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Purification of process solutions
from mercury by sorption

Ya.D. Zelyakh!, K.L. Timofeev'-?, R.S. Voinkov'-?, G.I. Maltsev!, V.A. Shunin'
1 JSC “Uralelectromed”
1 Uspenskiy Prosp., Verkhnyaya Pyshma, Sverdlovsk region 624091, Russia

2 UMMC Technical University
3 Uspenskiy Prosp., Verkhnyaya Pyshma, Sverdlovsk region 624091, Russia

4 Yakov D. Zelyakh (zyad@uralcopper.com)

Abstract: At JSC “Uralelectromed”, selenium-containing raw materials and industrial products are processed, resulting in solutions containing
a mixture of mercury with concentrations as follows (g/dm?): 157—210 Se; 0.004—0.02 Hg; 0.15—0.20 Te; 2—3 As; 0.15—0.20 Sb; and 45—50 S.
To produce branded selenium, the mercury concentration in the solution must be kept below 0.001 g/dm?. Various methods, such as
hydrometallurgical and electrochemical processes, are known for mercury purification from solutions. JSC “Uralelectromed” has selected
sorption technology for mercury removal using the weak-base macroporous anionite Lewatit MP-68 (Germany), which allows for control
over the degree of solution purification. In pursuit of import substitution for the Western European sorbent Lewatit MP-68, we investigated
several pre-selected industrial sorbents for extracting mercury anionic complexes produced in Russia (AM-2B, AN-31, AV 17-8, VP-3Ap),
China (Seplite MA 940 and LSC 710), and India (Tulsion CH-95 and CH-97). Initially, in static mode, we determined the distribution
coefficient (Cy), the degree of element extraction (g), the static exchange capacity of the resins (SEC, g/dm3), and the mercury/selenium
separation coefficient (Dy,/s.) Which led to the selection of the best samples: AV 17-8, Seplite MA 940, AM-2B, and CH-97, with SEC
values of 0.95—0.97 g/dm? (SEC = 0.98 g/dm? of resin Lewatit M P-68). Subsequently, in dynamic mode, we ranked the ionites by decreasing
dynamic exchange capacity (DEC / TDEC): AV 17-8 > Lewatit MP-68 > AM-2B > Seplite MA 940 > Tulsion CH-97. Resins AV 17-8,
Seplite MA 940, and AM-2B demonstrated similar dynamic sorption characteristics; under comparable conditions, mercury breakthrough
occurred after processing at least 950 specific volumes of the initial solution. In contrast, with Lewatit MP-68 ionite, mercury breakthrough
occurred after no more than 750 specific volumes, indicating the need to increase the number of sorption steps in the solution purification
cascade. Considering the totality of ion-exchange properties, for further industrial testing, it is recommended to use the domestically
produced resin AV 17-8 instead of the foreign sorbent Lewatit MP-68 in the sorption purification process of selenic acid to remove mercury,
thereby ensuring the production of branded selenium.

Keywords: mercury, selenium, resin, sorption, static exchange capacity, dynamic exchange capacity, hydrometallurgical purification.

For citation: Zelyakh Ya.D., Timofeev K.L., Voinkov R.S., Maltsev G.I., Shunin V.A. Purification of process solutions from mercury by
sorption. Izvestiya. Non-Ferrous Metallurgy. 2024;30(1):5—13. https://doi.org/10.17073/0021-3438-2024-1-5-13

O‘II/ICTKa TEXHOJOI'NYE€CKHUX paCTBOpOB oT pTyTl/l copﬁuuei/'l
A 3easx', KJIL TI/IMO(l)eeBl’z, P.C. BOI/IHKOBl’z, I.. Maasues', B.A. I_Hymml

' AO «Ypamanekrpomen»
Poccus, 624091, CeepoiioBckasi 06:1., I. Bepxuss [Meimma, np-1 YeneHnckuid, 1

2 Texunueckuii yansepcurere YITMK
Poccus, 624091, CeepasioBckas 001, I. BepxHsist [Tbima, np-1 YcreHcKuii, 3

M dxos Imutpuesuy 3ensx (zyad@uralcopper.com)

Annoraunus: [1pu nepepadorke B AO «YpasaeKTpoMeIb» CeICHCOAEePKAIero ChIPbs M TPOMIIPOAYKTOB 00pa3yrTCsl paCTBOPHI, COlEp-
KXauiMe NpuMech pTyTH, r/LLM3: 157-210 Se; 0,004—0,02 Hg; 0,15—0,20 Te; 2—3 As; 0,15—0,20 Sb; 45—50 S. [Isis1 mosiyyeHusi MapOuYHOTO
celleHa KOHIEHTPALMS PTYTH B PACTBOpPE He HoyKHA mpesbrmats 0,001 /M. M3BeCTHBI pasTNaHbIe METOIbI OYMCTKH PACTBOPOB OT
PTYTHU: TUAPOMETAILIYPrUYECKUe, dJIEKTPOXUMHudeckue u ap. B AO «YpananekTpomenb» BHIOOP caedaH B MOJb3Y COPOLIMOHHON TEXHO-

© 2024 1. Ya.D. Zelyakh, K.L. Timofeev, R.S. Voinkov, G.I. Maltsev, V.A. Shunin
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Zelyakh Ya.D., Timofeev K.L., Voinkov R.S., Maltsev G.1I., Shunin V.A. Purification of process solutions from mercury by sorption

JIOTMU yoaJeHUsI PTYTU Ha cJ1ab0OCHOBHOM MaKpoIopucToM aHuoHuTe Lewatit MP-68 (I'epMaHusi), TO3BOJISIONICH YIIPaBsTh CTEIE-
HbIO OYKMCTKHU pacTBOpoB. [lis obecrieueHns 3aMellleHus 3amaqHoeBpoIeiickoro copbenra (Lewatit MP-68) mpoBeneHo ncciienoBaHue
psiia MpeaBapuTeIbHO OTOOPAaHHBIX MPOMBIIIIEHHBIX COPOEHTOB aHMOHHBIX KOMIIJIEKCOB PTYTH mpousBoactBa PD (AM-2b, AH-31,
AB 17-8, BII-3An), Kurasg (Seplite MA 940 u LSC 710), Uuauu (Tulsion CH-95 u CH-97). Ha nepBoii ctanuu B CTaTUYECKOM peXUME
onpezesieHbl K03 dueHT pacnpeneeHus (Kp), cTeneHb U3BICYCHMsI IEMEHTOB (€), 3HaYEHU sl CTATHYECKON OOMEHHO eMKOCTH CMOJT
(COE, r/z[M3), KoappuumeHt paspeneHust (Dy, ), Ha OCHOBAaHMM KOTOPBIX 0TOOpaHBI Jyqmine obpasus: AB 17-8, Seplite MA 940,
AM-2B, CH-97 ¢ Benamnamn COE = 0,95+0,97 r/am> (v cmonsr Lewatit MP-68 COE = 0,98 r/mm>). Ha BTopoii cTafim B IMHAMHIYECKOM
pexume yctaHoBieHo cieaytoiiee: o BeanunHe JOE/TTJJOE nonuTsl pacrnonoxeHsl B yobiBatouunii psia: AB 17-8 > Lewatit MP-68 >
> AM-2B > Seplite MA 940 >> Tulsion CH-97. Cmonst AB 17-8, Seplite MA 940, AM-2b 6113K1 0 CBOUM NIMHAMUYECKUM COPOITMOHHBIM
XapaKTepUCTUKAM: B COMIOCTABUMBIX YCIOBUSIX MPOCKOK MO PTYTH HACTYMAET Mocje nponyckaHus He MeHee 950 ya1. 00beMOB UCXOHOTO
pactBopa. 11 cpaBHeHMsI: Ha MoHUTe Lewatit MP-68 rpoCKOK 1o pTYyTH HacTymaeT MmocJje npornyckanus He 6osee 750 ya. 00beMOB, UTO
TpedyeT yBeTMYEHU S YUCIa CTYIIeHEel COpOLMHU B Kackae OYMCTKY pacTBOPOB. [10 COBOKYMTHOCTU NOHOOOMEHHBIX CBOMCTB /1JISI aIbHE -
LLIETro MUCCIEeI0BaHMS B PeXMMe MPOMBILIIEHHBIX UCIIBITAHU I PEKOMEHAYETCSI UCI0JIb30BaTh cMoJly AB 17-8 oTeuecTBeHHOro MPOU3BOI-
cTBa BMeCTO 3apybexxHoro copbeHTa Lewatit MP-68 B TexHOIOrMuecKoil cxemMe COPOLIMOHHON OUMCTKU CEJICHUCTON KUCIOTHI OT PTYTH C
11eJ1bl0 00ecreYeHu sl MOTYUYeH sl MapOYHOTr 0 ceJieHa.

KxoueBsie clioBa: pTyTh, CEJIeH, CMOJIa, COPOIINSI, CTaTUUecKast OOMeHHasi eMKOCTh, IMHAMUYECKasi OOMEHHasl eMKOCTb, TUIPOMETaT-
Jlypruyeckasi OuMcTKa.

Jng uuruposanus: 3ensx A.J., Tumodeer K.JI., Bounkos P.C., Manbues I'U., lllynun B.A. OyncTKa TeXHOJIOTMYECKUX PACTBOPOB OT

pryTH copouueit. Mzeecmus 8y306. Lleemnas memannypeus. 2024;30(1):5—13. https://doi.org/10.17073/0021-3438-2024-1-5-13

Introduction

At JSC “Uralelectromed”, raw materials and in-
dustrial products containing selenium are processed,
resulting in solutions with varying concentrations of
impurities, g/dm3: 157—210 selenium (Se); 0.004—
0.02 mercury (Hg); 0.15—0.20 tellurium (Te); 2—3 ar-
senic (As); 0.15—0.20 antimony (Sb); and 45—50 sul-
fur (S). For production of branded selenium, the con-
centration of mercury in the solution should not exceed
0.001 g/dm? [1].

Various methods have been developed to purify solu-
tions of mercury. These include the electrochemical re-
duction, which removes over 92 % of mercury asan Hg—
Cu alloy, followed by the thermal desorption of mercury
from the spent cathode [2]. Sorption techniques, utilizing
microporous niobium (AM-11) and vanadium (AM-14)
silicates, can adsorb approximately 160 mg/g of mercury
[3]. Combined electron-beam and adsorption treatments
on cellulose, carboxymethylcellulose, and starch remove
98 % of Hg(I) [4]. Activated carbon, alloyed with sulfur,
has shown the ability to absorb up to 187 mg/g of mer-
cury [5]. Induction adsorption of HgO on an alkaline
sorbent with active chalcogen-based centers [6]; sorption
removal of over 80 % of elemental mercury Hg” on H,S
modified magnetospheres (S—MS) [7; 8], and mercury
desorption techniques via thermal treatment and plasma
method [9] have been reported. Photocatalytic oxidation
of Hg0 enables up to 87 % removal of mercury [10]. The
photothermal aerogel method enables the potential for
achieving complete purification from heavy metal ions
[11]. Cementation of mercury (HgCl42_) from chloride
medium using metallic zinc, iron, and aluminum re-
sults in a final solution with 8-10~2 g/dm3 of mercury
[12]. In acidic solutions, mercury complexes such as
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[Hg(S0s),]*", [Hg(S0s);]*", [Hg(S03)41°~ [13], form
and are adsorbed on carbon-containing materials [14].
Sulfur copolymers with micro- and macroporous struc-
tures actively interact with mercury compounds in solu-
tion [15], forming multinuclear Hg—S sulfide complex-
es [16—18]. The presence of chloride ions also leads to
the formation of mercury complex compounds: HgCI™,
HgCl;, HgClZ™ [19—-26].

JSC “Uralelectromed” selected the sorption tech-
nology using the weak-base macroporous anionite Le-
watit MP-68 from Germany for mercury removal. This
technology allows for a high degree of solution purifi-
cation using compact equipment. It is highly reliable,
easy to operate, and remains effective regardless of
fluctuations in concentration and hydraulic pressure.
To facilitate the import substitution of the Western
European reagent Lewatit MP-68, we explored several
pre-selected industrial sorbents designed for extracting
mercury anionic complexes. These sorbents are pro-
duced in Russia (AM-2B, AN-31, AV 17-8, VP-3Ap),
China (Seplite MA 940 and LSC 710), and India (Tul-
sion CH-95 and CH-97). The characteristics of these
sorbents are detailed in Table 1.

The objective of this study was to identify a sorbent
that could serve as an alternative to Lewatit MP-68 and
to determine the optimal parameters for purifying se-
lenic acid solutions from mercury to achieve a residual
concentration not exceeding 0.001 g/dm3 Hg.

Methods

The resins tested were pre-treated prior to their
use, following these steps: they were soaked in dis-
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Tabl. 1. Characteristics of the studied resins

Tabnuua 1. XapakTepuCTUKU UCCIEAYEMbBIX CMOJT

Description Type

Purpose according to the data sheet

Weak-base macroporous anionite

Lewatit MP-68 based on a styrene-divinylbenzene

distribution

copolymer with monodisperse granule

Desalinization
Treatment of rinse water in galvanic processes
Demineralization of water
with a high content of humic acids

Macroporous polystyrene
weak-base anionic resin
Seplite MA 940
P Weak-base anionite

(tertiary amine functional groups)

Removal of heavy non-ferrous metals
from industrial solutions
High resistance to osmotic shock
Removal of natural organic matter

Seplite
LSC 710

Ton-exchange chelating resin

with iminodiacite functional groups

Removal of heavy metals
from solutions

Chelate resin (CI7)

Tulsion CH-95 With functional groups

Tulsion CH-97 thiuronium, thiol)

(iminodiacetic acid, phosphoric acid,

Selective sorption of metals from aqueous
and organic solutions at different pH
Removal of heavy
(Fe, Cu, Ni, Zn, Cr, Co, Mn, Mo, Cd, Hg)
and precious (Pt, Pd, Au, Ag, Rh) metals

Functional group — quaternary

Strong-base sorbent with a gel structure

Water softening and desalination at thermal and nuclear
power plants and in boiler houses

4-vinylpyridine and divinylbenzene

AV 17-8
trimethylammonium groups of basic nature Purification of process solutions and wastewater
Matrix — styrene-divinylbenzene Separation and sorting of non-ferrous metals
Benzyldimethylammonium Selective extraction
AM-2B and dibenzyldimethylammonium of cyanide anionic gold complexes
functional groups
Weak-base resin with functional groups Applications in water treatment, wastewater treatment,

AN-31 including quaternary trimethylammonium, chemical and hydrometallurgical industries

secondary and tertiary aliphatic amino groups Separation and sorting of non-ferrous metals

Strong-base macroporous anionite Extraction of heavy non-ferrous metals

VP-3Ap based on a copolymer from various media, in particular, thorium

and plutonium from nitric acid systems

tilled water for 24 h, then washed with a 5 % NaOH
solution to pH = 10+12. Afterward, they were rinsed
with water until a neutral pH was achieved. This was
followed by treatment with a 5—15 g/dm3 solution of
H,S0Oy, and finally, they were washed with water to
pH = 2+5.

To determine the static exchange capacity of the
resins (SEC, g/dm?), an initial solution of 0.1 dm? with
the following composition, g/dm3: 208.3 Se; 0.02 Hg;
0.15 Te; 2.9 As; 0.16 Sb; 49 S) was brought into contact
with 0.002, 0.005, and 0.010 dm? of sorbents. The mix-
ture was stirred for 72—96 h. The filtrates after sorption
were analyzed, and the following values were calculated:
SEC, distribution coefficient (Cy), elements extraction

degree (¢), and the mercury/selenium separation coef-
ficient (Dygs.), as seen in Table 2:

SEC = (Cipit — Cequil)Vsolut/Vsorbs (M

where Cipj and Cgq,y are the initial and equilibri-
um concentrations of Hg in the solution, respectively,
g/dm?3; V., and V., are the volumes of the sorbent
and solution, respectively, dm?>;

Cd = SEC/Cequil’ (2)
€= (Cinit - Cequil)/cinits (3)
Dyg/se = Ca(Hg)/Cy(Se). )
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To determine the dynamic exchange capacity
(DEC, mg/cm3) and total dynamic exchange capaci-
ty (TDEC, mg/cm?) of the resins, the initial solution
(with a composition of 160—170 g/dm?> Se and 0.004—
0.029 g/dm’® Hg) was passed through 0.020 dm?
of the test resin loaded into a column at a rate of
~0.020 dm?/h (1 specific volume). The value of TDEC
(Mgeem/cm> ) was calculated by summing the
amount of the element absorbed from each portion of
the solution that had passed through the test resin, rela-

tive to the volume of the sorbent:
TDEC = ZVsolut(CO - Coutl)/Vsorb’ (5)

where V, ., represents the volume of the sorbent, dm?,

C, is the initial concentration of the element, g/dm’,
C,ui 1s the concentration of the element at the column
outlet, respectively, g/dm?, and V,,,, is the volume of
the solution that has passed through the column, dm’.

Results and discussion

Table 2 presents experimental data on mercury sorp-
tion in static mode.

