening
phases within the coating’s structure, compared to
38,24-10~> mm?3/N/m for the austenite-based coating.
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Influence of manganese alloying on the structure
and properties of electrospark coatings
of EP741NP heat-resistant nickel LPBF alloy
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National University of Science and Technology “MISIS”
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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.

Keywords: heat-resistant nickel alloy, laser powder bed fusion (LPBF), electrospark treatment, wear resistance, oxidation resistance, thermal
barrier layer.
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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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Substrate

Substrate

Substrate

10 pm
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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
— 0.5 % Mn
] — 0.6 % Mn
15 — 1.0% Mn
— 1.5 % Mn
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5 -
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Width, um
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Mn content in the electrode, at.%

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-
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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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