The criteria for selecting the resin were based on
achieving the maximum values of SEC and the degree of
impurity extraction for mercury (Hg), while minimizing
the extraction of the macrocomponent (Se), as indicated
by the highest separation coefficient (Dyyg/se)-

Tabl. 2. Values of SEC, ¢, Cy and Dy /g for ion exchange resins

Tabauua 2. 3naueHus COE, €, K, v Dy, /g, 11 FOHOOOMEHHBIX CMOJT

Extraction Separation
SEC, g/dm? C P
Nam.e L:S g/ d €, % coefficient
of resin
He | Se Hg Se Hg Se Dyyg/se
50 0.97 1210.0 1616.7 6.6 97.00 11.62 246
AM_ZB . 20 0.40 218.0 1980.0 1.1 99.00 5.23 1793
made in Russia
10 0.20 168.0 1990.0 0.9 99.50 8.07 2268
50 0.00 790.0 0.0 4.1 0.00 7.59 0
AN-31
. . 20 0.08 416.0 5.0 2.2 20.00 9.99 2
made in Russia
10 0.09 138.0 8.2 0.7 45.00 6.63 12
50 0.96 1285.0 1086.4 7.0 95.60 12.34 154
AV. 17-8 . 20 0.40 544.0 1719.1 3.0 98.85 13.06 572
made in Russia
10 0.20 292.0 1990.0 1.6 99.50 14.02 1221
50 0.98 815.0 2077.7 4.2 97.65 7.83 489
Lewatit MP-68 20 0.40 484.0 3980.0 2.6 99.50 11.62 1514
10 0.20 316.0 1990.0 1.8 99.50 15.17 1113
50 0.95 1085.0 859.1 5.8 94.50 10.42 148
Seplite MA 940 20 0.39 336.0 1313.3 1.8 98.50 8.07 749
10 0.20 99.0 1808.2 0.5 99.45 4.75 3624
50 0.25 790.0 16.7 4.1 25.00 7.59 4
Seplite LSC 710 20 0.23 366.0 27.1 1.9 57.50 8.79 14
10 0.15 292.0 31.7 1.6 76.00 14.02 19
50 0.94 790.0 783.3 4.1 94.00 7.59 191
Tulsion CH-95 20 0.40 276.0 2646.7 1.4 99.25 6.63 1865
10 0.20 390.0 1990.0 2.3 99.50 18.72 864
50 0.95 1135.0 859.1 6.1 94.50 10.90 140
Tulsion CH-97 20 0.40 504.0 3980.0 2.8 99.50 12.10 1446
10 0.20 257.0 1990.0 1.4 99.50 12.34 1414
50 0.78 1260.0 172.2 6.9 77.50 12.10 25
VP._3AP . 20 0.36 474.0 190.5 2.6 90.50 11.38 74
made in Russia
10 0.19 257.0 275.7 1.4 96.50 12.34 196
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The anions in the solution that compete for the bind-
ing sites on the functional groups of the sorbents are mer-
cury complexes, namely sulfomercurates ([Hg(SO3)2]2’,
[Hg(SO5);]*~, [Hg(S053)41°7) and selenic acid anions
(H,SeO5 with pK = 2.46 and H,SeO, with pK = —3.0).
In acidic solutions (pH < 1), only the strong selenic acid
anions SeO/~ are present, with a molecular volume cal-
culated as V,, = M/p = 144.9/2.95 = 49.1 cm?/mol. For
sulfomercurates of the specifed composition, the molec-
ular volumes are V,, = 68.4+98.6 cm>/mol. Despite their
large molecular volumes in comparison to selenic acid
anions, the preferential sorption of sulfomercurates was
observed. This can be attributed to their higher negative
charge, which ensures a stronger interaction with the
functional groups of the ion-exchange resins.

Based on the studies conducted and the calculated
separation coefficients, domestic samples AV 17-8 and
AM-2B, as well as the foreign samples Seplite MA 940
and Tulsion CH-97, were selected for further investiga-
tion of sorption under dynamic conditions. These will be
compared with the currently used Lewatit M P-68 resin.

Based on the studies conducted and the calculated
separation coefficients, domestic samples AV 17-8 and
AM-2B, as well as the foreign samples Seplite MA 940
and Tulsion CH-97, were selected for further investiga-
tion of sorption under dynamic conditions. These will be
compared with the currently used Lewatit M P-68 resin.

During the saturation of the resin, the concentrations
of mercury and selenium in the solutions post-sorp-
tion varied. The solutions were analyzed using induc-
tively coupled plasma (ICP) methods on a Shimadzu
AA-7000 spectrophotometer (Japan). Figure 1 illustrates
the graphical relationship between the mercury concen-
tration in the solution after sorption and the volume of
the solution that passed through the resin. The results
of the DEC and TDEC calculations are presented in
Table 3.

The following conclusions can be drawn from the re-
sults of mercury sorption from process solutions in dy-
namic mode:

Tabl. 3. Calculations of DEC/TDEC for mercury
Tao6nuua 3. JTanneie pacuetoB JJOE/ITJOE no ptytu

Hg, mg/dm’
254 1

20~

—t ’
T T T T T T T

R R PRI SR S NP CIINS
S ONRASIC NI ARN SN AN SN

The specific volume of the solution

Fig. 1. Mercury concentration in solutions after sorption

as a function of the specific volume of the solution passed
through the resin

1— AM-2B; 2 — Tulsion CH-97; 3 — AV 17-8; 4 — Seplite MA 940;
5 — Lewatit MP-68

Puc. 1. KoHuieHTpamus pTyTy B pacTBOpax Mmocje copommnm
B 3aBUCUMOCTH OT MIPOTYIIIEHHOTO YAeJIbHOTO 00beMa
pactBOpa

1— AM-2B; 2 — Tulsion CH-97; 3 — AB 17-8; 4 — Seplite MA 940;
5 — Lewatit MP-68

1. In terms of the DEC/TDEC values, the resins are
ranked in descending order as follows: AV 17-8 > Lewatit
MP-68 > AM-2B > Seplite MA 940 >> Tulsion CH-97.

The significant discrepancy between the perfor-
mance in static mode and the DEC/TDEC for Tulsion
CH-97 can likely be attributed to its different function-
al groups and type of sorbent. It is presumed that in the
dynamic mode, the Se macrocomponent displaces the
previously sorbed mercury compounds from the resin
phase.

2. The resins AV 17-8, Seplite MA 940, and AM-2B
display similar dynamic sorption characteristics. Un-
der comparable conditions, a breakthrough in mercury
occurs after at least 950 specific volumes of the initial
solution have passed through. For comparison, with Le-
watit MP-68 resin, mercury breakthrough occurs after

Name of resin Sorbed Hg, g DEC at a breakthrough, mg/cm? TDEC, mg/cm?
AM-2B 0.223 34 11.1
Tulsion CH-97 0.029 1.3 1.4
AV 17-8 0.256 3.4 12.9
Lewatit MP-68 0.259 2.6 12.8
Seplite MA 940 0.226 3.2 11.3
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Resin AV 17-8

N

Selenic acid, g/dm3

0.007 Hg; 157 Se; 0.15 Te; 2.9 As; 140 H,SO,

-

Mercury sorption
is 2-step

-

Purified solution, g/dm3

<0.001 Hg; 154 Se; 0.12 Te; 2.5 As; 138 H,SO,

|

| To receive selenium |

IS

Saturated resin
AV 17-8

For recycling

Fig. 2. The basic technological scheme of sorption purification of selenic acid from mercury with resin AV 17-8

Puc. 2. [TpuHuMnuasbHas TEXHOJIOIMYECKasl cXxeMa COPOLIMOHHON OYUCTKY cMoJioit AB 17-8 celeHUCTOl KMCAOThI OT PTYTU

no more than 750 specific volumes, indicating that the
number of sorption steps in the cascade for solution pu-
rification should be increased.

3. Considering the overall ion-exchange properties,
it is recommended to use the domestically produced
AV 17-8 resin for further tests in an industrial setting to
replace Lewatit MP-68 (Germany) in the sorption pu-
rification process of selenic acid from mercury. To pro-
duce branded selenium, a two-stage sorption process is
advisable, as illustrated in Fig. 2. This involves using two
columns filled with ionite. If a breakthrough occurs, the
first stage is removed for desorption or disposal, the sec-
ond stage takes its place, and a new column is added to
the sequence.

Conclusions

1. To find a replacement for the Lewatit MP-68 ion-
ite currently used for purifying selenic acid solutions
from mercury, we reviewed technical literature and se-
lected ionites manufactured in Russia (AM-2B, AN-31,
AV 17-8, VP-3Ap), China (Seplite MA 940 and LSC
710), and India (Tulsion CH-95 and CH-97). In the in-
itial static phase, we determined the distribution coef-
ficient (Cy), the degree of elements’ extraction (g), and
the static exchange capacity of the resins (SEC, g/dm3),
which led to the selection of the most effective samples:
AV 17-8, Seplite MA 940, AM-2B, and Tulsion CH-97,
with SEC values of 0.95—0.97 g/dm? and a mercury/se-
lenium separation coefficient (Dyy/se) Of 1,220—3,620
(for Lewatit MP-68 resin, SEC = 0.98 g/dm>, Dy, /5. =
=1,520).
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2. For the resins under study, the following process
parameters were established: the volume before a mercu-
ry breakthrough, with an initial solution concentration
of 4—30 mg/dm?, was Voreakthrough = 790+950 specific
volumes; DEC / TDEC = 2.6+3.4/11.1+12.8 mg/cm>.

Based on the conducted studies, the ionites were
ranged according to their mercury sorption perfor-
mance: AV 17-8 > Lewatit MP-68 > AM-2B >> Seplite
MA 940 >> Tulsion CH-97.

3. Considering the comprehensive sorption charac-
teristics determined, the AV 17-8 resin can be recom-
mended as a substitute for the Lewatit MP-68 resin for
industrial testing to identify the optimal parameters for
purifying selenic acid solutions of mercury.

4. A process flow scheme for purifying industrial se-
lenium solutions of mercury has been developed and im-
plemented into production. It includes two-stage sorp-
tion using AV 17-8 ionite with a specific volumetric flow
rate of 0.9—1.1 h™!, processing of the saturated resin,
and extraction of selenium from the mercury-purified
solution.
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Abstract: This study focuses on developing a heterophase process for synthesizing rare-earth zirconates, specifically R,Zr,0;/
R,05-27ZrO, (R = La, Sm, Gd, Dy). We investigated the sorption properties of low-hydrated zirconium hydroxide, a precursor for
complex-oxide phases, towards rare-earth elements' ions (La, Sm, Gd, Dy). The results indicate that sorption by low-hydrated zirconium
hydroxide is a multifaceted process, involving the incorporation of rare-earth cations into the pores of low-hydrated hydroxide and
ion exchange. The paper details the synthesis of R,Zr,0;/R,05:2ZrO, (R = La, Sm, Gd, Dy), considering both “light” and “heavy”
elements. The process involves the interaction between Zr(OH)s,;0¢ 5. 5°(1.6+2.6)H,0, low-hydrated zirconium hydroxide, and
an aqueous solution of rare-earth acetate (C(La’*) = 0.155 mol/L, C(Sm®") = 0.136 mol/L, C(Gd*") = 0.141 mol/L, C(Dy*") =
=(0.120 mol/L) followed by heat treatment. The resulting phases and their thermolysis products were analyzed using differential thermal
analysis and X-ray phase analysis. Single-phase rare-earth zirconates R,Zr,0; (R = La, Sm, Gd) and the Dy,05-2Zr0O, solid solution
were only obtained at 800 °C. The lattice parameters are calculated for each phase. Lanthanum, samarium, and gadolinium zirconates
exibited a cubic pyrochlore structure (Fd3m), while dysprosium displayed a fluorite structure (Fm3m). The average particle size of all
zirconates was 1.14 £ 0.02 um.

Key words: zirconium, lanthanum, samarium, gadolinium, dysprosium, zirconate, oxide, low-hydrated hydroxide, sorption properties,
heterophase synthesis.
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I'erepocdasnblii cuHTE3
IUPKOHATOB PeJIKO3eMeJIbHbIX 3JIEMEHTOB

E.E. Hukumuna, H.B. I'peunmnukos, /1.B. /Ipooor

WHCTUTYT TOHKMX XUMHYECKUX TexHojoruii um. M.B. JlomonocoBa
MMUPDA — PoccuiicKoro TeXHoJI0rH4eCKOro yHuBepCcuTeTa
Poccus, 119571, r. MockBa, nip-T BepHaackoro, 86

< Enena EsrenbeBna Hukuinuna (nikishina@mirea.ru)
Annoranus: [1peacraBieHbl pe3yabTaThl pa3padoTKu reTepoda3HOro MeToa CUHTEe3a IMPKOHATOB PelKO3eMeIbHbIX 31eMeHTOB (P3D)

coctaBa R,Zr,0,/R,05:2ZrO, (R = La, Sm, Gd, Dy). [IpenBaputenbHO U3y4eHbl COPOLIMOHHBIE CBOICTBA MaJOBOJHOTO THIPOKCHIA
LUPKOHUS (MpealecTBeHHMKA IJIS TTOJIYUYEHHU S CJ0KHOOKCUIHBIX (ha3) MO OTHOIIEHUIO K MOHAM peIKOo3eMeJIbHbIX 2jieMeHTOB (La, Sm,
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Gd, Dy). Pedynbrarsl ucciaegoBaHuit MoKas3aan, YTO COPOLIMS MAJOBOAHBIM I'MIPOKCUIOM LUPKOHUS SIBISIETCS] CJIOXKHBIM MPOLIECCOM,
BKJIIOYAIOIMM BXOXIeHUEe KaTUOHOB P3D B mMOpbl MaJIOBOIHOTO I'MAPOKCUIA M MIOHHBIN 0OMeH. [TpoBeneH cuHTe3 1iupkoHatoB P33 co-
craBa R,Zr,0; /R,05:2Zr0, (R = La, Sm, Gd, Dy; Bei6op P33 onpenesiics BOBIeUEHUEM B PACCMOTPEHUE «JIETKMX» U «TSKEJIBIX» dJIe-
MeHTOB). OH 3aKJII0YaJICs BO B3aUMOJIEHCTBUM MaJIOBOJHOTO ruipokenia uupkonus Zr(OH);. 0 5.y 5+ (1,6+2,6)H,0 ¢ BonHbIM pacTBo-
pom atterara P39 (C(La*") = 0,155 moxnb/1, C(Sm>*) = 0,136 monb/1, C(Gd>") = 0,141 mons/1, C(Dy*") = 0,120 Moub/11) 1 MOCHEAYIOLIEH
TepMuuecKoii oopadoTke. MeTonamu nuddepeHIalbHO-TEPMUYECKOr0 U PEHTTeHO(ha30BOro aHaJIU30B 0XapaKTepU30BaHbl CUHTE3U-
poBaHHbBIe (ha3bl U IPOLYKTHI X TepMoJin3a. Tonbko npu Temriepatype 800 °C yaaioch moyduTh ogHoda3Hblie HupKoHaThl P3D cocTtaBa
R,Zr,07 (R = La, Sm, Gd) n tBepaniit pactBop Dy,05-2ZrO,. JIng Kax10ii ¢pasbl paccCyuTaHbl apaMeTpbl peineTKu. LlnpkoHaTel 1aHTa-
Ha, caMapus U TaIOTMHUS UMEIOT KyOMYecKYIo CTPYKTYpy nupoxiiopa (Fd3m), a nucnpo3usi — cTpyKTypy dbaooputa (Fm3m). CpenHuit
pa3Mep 4acTUIl y BceX HIMPKOHATOB cocTaBisieT 1,14 + 0,02 MmxMm.

KuroueBbie cjoBa: IMPKOHUIA, JaHTaH, caMapuii, raloJMHUI, TUCTIPO3Uii, IIMPKOHAT, OKCU, MAJOBOAHbBII I'MIPOKCH/I, COPOLIMOHHBIE
CBOMCTBA, reTepoda3Hblii CHHTE3.

BaaromapuocTu: PaGoTra BBIMOJHEHA ¢ UCIOJb30BaHUeM obopymoBaHus LleHTpa KoiaeKTUBHOro mojb3oBanus PTY MUPDA

npu noaaepxke MuuobpHayku Poccuiickoit @eneparninu B pamkax cornamierust Ne 075-15-2021-689 ot 01.09.2021 r.

ABTODBI BbIpaxkatoT osarogapHocth E.H. Jle6enesoii u A.M. JIbBOBCKOMY 3a OKa3aHHYO ITOMOIILb TP MPOBEACHU U UCCIIETOBAHUIA.

Jng uuruposanusa: Hukumuna E.E., I'peunminukos H.B., Ipo6ot I.B. I'eTepodas3Hblili CMHTE3 LMPKOHATOB PEAKO3EMEIbHbBIX 3JIEMEH-

TOB. Uzeecmus 8y306. llsemnas memannypeus. 2024;30(1):14—23.
https://doi.org/10.17073/0021-3438-2024-1-14-23

Introduction

R,Zr,0; rare-earth zirconates find extensive appli-
cations as thermal barrier coatings, catalysts, sensors,
oxygen-ion conducting solid electrolytes, and matri-
ces for the immobilization of radioactive waste [1—10].
These compositions possess unique physical and che-
mical properties, including a high melting point, ab-
sence of phase transitions over a wide temperature range,
high coefficient of thermal expansion, and low thermal
conductivity. Additionally, they demonstrate dielectric,
piezo- or ferroelectric, fluorescent, and phosphorescent
properties, along with chemical and radiation resis-
tance, and a high capacity for radionuclide absorption
[1; 4; 10—12].

The primary space groups for R,Zr,0; rare-earth
zirconates are cubic pyrochlore (Fd3m) and defective
fluorite (Fm3m) (Fig. 1) [2].

If the ratio of cation radii r(R*%)/r(Zt*") is less
than 1.46, the resulting substance is classified under a
defective fluorite space group; otherwise, it falls into a
pyrochlore space group [9]. Based on the cation radii,
La—Gd zirconates exhibit a pyrochlore space group,
whereas Tb—Lu zirconates belong to a defective fluo-
rite space group. The coordination number of zirconium
ranges from 4 to 6. Additionally, a decrease in the ca-
tion radius ratio corresponds to an increase in disorder.
To achieve a more ordered structure, one could replace
the rare-earth element cation with a larger-radius cati-
on or replace the zirconium cation with a smaller-radius
cation. [9; 13—15].

The phase diagrams reveal that within the La,0;—
ZrO, systems, La,Zr,0, present, maintaining a pyro-

chlore space group up to the melting point. In the case
of Sm,03;—Zr0,, Sm,Zr,0; exhibits a pyrochlore space
group up to 2080 °C, transitioning to a defective fluorite
space group above this temperature. Within the Gd,0;—
ZrO, system, Gd,Zr,0 solidifies with a pyrochlore
structure below 1550 °C, subsequently transforming into
a disordered fluorite structure (F-Gd,Zr,0;). Notavly,
the Gd,0;—Zr0O, system encompasses a broad region
featuring the R,05:2ZrO, homogeneous solid solution
with a fluorite crystal structure [15—19].

Other researchers have outlined various processes
for the preparation of R,Zr,05 rare-earth zirconates
[1; 4; 12; 14; 15; 20—26]. Notably, papers [4; 20; 21]
detail the solid-phase reparation of rare-earth zirco-
nates through the mechanical mixing of zirconium and
rare-carth element oxides, followed by calcination at
high temperatures (exceeding 1100 °C). However, this
process is notably time-consuming. To expedite so-
lid-phase reactions, mechanochemical synthesis offers
two approaches:

1. Mechanochemical synthesis involves the direct
formation of the compound through the mechanical
processing of reactants in an activator mill.

2. A two-stage process incorporates mechanical acti-
vation of the initial mixture, followed by subsequent heat
treatment [14; 19].

In the co-precipitation method, hydroxides are si-
multaneously precipitated from precursor solutions,
and the resulting sediments are subsequently calcinat-
ed to obtain R,Zr,05 [4; 23; 24]. A known process for
producing R,Zr,0; rare-earth zirconates (R = Gd, Tb,
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Fig. 1. Crystal structures of R,Zr,0; rare-earth zirconates [2]
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Puc. 1. CTpyKTypbl LUPKOHATOB PEAKO3EMEbHbIX 2J1IeMeHTOB R,Zr,07 [2]

Dy) through co-precipitation involves using rare-earth
nitrate and zirconium oxychloride as starting materials.
These are mixed and treated with an aqueous ammonia
solution. The zirconate powders are obtained by calci-
nation of the washed and dried sediment at tempera-
tures ranging from 1000 to 1500 °C for 3 to 6 h in the
presence of air [24].

However, a disadvantage of this method is that the
co-precipitation product forms a gel, making it chal-
lenging to remove impurities through washing. Conse-
quently, the resulting gel contains a significant amount
of wash water.

In the hydrothermal process, the complex oxide
phase precipitates from solutions in an autoclave, form-
ing through nucleation and growth at specific tem-
peratures and pressures. This method is convenient,
straightforward, and easily controllable. Water serves as
the solvent, offering affordability and wide availability
[4; 12].

The sol-gel method involves thermally treating gels
derived from the hydrolysis and subsequent polyconden-
sation of initial metal alcoholates [4; 12; 22; 25; 26].

It’s worth noting that in all the mentioned processes,
the initial reagents consist of oxides, salts, or complex
compounds of zirconium.

The objective of this study is to establish a hetero-
phase method for synthesizing R,Zr,0;/R,05-2Zr0O,
(R = La, Sm, Gd, Dy) rare-earth zirconates us-
ing low-hydrated zirconium hydroxide (referred to as
“low-hydrated hydroxide” or LHH) as the precursor.
This approach aims to lower the synthesis temperature
while achieving the production of single-phase complex
oxides.

Materials and methods

We used zirconium oxochloride (reagent-grade,
TU 6-09-3677-74 Spec., Reakhim, Moscow) and an

16

aqueous ammonia solution (ASC, GOST 24147-80,
Khimmed, Moscow) in this study. Acetates of rare-earth
elements (lanthanum, dysprosium, samarium, gadoli-
nium) were obtained by dissolving the oxide precursors
(La,O5 — reagent-grade, TU 48-4-523-90 Spec.; Dy,0;
(reagent-grade) — TU 48-4-524-90 Spec.; Sm,05 (rea-
gent-grade) — TU 48-4-523-89 Spec.; Gd,0; (rea-
gent-grade), TU 48-4-200-72 Spec.) from Lankhit,
Moscow, in glacial acetic acid (ASC grade, GOST 61-75,
Khimmed). The resulting solution was solidified, fil-
tered, and air-dried to obtain crystallohydrates, such
as La(CH;CO0O0);5-1.6H,0, Gd(CH;COO)5-4.2H,0,
La(CH;CO0O0);-1.8H,0, Dy(CH;C0O0);-4.1H,0. Ace-
tate salts were chosen for their water solubility and the
ease with which volatile products (CO and CO,) could
be removed from the substance.

The zirconium dioxide content in the low-hydra-
ted hydroxide was determined by calcination at 800 to
900 °C to form ZrO,.

The chloride ion content in LHH was assessed using
argentometry (the Folgard method).

To evaluate the sorption capacity of low-hydrated zir-
conium hydroxide under static conditions at room tem-
perature, we employed aqueous solutions of rare-earth
acetates.

The procedure involved adding 8.0 mL of aqueous
solutions of rare-earth element acetates with varying
concentrations (ranging from 0.044 to 0.155 mol/L)
to 0.4 g of LHH samples. The filled tubes underwent
shaking on an AVU-6S shaker for durations spanning
from 20 to 160 min, with 10-minute pauses. Follow-
ing settling, samples were extracted from the solu-
tions to determine the concentrations of rare-earth
elements.

For assessing the concentrations of rare-carth ele-
ments in the initial acetous solutions, determining the
residual concentrations of rare-ecarth elements in the
mother solutions, and investigating the sorption capaci-
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ty of low-hydrated zirconium hydroxide, we employed
direct titration with Trilon B solution (0.05 mol/L). Xy-
lenol orange indicator (0.1 % solution) was utilized, and
titration proceeded until the wine-red color of the solu-
tion transitioned to yellow.

The absorption degree (o, %) of rare-earth ele-
ment cations by the solid phase of low-hydrated zir-
conium hydroxide was calculated using the following
formulas:

o= A/Cinit’ (1)

A= Cinit - Caft//sorp.ﬂ (2)

where C,;; is the initial concentration of the rare-earth
element solution before sorption, mol/L; Cyf /sorp. 18 the
concentration of the rare-earth element solution after
sorption, mol/L.

The sorption capacity (G, mmol/g) for low-hydrated
zirconium hydroxide is determined by:

G=AV/m, 3)

where V'is the volume of the solution, mL; m is the sor-
bent weight, g.

We conducted differential thermal analysis (DTA) in
the 20—1000 °C temperature range with a heating rate of
10 °C/min (£5 °C error) using a Q-1500 D derivatograph
(F. Paulik, J. Paulik, L. Erdey; MOM, Hungary) and a
platinum-rhodium (type S) thermocouple.

X-ray diffraction (XR D) was employed to identify fi-
nal and intermediate products with a Rigaku D/max-C
X-ray diffractometer (CuK|, radiation, Ni filter, Si mo-
nochromator) in the 10° < 206 < 80° angle range, with a
0.02° scanning step.

Powder granulometry was determined using the
DelsaNano laser particle analyzer (Beckman Coulter
Inc., USA) applying dynamic light scattering to esti-
mate particle size distribution in the 0.6 nm to 10 pm
range.

Results and discussion

The low-hydrated Zr(OH);.,0 5. 5 (1.6+2.6)H,0
was synthesized through heterophase interaction be-
tween zirconium oxychloride and a 6.0 mol/L aqueous
solution of ammonia hydrate. Detailed information on
the method, as well as the physical and chemical proper-
ties of zirconium LHH and its thermolysis products, can
be found in [27; 28].

Upon filtration and air drying, we obtained a
well-filtered, crumbly white powder with a low content
of chloride ion impurities (less than 0.05 %). The zirco-
nium dioxide content in the low-hydrated hydroxide is

68.8 = 0.1 wt.%, and the average particle size of zirconi-
um LHH is 2.2 uym.

Our DTA and XRD studies of the low-hydrated zir-
conium hydroxide thermolysis indicated that the LLH
is an X-ray amorphous phase. The dehydration process
halts at r = 400 = 5 °C, resulting in the formation of
monoclinic zirconium dioxide (¢ = 0.514 £ 0.001 nm,
b=10.521 £0.002 nm, ¢ =0.531 £ 0.001 nm, B =99.10
+ 0.01°). Most particles have a size of 2.0—4.0 um, with
an average particle size of 2.8 um.

We proposed a thermal decomposition process for
low-hydrated zirconium hydroxide as follows:

ZH(OH);,1 0 5,15(1.6 +2.6)H,0 —2
—t2

% 7r0,(0.1+0.2)H,0 “22°% 7:0,. (4)
—t2

The low-hydrated zirconium hydroxide, classified as
oxyhydrates, exhibits the presence of hydroxo- and aqua
groups alongside oxo groups, all of which can serve as
sorption sites. Our investigations have identified mac-
ro-, nano-, and ultra nanopores in the zirconium LHH
samples, rendering this class of compounds suitable for
application as a sorbent in the synthesis of complex oxide
phases [27; 28].

In an effort to exploit the sorption properties of
low-hydrated zirconium hydroxide for intensifying the
formation of rare-earth element zirconates, we aimed to
obtain a suitable intermediate product during the sorp-
tion stage. This approach ultimately lowers the synthesis
temperature and facilitates the creation of a single-phase
product. To achieve this, we studied the sorption of ra-
re-earth cations by low-hydrated zirconium hydroxide
under static conditions at room temperature. Adopting
a volume ratio of the aqueous solution of rare-earth ele-
ment acetate to the zirconium LHH sample as S : L =
=1 : 20, the latter demonstrated robust sorption of R3*
cations (R = La, Sm, Gd, Dy) from acetate solutions.
Saturation was observed within 30—40 min. Conse-
quently, 40 min of phase contact during the rare-earth
zirconate synthesis was considered sufficient to achieve
equilibrium in this specific system at the defined S: L
ratio. The table below outlines the properties of ra-
re-earth element sorption by low-hydrated zirconium
hydroxide.

The rare-earth cations in the aqueous solution exist
in the form of hydrates: R(HzO),,]3+ (n = 9.0 for La’",
8.94 for Sm**, 8.27 for Gd*", 8.01 for Dy*") [29; 30].
We observed no correlation between the size of the ra-
re-earth cation and its sorption capacity. The interaction
between rare-earth element hydrates and low-hydrated
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zirconium hydroxide occurs primarily through cat-
ion exchange. The rare-earth cations are bound to the
hydroxo- and aqua groups in the LHH, leading to the re-
lease of H;0™ hydroxonium ions into the solution. This
interaction is further confirmed by the acidification of
the initial solution, resulting in a change in pH from 6
to 5. Sorption by oxyhydrates represents a complex pro-
cess involving both ion exchange and the entry of cations
into the pores.

The heterophase synthesis of rare-earth zirconates
was conducted using amorphous low-hydrated zirco-
nium hydroxide containing 68.8 = 0.1 wt.% of ZrO,
zirconium dioxide and aqueous solutions of acetates
of lanthanum, samarium, gadolinium, and dysprosi-
um (C(La*") = 0.155 mol/L, C(Sm>") = 0.136 mol/L,
C(Gd*") = 0.141 mol/L, C(Dy**) = 0.120 mol/L). The
S : L ratio was maintained at 1:(36+46). Adequate

amounts of acetate solutions were used to achieve the
required R,05:ZrO, molar ratio. The synthesis proce-
dure for rare-earth element zirconates involved adding
an acetate solution of the respective rare-earth ele-
ment to zirconium LHH and stirring the mixture on
a shaker at room temperature for 1—2 h. The resulting
suspension was then evaporated to dryness for 24 h at
t=120°C.

Subsequently, a stepwise heat treatment was carried
out in the 600—900 °C temperature range with a 100 °C
increment. Each step lasted for 2 h. The choice of 600 °C
as the initial temperature was based on the differential
thermal analysis results, where at this temperature and
higher, no observable effects were noted, and the sample
weight remained constant. Fig. 2 illustrates the results
of the thermal analysis of the intermediate product ob-
tained through the interaction of low-hydrated zirconi-

Sorption of R3* (R = La, Sm, Gd, Dy) by low-hydrated zirconium hydroxide, 68.8 £ 0.1 wt.% ZrO, content,

40 min phase contact period

Cop6unst R** (R = La, Sm, Gd, Dy) MaJOBOZHBIM THIPOKCHIOM LINPKOHMUSI TIPY COIEPKAHUI 710, 68,8 + 0,1 mac.%

W TIPOIOJIKUTEIbHOCTY KOHTaKTUpOBaHMs (a3 40 MuH

Concentration
of the R(CH3C00), solution, Concentration change Efficiency Sorption
mol/L after sorption of Zr sorption capacity G,
Initial After sorption A, mol/L by LHH, % mmol/g
Cinit Catt/sorp
R=La%"
0.053 0.045 0.008 15.1 0.16
0.102 0.072 0.030 29.4 0.60
0.155 0.110 0.045 29.0 0.90
R =Sm*"
0.044 0.038 0.006 13.6 0.12
0.100 0.073 0.027 27.0 0.54
0.136 0.100 0.036 26.5 0.72
R=Gd*"
0.060 0.049 0.011 18.3 0.22
0.103 0.071 0.032 31.1 0.64
0.141 0.096 0.045 31.9 0.90
R = Dy**
0.055 0.045 0.010 18.2 0.20
0.105 0.075 0.030 28.6 0.60
0.120 0.086 0.034 28.3 0.68
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um hydroxide with an aqueous solution of dysprosium
acetate, followed by the evaporation of the resulting
mixture.

The DTA curve reveals two endothermic and two
exothermic effects. The first endothermic effect (80—
260 °C) corresponds to dehydration. The thermal ef-
fects observed in the 310—405 °C range are attributed
to the decomposition of the organic component, ac-
companied by the release of CO and CO,. The exo-
thermic effect at 500—550 °C can be associated with
the formation of the final substance. This is substan-
tiated by the absence of an exothermic effect on the
DTA curve at t =400 £ 5 °C, indicating the solidifica-
tion of zirconium dioxide.

The stepwise heat treatment produced finely dis-
persed powders, which were subjected to XRD anal-
ysis. It was observed that the formation of R,Zr,0 /
R,05-2Zr0, (R = La, Sm, Gd, Dy) commenced at
t =600 °C. However, the samples were not single-phase
at this stage; they contained not only zirconate but also
unreacted oxides of zirconium and the rare-earth ele-
ment. In Fig. 3, the XRD pattern of lanthanum zirco-
nate obtained at 600 °C for 2 h is presented. Apart from
the La,Zr,0O; peaks, the XRD pattern exhibits peaks
corresponding to zirconium dioxide and lanthanum
hydroxide.

Single-phase products were successfully obtained
at 800 °C. Using this method, R,Zr,0; (R = La, Sm,

Sample weight, %

Gd) rare-earth zirconates and the Dy,05-2Zr0O, solid
solution were synthesized. Lanthanum, samarium, and
gadolinium zirconates belong to the cubic pyrochlore
(Fd3m) space group:

La,Zr,07: a=10.85%0.01 A,
Sm,Zr,0,: a=10.59 +0.02 A,
Gd,Zr,0: a=10.50 £0.01 A,

while dysprosium zirconate belongs to the fluorite space
group (Fm3m), with a = 5.212 + 0.002 A.

Figure 4 displays the XRD patterns of Sm,Zr,0, and
the Dy,05-2Zr0O, solid solution.

Figure 5 illustrates the particle size distribution
of the synthesized zirconates. In all samples, a distinct
peak is evident on the curves, indicating the maxi-
mum content of powder particles in the range of 0.8—
1.8 um. The average particle size for all zirconates is ap-
proximately the same, with differences in hundredths
of microns, pm: La,Zr,0; — 1.12, Sm,Zr,0; — 1.10,
Gd,Zr,0; — 1.18, Dy,05-2ZrO, — 1.12.

The disparity in particle sizes observed between the
synthesized zirconates and low-hydrated zirconium hy-
droxide can be attributed to the agglomeration of zirco-
nium LHH particles..

Through these investigations, we successfully deve-

2585 M8 556 5 mg (75 °C)
229.0 mg (165 °C)

100
90
80

194.5 mg (435 °C)

$ Exotherm.

Endoterm.

TGA 194.0 mg

70 4 365 °C

60
50
40
30 A
20

260 °C 310 °C

320°C

135°C

500°C  550°C

0 100 200 300 400

T T 1 1
500 600 700 800 t,°C

Fig. 2. Thermal analysis curves for the sample obtained by interacting low-hydrated zirconium hydroxide (68.8 + 0.1 wt.%
Zr0,) with an aqueous solution of dysprosium acetate (C(Dy**) = 0.120 mol/L) followed by evaporation at #= 120 °C

TGA — weight change curve; DTA — differential thermal analysis curve

Puc. 2. KpI/IBI)Ie TEPMUYCCKOI'o aHaJiu3a 061)33]_[8., MOJIyYEHHOTO MTPU B3aMMOAEHCTBUU MAJTOBOJHOIO THAPOKCUIA

uupkoHus (68,8+0,1 mac.% ZrO, ) c BooHbIM pacTBopoM aueTarta aucrposus (C(Dy

BbINTApUBAHUU MOJyYeHHOI cMecu nipu = 120 °C

3+) = 0,120 MOJIb/7T) ¥ MOCTEAYOIIEeM

TT — kpuBast uameHenust Mmaccbl; ITA — nuddepeHuanbHast KpuBast HarpeBaHuUsI
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Fig. 3. XRD pattern of La,Zr,0; obtained at = 600 °C,
t=2h
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Fig. 4. XRD patterns of Sm,Zr,0; (a) and Dy,05:2ZrO, (b)
obtained at r=800°C,t=6h

Puc. 4. ludpakrorpaMmMbl LUPKOHATOB Sm,Z1,07 (a)
u Dy,05-2Z1r0, (b), nonyyeHHblx npu t = 800 °C, 1 =614

loped a heterophase process for synthesizing the R,Zr,0;
(R = La, Sm, Gd) and Dy,0;-2ZrO, complex oxide
phases. The use of low-hydrated zirconium hydroxide
as a precursor proved effective in lowering the synthesis
temperature and achieving single-phase products.

Conclusions

1. The low-hydrated zirconium hydroxide with a
composition of Zr(OH);,,0¢ 5., 5°(1.6+2.6)H,0 was
produced through a heterophase process, yielding a
dioxide content of 68.8 + 0.1 wt.%.

20
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8 - — Sm,Zr,0,
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Fig. 5. Particle size distribution in R,Zr,0; (R = La, Sm, Gd)
and Dy203 '2Zr02

Puc. 5. PacnipeneneHne yacTui CMUHTE3UPOBAHHBIX
LupKoHaToB cocTaBa R,Zr,04 (R = La, Sm, Gd)

u Dy,05-2Zr0O, o pazmepy

2. The sorption capacity of zirconium LHHs for
rare-earth element cations (La, Sm, Gd, Dy) was
investigated. The results revealed that sorption by
low-hydrated zirconium hydroxide is a multifaceted
process, involving the incorporation of rare-earth
cations into the pores of low-hydrated hydroxide and
ion exchange.

3. Heterophase synthesis experiments were con-
ducted to obtain R,Zr,0; (R = La, Sm, Gd) and
Dy,05-2Zr0, rare-earth zirconates, employing low-hy-
drated zirconium hydroxide and aqueous solutions of
rare-earth element acetates as precursors.

4. XRD analysis demonstrated that the R,Zr,0,
(R = La, Sm, Gd) single-phase rare-earth zirconates
and the Dy,05-2Zr0O, solid solution form at 8§00 °C.
Their lattice parameters were estimated through this
analysis.
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Abstract: Employing centrifugal self-propagating high-temperature synthesis (SHS) metallurgy, complemented by advanced metallurgical
processes such as vacuum induction melting (VIM) and vacuum arc remelting (VAR), yielded the alloy formulation denoted as base—2.5Mo—
1.5Re—1.5Ta—0.2Ti. This study investigates the effects of various technological modes and additional metallurgical treatments on the alloy's
impurity and non-metallic inclusion content, structural characteristics, mechanical behavior under compression, and its oxidation mechanisms
and kinetics when exposed to temperatures of 1150 °C for 30 h. With increasing centrifugal acceleration, the proportion of non-metallic
inclusions (number of points) drops from 5 to 1-2 points. The best combination mechanical properties, including 6, = 1640 + 20 MPa, 6, =
= 1518 £ 10 MPa, and residual deformation were observed in alloys processed under conditions of increased gravitational force (g = 50).
Within a centrifugal force range of g = 20+300, the composition of the synthesis products aligned with the theoretical expectations. The to-
tal content of impurities is 0.15 £ 0.02 %, with a decrease in gas impurities—oxygen and nitrogen levels reduced to 0.018 % and 0.0011 %,
respectively. The structural analysis of the alloys revealed the presence of globular and streaked inclusions of a chromium-based solid solution
embedded within the matrix. Inclusions with thickness of 2—8 pm are present in the intergranular space: (Cr)n;i Mo,co» (CPmo,Re @0d (CDRe Mo
The formation of the Ni(Al,Ti) phase at grain boundaries was identified, contributing to an enhancement in plastic resistance and overall
strength of the alloy. Oxidation mechanisms varied across different processing modes, with the size of structural components significantly
influencing oxidation kinetics. The weight gain observed in SHS samples was 70 + 10 g/m? with oxidation predominantly occurring along
the NiAl interphase boundaries and penetrating into the depth of the sample. TEM facilitated the identification of phases enriched with Ti
microadditions, reducing the levels of dissolved nitrogen and oxygen within the intermetallic phase to a combined weight percentage (X¢ N)
0of 0.0223 wt.%.

Keywords: heat-resistant nickel alloys, centrifugal SHS-casting, centrifugal acceleration, SHS, vacuum induction melting (VIM), vacuum arc
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Annorauus: [To rexHonornu ueHTpobex Hoit CBC-MeTanypruu npu pa3HbiX TEXHOJIOTMYECKMX PEXMMAaX U IOTIOJTHUTEIbHbIX METAJTYP-
rMYecKuX nepeneax (BaKyyMHbI MHAYKIIMOHHBI NeperniaB U BAKYYMHBII 1yroBoil MepenJas) nojyyeH crias: base—2,5Mo—1,5Re—
1,5Ta—0,2Ti. UccaenoBaHo BAMSIHUE PEXMMOB Ha COAEpXKaHUE HEMETATINYECKU T BKIIOUEHUI U TpUMeceil, 0COOEHHOCTHU CTPYKTYPbI,
MEXaHMYEeCKHe CBOMCTBA MPHU CKATUU, KUHETUKY U MeXaHU3M okucieHus npu Temneparype 1150 °C B reueHue 30 4. C pocTOM LieH-
TPOOEKHOTO YCKOPEHMSI 10151 HEMETaJJIMYeCKUX BKIOYeHU I (0aJIbHOCTb) CHUXaeTes ¢ S 1o 1—2 en. Haunyuiee couetaHue CBOMCTB
M0 COOTHOLICHHIO MPOYHOCTHU, Mpejiesia TeKYy4eCTH U OCTaTOUHOM NedopMaliim UMeeT CIJIaB, MOJYYEHHBI B YCIOBUSIX MEPerpy3Ku
g =50: 6, = 1640 + 20 MTla, ), = 1518 £ 10 MTla. INpu 3Hauennsax neperpysku g = 20+300 cocTaB NPOJYKTOB CUHTE3a COOTBETCTBYET
pacueTHbIM 3HaueHUsiM. CyMMapHoe coaepxaHue npumeceit coctasiser 0,15 = 0,02 %, 4To HaXOAUTCSI B 00JIACTH TOMYCTUMBIX 3Haue-
Huii. C yBeMYeHMEM LIEHTPOOEXKHOM CUIIb YMEHbIIAETCsI COepKaHUe ra30BbIX MpuMeceii: Kuciopona — o 0,018 %, azora — 10 0,0011 %.
CTpyKTypa CIJIaBOB XapaKTepH3yeTcs 00pa30BaHUEM B MaTPHIIE IJIOOYISIPHBIX U CTPOYEYHbBIX BKJIIOYEHU T TBEPOT0 PACTBOPa HA OCHO-
Be Cr. B Mex3epeHHOM npocTpaHcTBe MPUCYTCTBYIOT BKIIOUEHUS (CI)Ni Mo,Cos (CDMo,Re B (CD)Re Mo TOMIIMHOM 2—8 MKM. Ha rpanunuax
3epeH obpasyercs daza Ni(Al,Ti), obecnieunBaroiias pocT CONPOTUBICHHUS TJIACTUUYECKOM eopMaliuK U MOBBILIEHUE MTPOYHOCTH Crijia-
Ba. MexaHM3M OKHUCJIEHHUSI CIIJIaBOB, MOJYUYSHHBIX MO Pa3HBIM pexumam, oTianvaercs. CylecTBeHHOE BIMsIHUE HA KUHETUKY OKHUCIIe-
HMUsI OKa3bIBaeT pa3MepHbIil (haKTOp CTPYKTYPHBIX cocTaBisiioniux. [Ipupoct macesl CBC-06pasios cocrasmsier 70 + 10 r/m2. [Ipouece
OKMCJICHUS TIPOUCXOAUT MO MeXba3HbIM rpaHuiiaM NiAl B riiyos o6pasiia. C moMouibio MpocBevYnBaoIIeil 3J1eKTPOHHOM MUKPOCKOITUU
uaeHTuduIMpoBaHbl ¢asel, coaepxaliue MUKpono6aBku Ti, KOTOpble CHUXXAIOT COAepXKaHUe B MUHTEPMETAIMIHON (a3e pacTBOpeH-
HbIX 230Ta U KUCJIOPO/IA 10 3HAaYeHUs Yo N = 0,0223 mac.%.

KioueBbie ¢J10Ba: XapornpoyHble HUKEJIEeBbIE CIJIaBbl, LIeHTpoOexk Hoe CBC-nThe, HEHTPOOEXKHOE YCKOPEHUE, BAKYYMHBI MHAYKIIMOH-
Hblii neperiaB (BUIT), BakyyMHblii gyrosoii nepenias (BAIT), HeMeTanianyeckue BKJIOUYEHU ST, COAEPXKaHUE Ta30BbIX MPUMeceit, Xapo-

CTOVIKOCTB, KMHETUKA OKHUCIICHUA.
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Introduction

Heat-resistant intermetallic nickel alloys are exten-
sively employed in the construction of engines. How-
ever, these alloys exhibit certain limitations, notably
their relatively inferior mechanical strength and plas-
ticity at ambient temperatures. Such properties not only
hinder mechanical processing but also elevate the risk of
material fracture [1—9]. To improve fracture toughness,
the addition of various plasticizing additives, including
Cr, Co, Mo, Ta, Re, Zr has been investigated [3—12].
Additionally, materials utilized in high-temperature
sections of engines must meet stringent requirements
regarding the oxidation resistance of their surfaces when
exposed to elevated temperatures and to the effects of
thermal cycling [3—6; 13—15].

Self-propagating high-temperature synthesis (SHS)
and its variants, including elemental synthesis [8§—10]
and centrifugal SHS-casting [12; 16; 17], represent re-
cognized methods for fabricating cast and powder mate-
rials based on B-alloys. Within this domain, efforts are
concentrated on refining the compositional makeup and
production methodologies of CompoNiAl alloys, par-
ticularly those derived from a NiAl—Cr—Co base, here
and after referred to as ‘the base’ [12].

Research aimed at augmenting crack resistance at
reduced temperatures has led to the exploration of mi-
croalloying techniques using diverse elements within
these alloys. Studies have identified [11; 12; 16; 18; 19]
that in cast SHS alloys formulated from the base + X
(where X includes La, Mo, Ta, Re, Zr), the inclusion of
Mo and Re is instrumental in promoting the develop-
ment of a cellular eutectic structure. The introduction
of 15 % Mo has been found to significantly bolster me-
chanical attributes, yielding ¢, = 1,604 + 80 MPa,
Gy = 1,520 £ 80 MPa, and € = 0.79 %. Subsequent an-
nealing at 1,250 °C for 180 min further enhances these
properties increasing 6, by 12 %, oy, by 10 %, and
€ by 100 %. The addition of 1.5 % rhenium to the base +
+ 15Mol.5Re alloy modifies its structural composi-
tion, thereby elevating mechanical properties to 6,., =
=1,682 £ 60 MPa, 6,,= 1,538 + 60 MPa,and e = 0.87 %,
with further improvements observed following addition-
al annealing: 6, by 20 %, oy, by 7 %, and € by 640 %.
A hierarchical three-level structure characterizes the
base + 15%Mo alloy: the first level consists of B-NiAl
dendritic grains interlaced with molybdenum-enriched
phases (Ni,Co,Cr);Mo;C and (Mo, 3Cr »),B,, with cell
size up to 50 um; the second level includes strengthen-
ing submicron Cr(Mo) particles along grain boundaries;
and the third level encompasses coherent Cr(Mo) na-
nodeposits (10—40 nm) within B-NiAl dendrites. The
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incorporation of alloying interstitial elements enhances
the oxidation resistance of B-alloys by fostering the for-
mation of additional phases [11]. The alloy that incorpo-
rates zirconium demonstrates superior heat resistance,
with an oxidation rate of 21 g/m? over 30 h. The forma-
tion of a zirconium-rich continuous top layer compris-
ing Al,O5 + Zr;Al30, 5 obstructs external oxygen and
nitrogen diffusion, thereby significantly improving heat
resistance [18].

Currently, the alloy base—2.5Mo—1.5Re—1.5Ta—
0.2Ti alloy represents the optimal composition, ex-
hibiting strength characteristics with a tensile strength
(0ycs) Of 1644 + 30 MPa, a yield strength (oy) of 1518 £
+ 25 MPa, and a total weight gain during of oxidation
52 g/m?[19].

Maintaining a low concentration of impurities is
crucial for the performance of heat-resistant alloys.
The presence of residual metallic and gaseous elements,
along with non-metallic inclusions, adversely affects the
mechanical, technological, and thermal resistance cha-
racteristics of these alloys [20]. A technological approach
to mitigate these effects involves the application of con-
ventional metallurgical techniques to refine the alloy’s
properties. Prior research on the base alloy [16] has
demonstrated the beneficial influence of vacuum induc-
tion melting (VIM) and subsequent heat treatment (HT)
processes on enhancing its properties. However, the ap-
plication of VIM technology may introduce non-metal-
lic inclusions into the alloy due to interactions between
the metal and lining materials. Thus, it becomes essen-
tial to investigate the structural and property changes in
alloys subjected to vacuum arc remelting (VAR) within a
copper-cooled crystallizer.

This study aims to examine the influence of synthesis
parameters (SHS-M) and additional treatment (VIM,
VAR, HT) on the structural parameters, mechanical
properties and resistance to high-temperature oxidation
(heat resistance) of the base—2.5Mo—1.5Re—1.5Ta—
0.2Ti alloy.

Research materials and methods

The synthesis was performed using a radial centrif-
ugal apparatus, subject to high gravitational forces of
up to 300 g. Reference [12] outlines the centrifugal ap-
paratus’s overall configuration. The design of this ap-
paratus allows for the precise adjustment of the centri-
fugal rotor’s speed, thus achieving the desired overload
conditions. This technology is characterized by its use
of readily available oxide raw materials and its capa-
bility to reach high combustion temperatures between
2100—3500 °C. Such temperatures facilitate the segre-



3BecTisl By30B. LiBeTHOSI MeTaAAyprng o 2024 o T.30 o N21 e C. 24-41

CaHuH B.B., Arees M.U., AormHoB .A. n pp. OCOBEHHOCTIN CTRYKTYPbI M CBOMCTBA XXAPOMPOYHBIX HUKEAEBbIX B-CAACBOB, MOAYHYEHHbIX...

Table 1. Characteristics of initial components
and modifying additions

Tabauua 1. XapakTepuCcTUKNA UCXOAHBIX BEIIECTB
1 MOIM(PULMPYIOLIUX 100aBOK

Pa.rticle Purity,
Substance | Brand GOST/TS size, %
pm
Main components
NiO OSCh TS 6-09-02439-87 <40 99.00
Cr,04 Ch TS 6-09-4272-84 <20 99.00
Co;04 OSCh GOST 18671-73 <30 99.00
Al PA-4 GOST 6058-73 <140 98.00
Al ASD-1 TS 48-5-226-87 <50 99.70
Modifying additions
MoO;  ChDA TS 6-09-4471-77 <50 99.00
Ta TaPM TS 48-19-72-92 <20 98.00
Re Pe-0 TS 48-4-195-87 <150 99.99
Ti PTOM-1 TS 14-22-57-92 <30 99.80

gation of the target product phase from the slag phase.
The chemical process involved can be summarized by
the equation:

NiO + Cr,05 + Co304 + M0O5 + Al + (AA) + (FA) —
— [NiAl-Cr—Co—Mo—(X)| + Al,03,

where AA (alloying addition) includes Mo, Re, Ta, and
Ti; FA (functional addition) comprises CaF,, Nas[AlF],
etc.; Xis a metal (Ta, Re, Ti).

Table 1 presents the classifications and characteris-
tics of the initial powders used in the synthesis. Alloying
additions were incorporated into the reaction mixture to
achieve the specific desired composition of the alloy.

The preparing exothermic mixtures commenced
with the drying of components within SNOL-type ov-
ens (t =90 °C, t = 1 h). Subsequent steps included the
precise measurement of reagents, their mixing, and the
placement of the resulting mixture into graphite molds.
The mixing process utilized an MP4/0.5 planetary ball
mill for a period of 15—20 min, with a jar capacity of
1 L and a ball-to-powder weight ratio set at 1 : 5. Due
to the processing temperature of the mixtures surpass-
ing the melting points of the end synthesis products,
phase segregation was facilitated by the gravitational
separation of the molten metal from the slag. Within the
reaction mixture, tantalum (Ta), rhenium (Re), and ti-

tanium (Ti) were incorporated as pure elements, where-
as molybdenum (Mo) was added in the form of MoO;
oxide. The utilization of aluminum powder in varying
grades served to regulate the self-propagating high-tem-
perature synthesis (SHS) process [11; 12].

To evaluate the impact of impurity elements and
non-metallic inclusions on the alloy’s properties, addi-
tional processes were employed: vacuum induction melt-
ing (VIM) with subsequent ingot casting (slow crystalli-
zation; V414 1 = 50 °C/min) and rod extrusion directly
from the molten state (rapid crystallization, V., jcqa2 =
= 250 °C/min) for the base—2.5Mo—1.5Re—1.5Ta—
0.2Ti alloy sample under an overload condition of g = 50,
following by vacuum arc remelting (VAR) in the copper
cooled crystallizer.

SHS ingots undergo melting within a vacuum in-
duction melting furnace VIP-010. This furnace facil-
itates the melting of ingots within an corundum cru-
cible, accommodating weights ranging from 0.5 to 10
kg, for subsequent pouring into a steel mold-crystal-
lizer. The vacuum induction melting of the SHS ingot
is executed within the vacuum arc remelting furnace,
capable of producing ingots up to 500 g. An advantage
of VAR lies in the absence of interaction between the
liquid metal and the furnace lining materials at elevat-
ed temperatures, as the melting occurs within a cooled
copper crystallizer. This process significantly dimin-
ishes the presence of non-metallic inclusions within
the alloy.

Given the lack of standard regulatory documents for
the metallographic assessment of intermetallic nickel-
aluminum system alloys, we adopted the metallographic
method designated for evaluating non-metallic inclu-
sions in steel (GOST 1778-70). This approach was sim-
plified by amalgamating all categories of non-metallic
inclusions, aiming to demonstrate the feasibility of en-
hancing alloy quality through modifications in centrifu-
gal acceleration values and supplementary furnace treat-
ment. The comparative analysis of the produced ingots
focused on qualitative improvements without delving
into the precise quantitative presence of each non-me-
tallic inclusion type. Sample sections for this evaluation
were selected and prepared in strict adherence to GOST
1778-70 standards.

For the quantitative analysis of major elements and
impurities, a suite of sophisticated analytical instru-
ments was employed, including the Finnigan Element
GD (glow discharge) mass spectrometer (Thermo Fisher
Scientific, Germany), the iCAP 6300 inductively cou-
pled plasma-atomic emission spectrometer (Thermo
Fisher Scientific), and a Nier—Johnson double-focus-
ing mass spectrometer. The analysis of carbon and sul-
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fur content in metals was carried out using the SC844
analyzer (LECO, USA), while the determination of oxy-
gen, nitrogen, and hydrogen concentrations utilized the
ONHS36 analyzer (LECO).

The phase composition of the materials was deter-
mined through X-ray diffraction phase analysis (XRD)
employing a D2 PHASER diffractometer (Bruker AXS
GmbH, Germany) with CuK-radiation within an angle
range of 20 = 10+140°.

Microstructural analyses were conducted using the
S-3400N scanning electron microscope (SEM) (Hi-
tachi, Japan) equipped with the “NORAN System 7
X-ray Microanalysis System” (Thermo Scientific, USA)
for energy-dispersive spectrometry. Further investiga-
tion was facilitated by the JEM-2100 transmission elec-
tron microscope (TEM) (Jeol, Japan) with a double-tilt
beryllium holder, utilizing lamellae prepared from
pre-manufactured foil through the focused ion beam
(FIB) method on the “Quanta 200 3D FIB” microscope
(FEI Company, USA). The foils for TEM analysis were
prepared via ion etching using the “PIPS II System”
(Gatan, Inc., USA).

Mechanical compression testing at ambient tem-
perature was executed on the LF-100KNa universal
machine (Walter + Bai AG, Switzerland) according to
GOST 25.503-97 standard.

Oxidative annealing experiments were performed
in an open atmosphere at a temperature of 1150 °C for
30 h, with sample weights measured periodically in the
SShOL 1.1.6/12-M3 laboratory electric pit-type heating
furnace. The mass change of samples over specified du-
rations was calculated relative to the unit surface area.
Oxidation curves and corresponding approximation
equations were formulated based on the collected data.
The parabolic oxidation rate constant (k,) for the studied
alloys was calculated using the equation:

(&m/S)? = k., 0

where Am is the change in mass, S is the surface area,
and 7 is the time.

Results and discussion

As the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy
was synthesized using the centrifugal installation, sev-
eral key parameters were quantitatively assessed: the
burning rate (U) of the mixture, the scattering of the
mixture (1), and the completeness of the metal phase
yield in the ingot (1,). The burning rate of the mix-
ture during synthesis, under conditions of up to g = 20
overload, was U = 13 £ 1 mm/s. An increase in over-
load to g = 300 resulted in a heightened burning rate,
recorded at U= 23 £ 2 mm/s. The parameter designat-
ed as the scattering of the mixture (n;) demonstrated
a significant reduction only upon reaching the maxi-
mum overload value (g = 300). Moreover, an incremen-
tal overload was associated with a uniform rise in the
“yield ratio”, or the completeness of the metal phase
yield (n,) (Table 2).

In this investigation, four ingots were synthesized
under varying conditions (refer to the entries of /—4
Table 2).

Additionally, to explore the impact of metallurgical
processing on the alloy’s properties, three samples (5—
7) received supplementary treatments: g = 50 + VIM
into the ingot (5); g = 50 + VIM into the rod (6) and g =
=50 + VAR (7).

Figure 1 presents a comparative analysis of the rat-
ings assigned to the content of non-metallic inclusions,
derived from the microstructural examination of the al-
loys utilizing an optical microscope.

The analysis of the alloy samples’ structures revealed
several distinctive characteristics. The SHS alloy samp-
le 1 (g = 1) exhibited a dendritic structure accompanied
by a considerable presence of heterogeneous inclusions
and pores, a result of the absence of centrifugal accel-
eration during the alloy’s synthesis. This sample was as-
signed the maximum score (4—35 points) among the ones
studied. SHS alloy sample 2 (g = 20) displayed a struc-
ture predominantly composed of the metallic phase, al-
beit with inclusions averaging a score of 3 points.

Table 2. Synthesis parameters of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy
Ta6auua 2. [MapameTpsbl cuHTe3a criiaBa base—2,5Mo—1,5Re—1,5Ta—0,2Ti

Sample Overload Burning rate Scattefmg Complet§nes§ ofthe' metal phase
No U, mm/s of the mixture yield in the ingot
o 14 > T]], % n2’ %
1 1 12.8 42 79
2 20 13.3 3.8 84
3 50 22.6 3.8 9
4 300 25.8 1.8 98.7
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§=1,18 %, score: 4—5

§=0,73 %, score: 2

5=0,72 %, score: 1-2

1.18

Area of non-metallic
inclusion, %

5=0,80 %, score: 1-2

0.92

0.84 0.80

0.72

g=50

2=300

VIM
(ingot)

VIM
(rod)

VAR

Fig. 1. Photographs and analysis of sections for non-metallic inclusion content in the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy

under various conditions and technologies

a—SHS,g=1;b— SHS, g=20; ¢ — SHS, g = 50; d — SHS, g = 300; e — SHS (g = 50) + VIM (ingot); f— SHS (g = 50) + VIM (rod);

g — SHS (g =50) + VAR; h — the content of non-metallic inclusion

Puc. 1. ®ororpaduu u anann3 mindoOB Ha COAepKaHMe HEMETAaINYECKIX BKIIIOYEHU T

cruiaBa base—2,5Mo—1,5Re—1,5Ta—0,2Ti npu pa3nuyHbIX peXXuMax U TEXHOJOTUSIX MTOTyIEeHU ST
a—CBC,g=1;b—CBC,g=20;¢c—CBC, g=50;d— CBC, g=300; e — CBC (g=50) + BUII (B ctuTOK);
f—CBC (g=50) + BUII (B crepxkenn); g — CBC (g = 50) + BAII; h — conepkaHue HeMeTaA/UIMIECKUX BKITIOUEHUN

Exposure of the melt to an overload of g = 50 resulted
in the production of ingot 3, which exhibited a reduc-
tion in impurities and non-metallic inclusions, leading
to an average score of 2 points. Further increases in
overload did not significantly alter the inclusion rating,
with sample 4 achieving an average score of 1—2 points.
It is noteworthy that additional metallurgical processes
(VIM, VAR) did not substantially decrease the inclusion
scores (remaining within 1—2 points); however, these

treatments notably affected the sizes of the structural
components.

A comprehensive examination of the alloys’ mi-
crostructures through SEM is depicted in Fig. 2. This
analysis revealed that at a centrifugal force of g = 20, the
average size of the NiAl structural cells is 90 &+ 10 um,
whereas at g = 300, the cell size significantly reduces to
15 £ 5 pm. The dimension of these structural constitu-
ents plays a crucial role in influencing the mechanical
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(s % + VAR
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properties and oxidation resistance of the alloys [11; 20—
22]. Studies [11; 19] emphasize the transformative effect
of adding minute amounts of rhenium to the alloy’s
structure. At elevated overload values, the synthesized

30

= = SHS (g = 50) +
+VIM (rod)
—

100 tm

Fig. 2. Microstructure
of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti
alloy samples

Puc. 2. MukpocTpykTypa 00pa3LoB
cnjaBa base—2,5Mo—1,5Re—1,5Ta—0,2Ti

molten products undergo intensive mixing, facilitating
the uniform dispersion of refractory rhenium throughout
the melt. Consequently, rhenium grains serve as crys-
tallization nuclei during the cooling process. This phe-
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20 um

Fig. 3. Microstructure of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy (g = 50) (a), focused area of analysis (b),

and the distribution map of the main alloying elements

Puc. 3. MukpocTtpykrypa criiaBa base—2,5Mo—1,5Re—1,5Ta—0,2Ti (g = 50) (@), BeiacneHHast 06aacTh aHanu3a (b)

M KapTa pacrnpenejeHuss OCHOBHBIX JIETMPYIOIIUX 2JIEMEHTOB

Table 3. Mechanical properties
of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloys

Ta6nuna 3. MexaHuuyeckue CBOMCTBA CIIaBOB
base—2,5Mo—1,5Re—1,5Ta—0,2Ti

Sz;lrr;p'le lz;z;jlﬁf:lf; Gues» MPa | oy, MPa | €, %
1 SHS,g=1 730 - <1"
2 SHS, g=20 813 — <1
3 SHS, g =50 1650 1522 1.95
4 SHS, g =300 1634 1513 1.24
5 SHS (g =50) + 1304 1126 0.51
+ VIM (ingot)
6 SHS (g =50) + 1680 1555 1.34
+ VIM (rod)
CBC (g=50)+ VAR 1260 — <1
* The samples exhibited brittle fracture.

nomenon is corroborated by the chemical analysis of the
alloy synthesized at g = 20, which indicates an increase
in rhenium content corresponding with higher overload
levels, from 1.37 % up to the anticipated concentration of
1.5 £ 0.2. Regarding the completeness of the metal phase
yield in the ingot (n, in Table 2), it is observed that in

the absence of centrifugal forces or at minimal overloads
(below 20 g), rhenium partially transitions into the oxide
(slag) phase. This transition is not economically viable,
especially considering the high cost of rhenium.

Figure 3 shows the analysis of the structural compo-
nents in alloy 3 (g = 50). Within the B-NiAl matrix, the
formation of globular and string-like micron and sub-
micron inclusions of a chromium-based solid solution
is noted. These inclusions, ranging from 2 to 8 pm in
thickness, are located within the intergranular spaces,
comprising (Cr)Ni,Mo,Coa (Cr)Mo,Re and (Cr)Re,Mo- The
formation of the Ni(Al,Ti) phase at the grain boundaries
is observed, contributing to an enhanced plastic resist-
ance and overall strength of the alloy.

The mechanical properties of the base—2.5Mo—
1.5Re—1.5Ta—0.2Ti alloy samples, synthesized under
varying centrifugal accelerations (1—300 g) and sub-
jected to additional metallurgical processes, are de-
tailed in Table 3. Alloys produced under conditions of
elevated centrifugal acceleration (g = 50+300) exhibited
optimal mechanical properties, with a tensile strength
(0ycs) Of 1640 £ 20 MPa and a yield strength (o) of
1518 = 10 MPa. In contrast, samples subjected to va-
cuum induction melting (VIM) in ingot form showed de-
teriorated mechanical properties, with 6, and o va-
lues of 1304 £ 10 MPa and 1126 £ 10 MPa, respective-
ly. This reduction in mechanical strength is attributed
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Table 4. Content (wt.%) of alloying elements and impurities in base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloys

Ta6auia 4. Conepxanue (Mac.%) JerMpYIONINUX SJIEMEHTOB U IIpUMeceit

B cruiaBax base—2,5Mo—1,5Re—1,5Ta—0,2Ti

Element co(gfgloe;ii?on g=1 g=20 g=>50 g=300 &~ (Siggt)t\)/lM £~ 5(20-:1)\/ M g=50+ VAR
Ti 0.15-0.25 0.13 0.15 0.21 0.20 0.17 0.19 0.12
Mo 2.0-3.0 1.83 2.11 2.46 2.48 2.44 2.46 2.56
Re 1.4—1.7 1.26 1.37 1.49 1.52 1.47 1.46 1.53
Ta 1.4—1.7 1.86 1.64 1.46 1.46 1.24 1.29 1.38
W — 0.033 0.032 0.031 0.037 0.031 0.031 0.11
0] — 0.13 0.037 0.021 0.018 0.0016 0.0026 0.0018
N — 0.0074  0.0068 0.0013 0.0011 0.0001 0.0001 0.0001
C — 0.013 0.014 0.017 0.017 0.011 0.011 0.011
S — 0.0046  0.0041 0.0033 0.0032 <0.0005 <0.0005 <0.0005
2 - 0.1627  0.1533 0.1716 0.1543 0.1498 0.1502 0.2236
> — 0.1410  0.1374 0.0223 0.0191 0.0017 0.0027 0.0019
[pumeuanue. ¥, — impurity content; ¥, — sum of gas impurities.

to the growth in grain size resulting from slow cooling
rates (V.oo1ed 1 = 50 °C/min). An indirect confirmation
of the influence of cooling rates on mechanical proper-
ties is observed in the SHS + VIM (rod) samples. Unlike
the ingot samples, these 8-mm diameter rods were ex-
truded from the melt under identical processing condi-
tions but cooled at a rate akin to that of the SHS process
(Veooled 2 = 250 °C/min), resulting in superior mechani-
cal properties: 6, = 1680 £ 10 MPa and 6, = 1555 +
+ 10 MPa. This suggests that by leveraging additional
thermal post-treatment, it is possible to enhance the me-
chanical properties of the alloy, as corroborated by pre-
vious research [11; 12; 16].

Managing the chemical composition of alloys and
minimizing the presence of undesirable impurities is a
crucial aspect of the alloy synthesis process. Table 4 out-
lines the concentrations of principal alloying elements
and impurities in the synthesized multicomponent
base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloys under vari-
ous overload conditions and subsequent metallurgical
treatments.

Chemical analyses of samples processed through dif-
fering technological protocols indicated alignment with
the anticipated compositions at overloads g = 20+300.
The chemical composition showcased optimal charac-
teristics at overloads between g = 50 and 300. Impurities
such as Mg, Na, Si, Ca, K, Mn, and Cu are incidental,
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originating from the initial reagents and incorporat-
ed into the synthesis products. The aggregate impurity
content remained within an acceptable limit of 0.15 +
+0.02 %. The tungsten (W) content increased across all
samples to a maximum of 0.04 %, likely introduced from
the grinding balls during material mixing. After VAR,
tungsten concentration further escalated to 0.11 wt.%,
attributable to process-specific dynamics and interac-
tions between the melt and the material of the non-con-
sumable electrode (W).

Regarding gas impurities (O, N) — critical for alloy
workability — a decreasing trend in their concentrations
was observed with increasing centrifugal force. Oxygen
content diminished from 0.13 % at g = 1 to 0.018 % at
g =300, while nitrogen content decreased from 0.0074
to 0.0011 %. These gas impurities influence not only
mechanical properties but also the oxidation mecha-
nism. VIM and VAR significantly alter the impurity
profile; post-VIM processing reduced oxygen content
in the ingot from 0.018 to 0.0016 % and nitrogen con-
tent from 0.0011 to 0.0001 %. However, this also af-
fected the ratios of fusible elements (Cr, Ta, Al, Ti),
thereby impacting the alloy’s composition and prop-
erties.

The subsequent phase of the study focused on evaluat-
ing the effects of impurities and non-metallic inclusions
on the properties of the base—2.5Mo—1.5Re—1.5Ta—
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Table 5. Impact of alloying additions on the oxidation kinetics of base—2.5Mo—1.5Re—1.5Ta—0.2Ti cast alloys

Tabauua 5. BausiHue gerupyonmx 100aBoK Ha KUHETUKY OKMCJIEHMS TUTBIX cTiaBoB base—2,5Mo—1,5Re—1,5Ta—0,2Ti

Sample No. Production technique Approximation equation Weight gain, g/mz
2 SHS, g=20 y=0.0021x% + 2.1508x + 4.091 70.5
3 SHS, g= 50 y=—0.0006x> + 0.0038x> + 3.0137x + 1.5265 78.8
4 SHS, g =300 y=—0.0315x% + 2.9026x + 3.3651 62.7
5 SHS (g=50) + VIM (ingot)  y =—0.0022x* + 0.1539x> — 3.7188x% + 45.51x + 22.95 421.5
6 SHS (g=50) + VIM (rod) y=—0.0009x> + 0.0466x> + 0.8678x + 1.6188 45.1
7 SHS (g = 50) + VAR y = 8.6204x"? 183.58
2 2 4
Am/S, g/m . K, ,g/sm/s
200 10" 422
a b
T VAR
160 - 10°
120 g =300
i 107 VIM (rod)
80
i 10"
40
| VIM (rod)
T T T T T T 10 ? T T T T T T T
0 5 10 15 20 25 ©h 0 5 10 15 20 25 th
Am/S, g/m2 = K, gz/sm4/ S
c qd
400 VIM (ingot) N
300 4 E VIM (ingot)
i 1078 : [_/\
200 3
100 T
T T T T T T 1079 T T T T T T
0 5 10 15 20 25 T, h 0 5 10 15 20 25 T, h

Fig. 4. Oxidation kinetic curves (a, 6) and rate constant (k,) (6, ) for base—2.5Mo—1.5Re—1.5Ta—0.2%Ti alloys at 1150 °C

for 30 h

Puc. 4. Kunernyeckue Kpusbie (@, 6) 1 KOHCTAHTa CKOPOCTH (k,) OKUCIIEHMS (6, &) CIIaBOB base—2,5Mo—1,5Re—1,5Ta—0,2%Ti

mpu remmnepatype 1150 °C B Teuenue 30 u

0.2Ti alloy through oxidative annealing conducted in
an open environment at 1150 °C for 30 h, with periodic
sample weighing.

The ingot synthesized at g = 1 was omitted from the
experimental series due to non-compliance with chemi-
cal composition standards and inadequate mechanical

performance. Table 5 details the mass gains of samples
following oxidative annealing and the derived approxi-
mation equations corresponding to the oxidation curves
depicted in Fig. 4. Additionally, Fig. 4 illustrates the pa-
rabolic oxidation rate constant curves for the examined
alloys.
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SHS + VIM (ingot)

SHS + VIM (rod)

SHS, g = 300

SHS + VAR

Fig. 5. Appearance of base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy samples after annealing at a 1150 °C for 30 h

Puc. 5. BHemrHuit Bug o6pasuos criaBoB base—2,5Mo—1,5Re—1,5Ta—0,2Ti nocne otxxura npu temmneparype 1150 °C

B TedyeHue 30 u

AL,
NiAl
Co,Cr0,
TaCo,
Ni, Al

>« ¢ 00
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Fig. 6. Diffraction spectra of oxidized surface
of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy

Puc. 6. [IludpakimoHHbIE CITIEKTPHI OKMUCIEHHOM!
noBepxHoCTH criiaBa base—2,5Mo—1,5Re—1,5Ta—0,2Ti

For all samples, except for the one subjected to VAR,
the oxidation behavior aligns with the parabolic law, in-
dicative of a typical oxidation process. Initially, during
oxidation, a dense protective oxide layer forms across
the surface of all alloys, significantly inhibiting further
oxidation. The oxidation pattern for the VAR-treated
sample adheres to an exponential law, demonstrating
an atypical oxidation course. This anomaly is evidenced
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by the initial destruction of the oxide layer, followed by
the development of a crack within the sample itself (at
T = 11+12 h), a phenomenon substantiated by photo-
graphic documentation post 30 h of oxidative annealing
(Fig. 5).

The diffraction spectra of the surfaces of B-alloys,
oxidized ata r= 1150 °C (t= 30 h), are depicted in Fig. 6.
Predominant peaks correspond to the phases of y-Al,O;
aluminum oxide and Co,CrOy, spinel, constituting the
primary oxidation products and forming the protective
upper layer. Alongside these oxides, phases based on
nickel aluminide are detected, with alloying additions
transitioning into a solid solution.

The oxidation mechanism across all samples under
investigation is uniform, where oxygen and nitrogen in-
filtrate the alloy through the destructible Al,O; oxide
surface film and a porous layer of Co,CrOy spinel. The
presence of non-metallic inclusions or impurities within
the alloy exhibits negligible influence on the high-tem-
perature oxidation process. As indicated by the oxida-
tion kinetic curves (refer to Fig. 4) and microstructural
images of the oxidized layer (Fig. 7), all SHS samples
(g = 20+300) similar oxidation dynamics, featuring the
formation of top oxide and nitride layers adjacent to the
alloy. The observed weight gain is 70 £+ 10 g/m?. The
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Fig. 7. Microstructure of base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy samples after annealing at 1150 °C for 30 h

Puc. 7. MukpoctpykTypa o6pa3oB crtaBoB base—2,5Mo—1,5Re—1,5Ta—0,2Ti nocie orxkura ripu remrepatype 1150 °C

B TeueHue 30 u

SHS sample synthesized at g = 20 is distinguished by
the wedge-like penetration of aluminum nitrides into
the ingot along the grain boundaries, which contributes
to an increased oxide layer thickness. The mass gain for
the SHS + VIM (rod) sample registers at 45.1 = 10 g/m2,
likely attributable to the diminution of deleterious gas
impurities from Y N = 0.0191 wt.% in the SHS sample
(g=300)to ZO,N =0.0027 inthe SHS + VIM (rod) sam-
ple. The dissolved nitrogen and oxygen content marked-
ly affects both the kinetics and mechanism of oxidation.
[18; 19]. However, the impact of dissolved gases on oxi-
dation mechanisms must be evaluated in conjunction
with the scale of structural constituents.

The VIM ingot sample, cooled at a different rate
and characterized by larger dendritic sizes, displayed
distinct oxidation kinetics and mechanism. This sam-
ple witnessed an oxidized layer thickness exceeding
250 um, with oxidation progressing along B-phase inter-
phase boundaries. Its substantial mass gain during oxi-
dation (t = 30 h; 421 £ 5 g/m2) is attributed to intense
oxidation (k, = 5.28:107%+1.64-10% g2/cm*/s), where
Cr and Mo form volatile oxides that sublimate without
forming additional protective layers, leaving no contin-
uous aluminum oxide layer on the sample’s surface.

The SHS + VAR sample also recorded a high mass
gain during oxidation (t = 30 h; 183 + 5 g/m?), with no-
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Fig. 8. Surface microstructure of oxidized (a) base—2.5Mo—1.5Re—1.5Ta—0.2Ti sample (g = 50),
selected areas for analysis (b—d), element distribution maps, lamellae cutting site (c)

Puc. 8. MukpocTpyKTypa MOBepXHOCTH OKUCIEHHOT0 oOpa3siia () coctaBa base—2,5Mo—1,5Re—1,5Ta—0,2Ti (g = 50),
BBIJICJICHHBIE 001acTu aHanu3a (b—d), KapThl pacipeaeJeHNs 3JIEMEHTOB X MECTO PE3KU JlaMeJu (c)

table crack formation after 12 h (Fig. 5) shows a crack
formed after 12 h of oxidation. Analysis (Fig. 5 and 7)
reveals that structural components’ dimensional factors
resemble those in other samples, but the oxidation kine-
tics change with alterations in chemical composition due
to the VAR process. This process increases the tungsten
content to 0.11 wt.%, while reducing the presence of tan-
talum and other elements (refer to Table 4).

The examination of the oxidized surface of samp-
le 3 of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy
(g = 50) is depicted in Fig. 8. This alloy is composed of
three distinct layers. The uppermost oxide layer, measur-
ing 40 pm in thickness and comprising Al,O; and
Co,CrOy spinel, is notable for its low density and the
presence of numerous pores. Beneath this layer lies a
thin, continuous sublayer of Al,05 (5—10 um thick) that
acts as a barrier against oxygen infiltration into the ma-

36

Fig. 9. TEM image and EDS analysis areas of lamella
from oxidized layer of base—2.5Mo—1.5Re—1.5Ta—0.2Ti
sample (g = 50) in the Me—MeO transition layer

Puc. 9. [1DM uzobpaxkeHue JaMeau U3 OKUCIEHHOTO CJI0s
obOpasua base—2,5Mo—1,5Re—1,5Ta—0,2Ti (g = 50)
u obactu DJIC B mepexogHom ciioe Me—MeO
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Table 6. Chemical composition (at.%) of lamella from oxidized layer
of base—2.5%Mo—1.5%Re—1.5%Ta—0.2%Ti sample (g = 50)

Ta6nuua 6. Xumuueckuii coctas (at.%) saMesu U3 OKMCIEHHOTO CI0st

ob6pasua base—2,5Mo—1,5Re—1,5Ta—0,2Ti (g = 50)

Spectrum N Al Ti Co Ni Mo Re
1 38.71 61.29 — - — — —
2 52.83 — 40.24 5.63 0.38 0.93 — —
3 — — 21.79 48.61 5.76 18.35 5.49 —
4 - - — 49.31 12.33 20.40 10.83 7.13
5 7.28 — — 54.11 7.36 24.04 7.20 0.00

Fig. 10. TEM image of transition layer in base—2.5Mo—1.5Re—1.5Ta—0.2Ti sample (g = 50)

a — distribution of structural components; b — enlarged view of TiN phase; ¢ — X-ray diffraction pattern from AIN grain along zone axis [010];

d — X-ray diffraction pattern from TiN grain along zone axis [110]

Puc. 10. [IDM-n3006paxeHne CTPYKTYPHBIX COCTaBIISIFOIINX TIEPEXOIHOTO c10st obpasma base—2,5Mo—1,5Re—1,5Ta—0,2Ti

(&=50)

a — pacrpezieJieHUe CTPYKTYPHBIX COCTaB/ISIIOLIMX B Jlamesu; b — yBesinueHHast o61acthb dasbl TiN;
¢ — anektpoHorpamma ¢ 3epHa AIN Brosb ocu 30HbI [010]; d — aekrpoHorpamma ¢ 3epHa TiN Brosib ocu 30HbI [110]

terial. Adjacent to the substrate, a substantial layer (up to
100 pm thick) predominated by AIN features inclusions
of chromium-containing phases such as (Cr,Co)Ni,
(Cr)MmoRre> and (Cr)po-

TEM studies were conducted to detail the compo-
sition of dispersed phases located along the AIN grain
boundaries in the intermediate layer near the substrate.
A lamella was extracted from the cross-section of the
metal-nitride (MeN—Me) transition layer, with its po-
sition depicted in Fig. 8, ¢. The structure of this lamella
isillustrated in Figs. 9 and 10, with specific analysis sites
marked in Fig. 9. These sites were identified using the
EDS method (spectra /—J5), and the findings are docu-
mented in Table 6. AIN, exhibiting a hexagonal crystal
structure (space group P6;mc) with lattice parameters
a=3.078 A and ¢ = 5.004 A, is identified as the princi-
pal phase of the transition layer (Fig. 9, Table 6, spect-

rum /). Nitrogen diffusing along the grain boundaries of
the porous oxide layer Al,05 + Co,CrOy4into the alloy’s
depth, and nitrogen impurities in the alloy, react with
the aluminum in the matrix to form AIN. This interac-
tion leads to a localized depletion of aluminum in the
alloy, resulting in the creation of chromium (Cr)-based
solid solutions with a BCC crystal lattice (space group
Im3m), containing Ti, Co, Ni, Mo, and Re in concen-
trations ranging from 5 to 24 at.% (Fig. 9, Table 6, spec-
tra 3—J5). Moreover, the oxidized layer contains submi-
cron grains of a titanium-containing phase, likely TiN
nitride (spectrum 2).

At the interface of the solid solution of chromium
(Cr) and AIN aluminum nitride, submicron inclusions
of the HCC-phase of TiN with a lattice parameter a =
= 4.207 A were observed (Fig. 10). The formation of
TiN, in reducing the alloy’s dissolved nitrogen content
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(refer to Table 4), also activates the diffusion of alumi-
num towards the surface. This process facilitates the
formation of a dense oxide layer, thereby enhancing the
alloy’s heat resistance.

Investigating the effects of impurities and non-me-
tallic inclusions on the mechanical properties and oxida-
tion kinetics of the base—2.5Mo—1.5Re—1.5Ta—0.2Ti
alloy is crucial for devising the optimal ingot production
method to achieve superior alloy characteristics.

Conclusions

1. The investigation elucidated the significant im-
pact of centrifugal acceleration and subsequent metal-
lurgical treatments (VIM) and VAR) on the structural,
mechanical, and thermal resistance characteristics of
the base—2.5Mo—1.5Re—1.5Ta—0.2Ti alloy.

2. Evaluation of the samples, adhering to
GOST 1778-70 and amalgamating all categories of
non-metallic inclusions, demonstrated a reduction in
the presence of non-metallic inclusions from 5 to 1—
2 points with an increase in centrifugal acceleration.
The optimal centrifugal acceleration was identified as
g =50, beyond which the reduction in inclusion count
was not significantly observed. While metallurgical
processing (VIM, VAR) did not notably affect the in-
clusion score, it resulted in the noticeable growth of
grain size.

3. Within the B-phase matrix, the presence of glo-
bular micron and submicron inclusions of a chromi-
um solid solution was noted. Inclusions (Cr)ni mo,co
(Copmo re and (Cr)ge Mo With a thickness of 2—8 pm are
formed in the intergrain space. Additionally, the forma-
tion of the Ni(Al,Ti) phase at grain boundaries was ob-
served, contributing to an enhanced resistance to plastic
deformation and increased alloy strength.

4. The best combination mechanical properties, in-
cluding tensile strength (6,,), yield strength (o), and
residual deformation, were observed in alloys synthe-
sized under overload conditions of g = 50 to 300, achiev-
ing 6, = 1640 £ 20 MPa and oy, = 1518 £ 10 MPa.
the SHS + VIM samples (ingot) exhibited deteriorated
mechanical properties (6, = 1304 £ 10 MPa and 6., =
= 1126 £ 10 MPa), attributed to the enlargement of struc-
tural components due to slow cooling rates (V.yged1 =
=50 °C/min).

5. Impurity elements such as Mg, Na, Si, Ca, K,
Mn, Cu were identified as incidental, originating from
the initial reagents. The total impurity content remained
within acceptable limits of 0.15 £ 0.02 %. Notably, an
increase in centrifugal acceleration resulted in a de-
crease in the levels of impurity oxygen and nitrogen.
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Effects of quenching temperature
on the structure, segregation, and properties

of the AM4.5Kd + 0.2 wt.% La alloy
after artificial aging

N.A. Slavinskaya, H. Ri, E.H. Ri, A.S. Zhivetev

Pacific National University
136 Tikhookeanskaya Str., Khabarovsk 680035, Russia

< Andrei S. Zhivetev (007881@pnu.edu.ru)

Abstract: The identification of structural components in the AM4.5Kd + 0.2 wt.% La alloy, subjected to quenching at different temperatures
(535—605 °C) and artificial aging at 155 °C for 4 h, was conducted through electron microscopy and XRD. An increase in the quenching
temperature (7,) from 535 to 605 °C promotes the enlargement of structural components, including the a-solid solution, various aluminides,
and eutectics. We observed that the base metal is not homogeneous in its chemical composition, consisting of two types of solid solutions: oy
and a,. The Cu and Mn solubility in the o,-solid solution is higher than in the o-solid solution. As the quenching temperature increases to
14 = 605 °C, the copper content in the o,-solid solution decreases. In contrast, the copper content in the o,-solid solution follows a curve with
two maxima at 545 °C (4.5 at.%) and 585 °C (8.7 at.%). The Mn content in the o,-solid solution decreases sharply to the 545 °C quenching
temperature and remains relatively constant up to 7y = 605 °C (0.2 at.%). The Mn content in the ay-solid solution follows a curve with its
maximum at 7, = 545 °C (4.3 at.% Mn). Subsequent temperature rise results in a sharp drop in Mn content from 1.0 at.% at 7, = 565 °C to
0.3 at.% at 605 °C. Hence, the max solubility of Cu and Mn in the a,-solid solution occurs at 545 °C. At 585 °C, only an elevated Cu content
(~8.7 at.%) was observed. Aluminides of alloying elements with different stoichiometries crystallize at different quenching temperatures,
with complex Al Ti,La,Cu,Cd, and Al,Cu,Mn_Cd, alloyed aluminides being most commonly found. ncreasing the quenching temperature
to 535—545 °C results in higher hardness of the AM4.5Kd + 0.2 wt.% of La alloy, reaching 98—104 HB, with subsequent decrease to 60 HB
as the quenching temperature reaches 605 °C. The hardness of the unhardened alloy is 60 HB. The optimal quenching temperature for the
AM4.5Kd + 0.2 wt.% of La alloy is in the range of 535—545 °C. This temperature corresponds to the highest hardness of the alloy and the
microhardness of the aluminide.

Keywords: AM4.5Kd aluminum alloy, La addition, quenching, aging, phase composition, aluminides, hardness, microhardness.

For citation: Slavinskaya N.A., Ri H., Ri E.H., Zhivetev A.S. The influence of tempering temperature conditions on the formation of the
structure, liquation processes and properties of the alloy AM4.5Kd + 0.2 wt.% La after artificial aging. [zvestiya. Non-Ferrous Metallurgy.
2024;30(1):42—54. https://doi.org/10.17073/0021-3438-2024-1-42-54
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AnHoTanua: MetogaMu 3JE€KTPOHHO-MUKPOCKOMMYECKOIO MCCIEAOBAHUS U MUKPOPEHTTEHOCHEKTPaabHOrO aHajlu3a 3JEeMEHTOB
UACHTUGULIMPOBAHBI CTPYKTYPHBIE cocTaBisonine criaaBa AM4,5Kn + 0,2 mac.% La mocie 3akaJiKi ¢ pasjJM4YHBIX TeMIIepaTyp
(t = 535+605 °C) u uckyccTBeHHOTro ctapeHus nipu ¢t = 155 °C B Teuerue 4 4. [loBblmeHUe TeMIepaTypsl 3aKajiku oT 535 mo 605 °C
CIOCOOCTBYET YKPYITHEHUIO CTPYKTYPHBIX COCTABIISIIOIINX — OL-TBEPIOTO PACTBOPA, aJIIOMUHUIOB PA3JIMYHOIO COCTaBa, 9BTEKTUKU.
YCcTaHOBJIEHO, UTO MeTaJan4YecKass OCHOBA HEOAHOPOAHA [0 XUMUUECKOMY COCTaBY U COCTOUT M3 IBYX BUIOB TBEPAOrO pacTBOpa —
oy 1 0,. B 0y-TBEepaOM pacTBOpe pacTBopstoTCs B 6osbiueit crerneHr Cu 1 Mn, Mo cpaBHEHUIO C 0 -TBEPAbIM pacTBOpoM. C yBeIUUEHU-
eM TemmepaTypbl 3akaiku 10 605 °C copepxkaHue MEAU B O,-TBEPAOM PACTBOPE YMEHBILIAETCS, B TO K€ BPEMSI B 0-TBEPLOM pacTBoOpe
KOHIICHTPAIIMSI MEIU U3MEHSIETCS TI0 9KCTpEeMaJbHOM 3aBUCUMOCTH C IBYMSI €€ MaKCUMyMaMu Tipu Temreparypax 545 °C (4,5 at.%) u
585 °C (8,7 ar.%). ConepxaHue MapraHila B 0,;-TBEPAOM PacTBOPE Pe3KO CHUXKAETCS 10 TeMIepaTypsl 3akajiku 545 °C, a 3arem ocTa-
ercst 6e3 usmeHeHus go ¢t = 605 °C (0,2 at.%). ConepxxaHue MapraHiia B 0,-TBEPIOM PacTBOPE M3MEHSETCS TakKXKe MO 3KCTpeMaIbHOMI
3aBUCUMOCTHU C MAKCUMYMOM KOHIIeHTpaluu mpu ¢ = 545 °C (4,3 at.% Mn). [lanbHelilnee MOBBIIICHIE TEMIIEPATYPhI 3aKaJIKU CII0CO0-
CTBYET Pe3KOMY YMEHbILEHUIO cofepxkaHust mapranua ot 1,0 at.% npu ¢ = 565 °C no 0,3 at.% Mn nipu Temmneparype 3akanku 605 °C.
TakuMm obpasom, MakcuMalibHas pacTBopuMocTb Cu 1 Mn B o,-TBEepIOM pacTBope HabJlogaeTcs pu Temieparype 3akanku 545 °C.
ITpu Temneparype 3akanku 585 °C duKcHpyeTcsT TOJTBKO MOBBIIIEHHOE conepxkanue Meau (~8,7 a1.%). B 3aBUCUMOCTH OT TeMIiepaTy-
PBI 3aKaJKW KPUCTAJUTU3YIOTCST aTIOMUHUIBI JIETUPYIONIMX 2JIEMEHTOB C pa3IMIHON cTexnomeTpueii. Hambosee yacTo BcTpevyaoTcst
KOMILIEKCHO-IErnpoBaHHble amoMuuuabl Tutana Al TijLa Cu,Cd, u mean Al,Cu,Mn_Cd,. YBeauuenne TeMneparypbl 3aKajnku 10
535—545 °C cniocobeTByeT pocty TBepaocTu criiaBa AM4,5Kx + 0,2 mac.% La no 98—104 HB ¢ nocienywomum ee cHuxeHnuem (60 HB)
1o Temreparypsl 3akanku 605 °C. CriaB 6e3 TepMUYecKoit 00padboTKu uMen TBepaocTh 60 HB. OnTuManbHblil peX MM 3aKaIKU CIlIaBa
AM4,5Kn + 0,2 mac.% La cootBercTByeT Temiieparype 535—545 °C, npu KOTOpoii HabIonal0TCcsi MaKCUMallbHble TBEPAOCTD CIJIaBa U
MUKPOTBEPIOCTh MHTEPMETAaJJIHIA.

KuaoueBbie ciioBa: amoMmuHueBblii criiaB AM4,5K o, monudununposanue La, 3akanka, MICKyCCTBEHHOE CTapeHuUe, (ha30BbIll COCTaB, allio-
MUWHUIBI, TBEPIOCTb, MUKPOTBEPIOCTb.

Jng uutupoBanusa: CnasuHckas H.A., Pu X., Pu 3.X., ZKuserbeB A.C. BausgHue TemMnepatypHbIX peXKMMOB 3aKaaku Ha (hOpMUPOBAHUE
CTPYKTYPBI, IUKBAIlMOHHBIE ITPOIIECChl U cBOlcTBa criiaBa AM4,5Kn + 0,2 mac.% La mociie MICKYCCTBEHHOTO cTapeHus. Mzeecmus 6y306.
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Introduction

The enhancement of aluminum alloys, both at stan-
dard and elevated temperatures, is frequently employed
to manufacture dependable and durable components
for the aerospace and automotive industries [1]. Their
strength characteristics closely resemble those of gray
cast iron and carbon steel [2]. However, it is noteworthy
that aluminum alloys exhibit lower wear resistance com-
pared to the latter materials [3; 4].

It has been established that Al—Cu alloys exhibit
high heat resistance, as exemplified by the AMS5 casting
alloy (GOST 1583—93) and the deformable alloys 1201,

D16, and AK4—1 (GOST 4784—97). Nevertheless, their
heat resistance is sustained only up to temperatures of
200—250 °C [2].

A comprehensive literature review indicates that heat
treatment (HT) of aluminum alloys is often the sole viab-
le method for achieving the necessary mechanical pro-
perties and creating the desired structures in the alloy
[S—11]. Previous works, such as those presented in refe-
rences [3; 8], propose optimal heat treatment procedures
aimed at enhancing the mechanical properties [11] of
Al—Cu—Mg alloys. Additionally, Korotkova N. et al. [7]
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investigated the correlation between the structure of alu-
minum wire with a 7 % rare earth metal (REM) content
and the annealing temperature within the 300—600 °C
range.

The impact of heat treatment conditions on the
structure and mechanical performance of Al—Mg alloys
is systematically assessed in works cited in references
[6; 9].

Certain researchers [12—14] employ simulation tech-
niques to model heat treatment processes. Notably, pa-
pers [15—17] showcase a notable concordance between
the simulated structure, properties, and processes in the
Al—Cu—Cd alloy and the corresponding experimental
data.

Alloying additives play a crucial role in modifying
and controlling the structure and properties of alloys [1;
18—29]. Among the frequently utilized alloying addi-
tives, Ti and B are prominent. Research studies [18; 19;
22—24] indicate that these additives alter the morpho-
logy of the dendritic a-Al phase, promote the formation
of equiaxed grains, and establish new nucleation sites for
Ti and B compounds. This leads to a substantial refine-
ment of the alloy structure, resulting in improved me-
chanical properties. Furthermore, the incorporation of
REEs and transition group metals (up to 1 wt.%) en-
hances the structure of aluminum alloys post-casting
and heat treatment. Sahin H. et al. [20] observed that
additions of Er and Eu reduce the size of intermetal-
lic phases, while the addition of 0.1 wt.% Sc increases
the nanohardness of certain intermetallic compounds
[21]. Additionally, the introduction of Ce (up to 0.5 %)
diminishes the size of 3-AlsFeSi inclusions from 51 to
21 um [29]. Andrushevich A. et al [25] remark that the
addition of Srto the AK7h alloy enhances its mechanical
properties and influences casting characteristics. This
alteration in the solidification pattern disperses pores,
positively impacting the tightness of housing parts.

Ri E. etal. [30] conducted a study examining the im-
pacts of metallic lanthanum and cerium additions on the
alloy structure, segregation, hardness, and microhard-
ness of the AM4.5Kd (VAL 10) cast alloy. Their findings
revealed that lanthanum plays a role in refining the alloy
structure, redistributing elements, and augmenting mic-
rohardness.

In contrast to aluminum—silicon alloys, the influ-
ence of REEs, particularly lanthanum, on the structure,
segregation, and properties of the AM4.5Kd cast alloy
has not been thoroughly investigated. The components
of the AM4.5Kd alloy typically undergo heat treatment
involving quenching and aging. The exploration of the
synergistic effects of alloying and heat treatment is both
theoretically and practically significant.
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The objective of this study is to ascertain the im-
pact of quenching temperatures (535, 545, 565, 585,
605 °C) on the structure, segregation, and properties of
the AM4.5Kd alloy, which incorporates 0.2 wt.% of lan-
thanum, following combined heat treatment involving
quenching and aging.

Materials and methods

The AM4.5Kd (VALI0) alloy, conforming to GOST
1583-93, was the subject of our investigation. The al-
loy, weighing 0.7 kg, was melted along with additives in
a Graficarbo furnace. The initial AM4.5Kd alloy was
loaded into a pre-heated graphite crucible at 450 °C, fol-
lowed by heating to a temperature of 740 °C. The melting
process included a 5-minute holding period to stabilize
the temperature within the required range. Subsequent-
ly, metallic lanthanum (LaM-1), wrapped in aluminum
foil, was introduced. The additional 5-minute holding
time ensured a uniform distribution of lanthanum with-
in the alloy. This was succeeded by reheating to 740 °C,
another 5-minute holding period, and the casting pro-
cess. All operations were conducted in an argon envi-
ronment. Casting was performed using a metal mold
with a diameter of 30 mm and a height of 50 mm.

Patel N. et al. [5] proposed the following heat treat-
ment parameters for the AM4.5Kd (VAL 10) cast alloy:
TS5 heat treatment, involving a temperature range of
545t35, with a holding time of 10—14 h, followed by wa-
ter cooling in the range of 20 to 100 °C. In our study,
we employed the following treatment protocol: heating
for quenching (to temperatures of 535, 545, 565, 585,
605 °C); holding for 2.5 h, quench hardening in wa-
ter (at 20 °C), and aging at a temperature of 155 °C for
4.0 h.

The average chemical composition after melting was
as following (%): Al: 94.62; Cu: 4.3; Mn: 0.55; Ti: 0.19;
La: 0.17; Si: 0.1; Fe: 0.07.

For microstructural analysis, we utilized a FE-SEM
Hitachi Su70 (Japan) field emission scanning electron
microscope equipped with Thermo Fisher Scientific
MagnaRay spectrometers for energy and wave disper-
sion X-ray analysis.

Microhardness measurements (HV) were conducted
using the Vickers hardness test method (in accordance
with GOST 2999-75 and 9450-76) with a Shimadzu
HM V-G microhardness tester (Japan).

Results and discussion

Our investigation focused on examining the im-
pact of quenching temperatures (535, 545, 565, 585,
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and 605 °C) on the structure, segregation, microhard-
ness of structural components, and overall hardness of
the AM4.5Kd alloy with an additional 0.2 wt.% of La.
The subsequent aging process at 155 °C was maintained
for 4 h.

The SEM analysis of the alloy structure revealed
that elevated quenching temperatures contribute to
the enlargement of structural components within the
o-solid solution and metal aluminides, as depicted in
Fig. 1.

535°C

565 °C

100 pm

At a quenching temperature of 7, = 565 °C and above,
interfaces of the o-solid solution become evident. Ad-
ditionally, spherical intermetallic inclusions crystallize
within the grains of the o-solid solution.

XRD microanalysis allowed for the identification
of structural components that crystallized at different
quenching temperatures and subsequent aging.

Let us examine the results for two specific quenching
temperatures: 545 °C (Figs. 2, 3, and Table 1) and 605 °C
(Fig. 4 and Table 2). At these temperatures, structural

545°C

100 pm

Fig. 1. Microstructure of the AM4.5Kd + 0.2 wt.% of La alloy vs. the quenching temperature (z,)

and after aging at 155 °C
1q> °C: 535 (a), 545 (b), 565 (¢), 585 (d), 605 (e, f)

Puc. 1. Mukpoctpykrypa cniiaBa AM4,5Kn + 0,2 mac.% La B 3aBUCUMOCTH OT TeMIepaTypbl 3aKajlKu (t,)

M MOCJIe UCKYCCTBEHHOI0 cTapeHus pu temneparype 155 °C

1., °C: 535 (a), 545 (b), 565 (c), 585 (d), 605 (e, /)
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Table 1. Composition of the structural components of AM4.5Kd alloy + 0.2 wt.% of La after quenching (545 °C)

and subsequent aging (155 °C)

Ta6nuiia 1. CocTaB CTPYKTYPHBIX cocTaBisiioniux cruiaBa AM4,5Kn + 0,2 mac.% La nocaie 3akanku (545 °C)

U TIOCTIEIYIONIETO NCKycCcTBeHHOTO cTapeHus (155 °C)

Elemental Content, at.%
Structural components analysis points
(see Fig. 2) Al Ti Mn Ee Cu | Cd La
o solid solution of Cu, Mn, and Ti in Al 11-17 97.45 0.15 0.33 — 2.27 - -
o, solid solution of Cu, Mn, and Fe in Al §—10 89.8 - 425 122 47 0.08 046
84.5 8.52 — - 0.95 1.63 3.41
Als 45(Ti, La, Cd, Cu) alloyed aluminide 2—-6
A184.5(Ti, La, Cd, Cu)15.5 = A15.45(Ti, La, Cd, CU)
84.6 — 1.56  0.33 9.82 — 3.68
Al 5(Cu, La, Mn, Fe) alloyed aluminide 1
A]84'6(Cu, La, Mn, Fe)15.4 = AIS.S(CU, La, Mn, Fe)

25 pm

10

B+ 13

&
17
&

25 um

changes occur, leading to the formation of various metal
aluminides

In Figs. 2, 3, and Table 1, the results reveal that
at 1, = 545 °C, the following structures are formed:
o, and o, solid solutions, as well as Als45(Ti, La,
Cd, Cu) and Als 5(Cu, La, Mn, Fe) aluminides. The
crystals of the alloyed aluminide Als 45(Ti, La, Cd,
Cu) exhibit a compact morphology resembling either
polyhedra or plates, with a width in the range of sev-
eral microns and a length approximately measuring
25—30 um.
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25 pm

Fig. 2. Microstructure and elemental analysis
points in the structural components

of AM4.5Kd + 0.2 wt.% of La,

quenched at 545 °C with subsequent aging
atr=155°C

Puc. 2. MUKpoOCTpyKTypa U TOYKHU aHaIn3a
3JIEMEHTOB B CTPYKTYPHBIX COCTABJISIIOLIMX
cruiaBa AM4,5Kn + 0,2 mac.% La,
3aKaJeHHOTro ¢ TeMIiepatypsl 545 °C

C TIOCJIEAYIONIUM UCKYCCTBEHHBIM CTapeHUEM
mpu t=155°C

The presence of these structures is affirmed by the
element distribution curves within the structural compo-
nents of the AM4.5Kd + 0.2 wt.% of La alloy, quenched
at 545 °C with subsequent aging. The curves follow the
A—A line, as illustrated in Fig. 3.

In the structure of the AM4.5Kd + 0.2 wt.% of
La alloy, quenched at 605 °C with subsequent ag-
ing (Fig. 4 and Table 2), similar crystallized alu-
minides are observed, differing in their stoichiometry:
Alg o(Ti, La, Cu, Cd) and Al; g3(Cu, La, Ti, Cd, Mn).
Additionally, the Alj¢3(Cu, La, Mn, Fe) aluminide
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is crystallized, with its crystals either forming part
of the eutectics (Fig. 4, points 5—7, (a), I—3 (b),
9—11 (c)) or appearing as light, spherical inclusions
(points 1—2 (c)).

25 um

Content, at.%

— AIK=96.9
75 —Tik=0 = Al
—-MnK=05 sz o
—Cuk=261 O = Q,
50— CdL=0 S g2 il
—Lal=0.02 :ﬂ = B (3__.'
< s
25 Cu
L
0 ———
U AT S B L B U N ST < B AR AT
R A G K G A
Content, at.%
— AIK
—TiK
= MnK
- Cuk
129 _caL T Cu
—Lal

Fig. 3. Element distribution curves in the structural
components of the AM4.5Kd + 0.2 wt.% of La alloy
quenched at 545 °C with subsequent aging,

along the A—A line

Puc. 3. KpuBsle pacnipeieieHUsI 3JIEMEHTOB B CTPYKTYPHBIX
cocraBistomux cruraBa AM4,5Kn + 0,2 mac.% La,
3aKaJIeHHOro ¢ Temnepatypsl 545 °C

C TIOCJIEYIOIINM UCKYCCTBEHHBIM CTapEHUEM,

10 HaTpaBJieHUIo Tpoduisa A—A

Table 3 and Fig. 5 reveal that the base metal (o.-solid
solution) exhibits not-homogeneity in its chemical
composition, comprising two types of solid solutions:
oy and oy.

As the quenching temperature increases to 605 °C,
the copper content in the o4-solid solution decreases,
while the copper content in the o,-solid solution fol-
lows a curve with two maxima at 7, = 545 and 585 °C.

25 um

Fig. 4. Microstructure and elemental analysis points

in the structural constituents of the AM4.5Kd + 0.2 wt.%
of La alloy, quenched at 605 °C with subsequent aging
atr=155°C

Puc. 4. MUKpoCTpyKTypa 1 TOUKHU aHaJI13a 3JICMCHTOB
B CTPYKTYPHBIX COCTABJISIIOIINX

crutaBa AM4,5Kn + 0,2 mac.% La,

3aKaJieHHOro ¢ TemnepaTtypsbl 605 °C ¢ mocaeayonum
HWCKYCCTBEHHBIM cTapeHueM mpu = 155 °C
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The total copper content in the solid solutions varies
similarly. The aluminum content is inversely related to
the solubility of copper in the o-solid solution. The con-
tent of Al in the o-solid solution increases monotoni-

cally to 7, = 605 °C (Fig. 5, a).

The content of Mn in the oy-solid solution experi-
ences a rapid decrease until 7, = 545 °C and remains rel-
atively constant up to 7, = 605 °C (Fig. 5, b). In contrast,

the content of Mn in the o,-solid solution follows a curve

with a maximum at 7, = 545 °C, decreasing thereafter

Table 2. Composition of the structural components of AM4.5Kd alloy + 0.2 wt.% of La after quenching (605 °C)

and subsequent aging (155 °C)

Ta6auia 2. CocTaB CTPYKTYPHBIX cocTaBstiolmx ciiaBa AM4,5Kn + 0,2 mac.% La mocie 3akanku (605 °C)
U TIOCJIEAYIONIEro UCKyccTBeHHOro cTtapeHus (155 °C)

Elemental Content, at.%
Structural components analysis points
(see Fig. 4) Al Ti Mn Fe Cu Cd La
8§10 (a)
o solid solution of Cu, Mn, and Ti in Al 7—9(b) 98.2 0.11 0.44 - 1.27 — —
12—14(c)
o, solid solution of Cu, Mn, and Ti in Al 4—6 (b) 95.7 — 0.7 — 3.94 - -
5—7(a)
1-3 (b)
Al; ¢3(Cu, Cd, Mn, Fe) 9-11(0) 78.4 — 0.32 0.27 20.5 0.5 —
alloyed aluminide 1-2(0)
Alyg 4(Cu, Cd, Mn, Fe),; ¢ = Al; ¢3(Cu, Cd, Mn, Fe)
: 79.3 1.23 0.48 — 13.5 0.21 5.32
Alj g3(Cu, La, T1,.C.d, Mn) -2 (a)
alloyed aluminide Al 5(Cu, La, Ti, Cd, Mn)y, ; = Al; 5(Cu, La, Ti, Cd, Mn)
: 85.7 8.6 — — 1.27 0.41 3.98
Alg o(Ti, La, C}l,.Cd) 3-8(c)
alloyed aluminide Algs ,(Ti, La, Cu, Cd)4 3 = Alg o(Ti, La, Cu, Cd)
Content, at.% Content, at.%
- ooyt Mn
L (Cu) .
-12 3.54 o,
-8 2.5 {
- 4 1.5 a/l
b
60 T T T T l - O 0 T T T T
535 555 575 595 t, °C 535 555 575 595 t, °C
Content, at.% .
Al Cu, Cd, La Ti Fig. 5. Quenching temperature
90 1 - 10 - 10 of the AM4.5Kd + 0.2 wt.% of La alloy
] Al g i vs. the Cu and Mn solubility in the a-solid solutions
Ti (a, b), and vs. Cu, Cd, La, and Ti solubility
80 - 6 -8 in the Al Ti,La,Mn,Cd,, alloyed aluminide (¢)
v
7 La ¢ v 4 B Puc. 5. BiusgHue TemnepaTypsl 3aKajJKHU CIljiaBa
70 - / p) L6 AM4,5K 1 + 0,2 mac.% La Ha pacTBOPUMOCTh
Cdo Cu 1 Mn B 0i-TBepIBIX pacTBopax (a, b),
7 cu <o o -1 i aTakxe Cu, Cd, Lau Ti B 1ierupoBaHHOM
604 i i i i 0 L 4 amomunnze Al Ti,La Mn,Cd,, (c)
535 555 575 595 t, °C
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until 7, = 605 °C. Consequently, the maximum total so-
lubility of copper and manganese in the o,-solid solution
is reached at 545 °C. At the quenching temperature of
585 °C, only an increased copper content in the o,-solid
solution is observed. As a result, higher microhardness
of the o-solid can be anticipated at these quenching
temperatures.

Table 3 indicates that segregation increases with the
quenching temperature, impacting the stoichiometry of
the crystallized metal aluminides. Aluminides with La
additions (Al,Ti La,Cu,Cd,) most commongly crys-
tallize at 7, = 545+605 °C. Notably, Aly,(Cu, Ti, Mn)
aluminides, containing 9.09 at. % of Ti and 9.22 at. %
of Cu, form at the 585 °C quenching temperature. Addi-
tionally, Al; 63(Cu, Cd, Mn, Fe) is formed at 7, = 605 °C
(refer to Table 3).

For the Al,Ti,La,Mn,Cd,, alloyed aluminide, the
highest solubility of the additions (Cu, La, Ti) occurs at
14 =585 °C. In this aluminide, the Cd content decreases,
while the Al content increases (Fig. 5, ¢).

Microhardness measurements of the
Al Ti,La Mn,Cd,, aluminides are presented in Fig. 5, c.

The AM4.5Kd + 0,2 wt.% La alloy exhibits its
maximum hardness (9§—104 HB) at quenching tem-
peratures of 535—545 °C. At 1, = 605 °C, the hardness
drastically drops to ~60 HB (Fig. 6, @). The maximum
microhardness of the base metal (o-solid solution)
is achieved at 7, = 535+545 °C, reaching ~150 HV
(Fig. 6, b).

Fig. 2, 4, and Table 1, 2 illustrate that all the inter-
metallides, except for the complex Al TiLa,Mn,Cd,,
alloyed aluminide, exhibit a dispersed structure, pre-
venting the measurement of their microhardness.

The microhardness of the Al,Ti,La,Mn,Cd,, alloyed
aluminide is 760 HV at fq = 535+545 °C and it drops to
660 HV at 1, = 605 °C (Fig. 6, ¢).

Consequently, the maximum total hardness of the al-
loy is observed at 535—545 °C, primarily due to the high
microhardness of the o-solid solution with its elevated
Cu and Mn content. There appears to be a relationship
between the variations in hardness for the AM4.5Kd +
+ 0.2 wt.% La alloy, the microhardness of the o-solid
solution, the complex Al TiLa,Mn,Cd,, alloyed alu-
minide, and their respective compositions.

Conclusion

1. An increase in the quenching temperature from
535 to 605 °C, followed by aging at 155 °C for 4 h, pro-
motes the enlargement of structural components, in-
cluding the o-solid solution, metal aluminides, and
eutectics.
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Fig. 6. Quenching temperature vs. the hardness

of the AM4.5Kd + 0.2 wt.% of La alloy (a), o.-solid solution
microhardness (0), and Al,Ti,La,Mn,Cd,, alloyed
aluminide microhardness (8)

Puc. 6. Biusinue TemriepaTyphl 3aKajJKu Ha TBEPAOCTh
criaBa AM4,5K o + 0,2 mac.% La (@) 1 MUKPOTBEPIOCTh
0.-TBEPIOTO pacTBopa (6) U JIETMPOBAHHOTO aTIOMUHU 1A
tuna Al Ti,La,Mn,Cd,, (6)

2. XRD elemental analysis identified the structural
components of the AM4.5Kd + 0.2 wt.% of La for vari-
ous quenching temperatures.

3. The base metal (o-solid solution) exhibits non-
homogeneity in its chemical composition. The contents
of Cu and Mn in the o;-solid solution decrease from
2.6 at.% of Cu and 2.5 at.% of Mn at 535 °C to
1.27 at.% of Cu and 0.44 at.% of Mn at 605 °C. The Cu
and Mn solubility in the a,-solid solution depends on the
quenching temperatures. The maximum Cu (4.5 at.%)
and Mn (4.25 at.%) contents occur at 7, = 545 °C. The
0,p-solid solution has a second peak of Cu content
(8.7 at.%) at 7, = 585 °C, and the Mn content at 7, =
=585°Cis 1.0 at.%.

4. Aluminides of alloying elements with different
stoichiometries crystallize at different quenching tem-
peratures. Complex Al Ti,La,Cu,Cd,, n Al,Cu,Mn Cd,
alloyed aluminides are most commonly found in
the 545—605 °C quenching temperature range. The
highest content of Cu, Ti, and La additions in the
Al TiLa Cu,Cd, aluminide occurs at 585 °C, where
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the Cd content decreases, and that of Al increases at
1q=605°C.

5. Increasing the quenching temperature to 535—
545 °C results in a higher hardness of the AM4.5Kd +
+ 0.2 wt.% of La alloy, reaching to 98—104 HB, with
subsequent decrease to 60 HB as the quenching tempe-
rature reaches 605 °C. The hardness of the unhardened
alloy is 60 HB.

6. A relationship was identified between the alloy
hardness, microhardness of the o.-solid solution, micro-
hardness of the complex Al,Ti,La Cu,Cd,, alloyed alu-
minide, and their compositions.

7. The optimal quenching temperature ¢ for the
AM4.5Kd alloy is 535—545 °C. This temperature cor-
responds to the highest hardness of the alloy and the
Al TiLa Mn,Cd,, alloyed aluminide.
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Mechanical and tribological characteristics
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Abstract: This research explores the potential to enhance the copper solubility limit in high-entropy alloys (HEAs) within the CoCrCuFeNi
system by increasing the nickel content twofold and applying additional heat treatment. The CoCrCu,FeNi, HEAs were synthesized through
mechanical alloying of elemental powders followed by hot pressing. The study investigated the microstructure and phase composition of
CoCrCu,FeNi, HEAs in relation to varying copper concentrations (x = 0; 0.25; 0.5; 0.75; 1.0). The evaluation of the alloy matrix's chemical
composition, which is based on the FCC solid solution, enabled the determination of copper solubility. It was found that doubling the nickel
content, relative to the equiatomic ratio, facilitated the formation of HEAs with a homogenous FCC structure for copper concentrations
up to x < 0.75. Further heat treatment of these HEAs resulted in an enhanced copper solubility of up to 17.5 at.%. The mechanical and
tribological properties of CoCrCu,FeNi, HEAs were also assessed, revealing significant improvements in tensile strength (ranging from 910
to 1045 MPa) and hardness (285—395 HV) for the CoCrCu,FeNi, alloys. Despite the increased copper solubility limit, the heat treatment
process caused a decline in mechanical properties by 35—50 %, attributed to grain size enlargement to 5.5 um. The CoCrCuy;5FeNi,
and CoCrCuFeNi, alloys exhibited the lowest wear rates when tested against Al,O; counterbody, with wear rates of 1,58-107> and
1,48~1()’5 mm3/(N'm), respectively.
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Annoranus: PaboTta nocpsiiieHa M3y4eHUI0 BO3MOXHOCTHU MOBBIIIEHU I MIpeieia PACTBOPUMOCTU MeIM B BBICOKOOHTPOMUMHBIX CIIaBax
(BBC) cucrembl CoCrCuFeNi nyTem 1BYKpaTHOIro yBeJIMYEHU I KOHUEHTPALMKU HUKEJISI U MTPOBEACHU S JOMOJHUTETbHOM TepMUUYECKOI
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obpadotku. BOC CoCrCu,FeNi, H3rotosieHbl MEXaHUYECKUM JIETUPOBAHUEM 3JIEMEHTHBIX ITOPOLUIKOBBIX CMECEH M MX MOCIECAYIOLIUM
ropsg4yuM npeccosanueM. Mcciaenosanel MUKpocTpykTypa u dasosbiii cocta BOC CoCrCu,FeNi, B 3aBUCHMOCTH OT KOHLIEHTPALLUK1
Cu (x = 05 0,25; 0,5; 0,75; 1,0). AHATU3 XMMUYECKOTO COCTaBa MaTPUIII crijiaBa Ha ocHoBe ['LIK TBepmoro pacTBopa Mmo3BOJIUII Ompe-
NeJIUTh PAaCTBOPUMOCTh Meau. [lokazaHo, YTO IBYKpaTHOEe (OTHOCUTEIbHO SKBMATOMHOTIO) COAEepKXaHUEe HUKEJST CIIOCOOCTBOBAJIO MO~
nyuenuto BOC ¢ ogHodasHoii I'IK-cTpykrypoii npu x < 0,75. INocneayoniast repMudeckasi oopaborka BOC npusesna K yBeIUUYeHUIO
pacTBOopuMocTH Meau 10 17,5 at.%. [IpoBeneHbl MCITBITAHKSI MEXaHUYECKMX ¥ TPUOOIOrMuecKux cBoiicts BOC CoCrCu,FeNi,. B critaBax
CoCrCu,FeNi, 10cTUTHYT BEICOKMIT ypOBEHb MPOYHOCTH NpU pacTskeHnu (0T 910 no 1045 MITa) u rBeproctu (285-395 HV). HecmoTps
Ha TIOBBILIIEHKE TIpeliesia PACTBOPUMOCTH MellM, TepMudecKast 00paboTKa mpuBesia K MOHMUXKXEHWIO0 MEXaHUUeCKUX CBOMCTB Ha 35—50 %
13-3a YBEJIMUEHU S pa3Mepa 3epeH 10 5,5 MKM. MUHUMaIbHBIM IIPUBEIEHHBIM U3HOCOM IIPU TPEHU U B ITape ¢ KOHTpTesnoM u3 Al,O5 obia-
natot crunasbl CoCrCu 75FeNi, u CoCrCuFeNi, (1,58-107° 1 1,48-107> MMm>/(H M) COOTBETCTBEHHO).

Karouesbie cioBa: IOpOoIIKOBasg METaJJlyprud, BBICOKOOHTPOTIMIHBIE CIJIaBbl, MEXaHUYECKNE CBOMCTBA, U3HOCOCTOMKOCTD, TEPMUYEC-
Kas 06pa60TKa, npocseuyurBalonias 3JICKTpOHHasA MUKPOCKOITU A, paCTpOBasd 3JIEKTPOHHaA MUKPOCKOITUA.
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Introduction

Over the past decade, high-entropy alloys (HEAS)
based on the Co—Cr—Cu—Fe—Ni system have gained
significant attention across various engineering disci-
plines [1—5] due to their exceptional mechanical prop-
erties at both ambient and elevated temperatures, cou-
pled with remarkable thermal stability. These attributes
render them ideal for critical applications such as com-
bustion chambers and heat exchangers [6]. Their high
corrosion resistance has led to their widespread adoption
in the shipbuilding industry [7]. These alloys have been
effectively utilized in coatings to enhance the corrosion
resistance of magnesium alloy products [§8]. Among their
diverse uses, one of the most notable is in friction pair
materials, attributed to their superior wear resistance
at both room [9—11] and elevated temperatures [12;
13]. Collectively, the attributes of high wear resistance,
ease of manufacturing, and low consolidation temper-
ature when utilizing powder metallurgy methods render
HEAs promising candidates as binders in diamond cut-
ting tools [14; 15].

Extensive research has focused on the interplay be-
tween the mechanical properties and phase composition
of CoCrCuFeNi high-entropy alloys (HEASs). These al-
loys can manifest as either a single-phase entity, com-
prising a substitutional solid solution with an FCC lattice
structure, or a two-phase combination of FCC struc-
tures, contingent upon the concentration of copper [16].
Exceeding the solubility limit of copper resultsina HEA
structure characterized by a matrix FCC solid solution
interspersed with copper-based interlayers also exhibit-
ing an FCC structure [17—19]. Contemporary theories
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suggest that the inclusion of a copper phase diminishes
the mechanical properties of CoCrCuFeNi HEAs and
increases susceptibility to brittle fracture [20—24]. Al-
loys maintaining an equiatomic composition of co-
balt, chromium, iron, and nickel can incorporate up to
9 at.% Cu while preserving a single-phase structure [18].
Therefore, broadening the copper concentration range
that allows CoCrCu FeNi HEAs to remain single-phase
is a crucial objective, as achieving this would enable the
development of HEAs with enhanced physical and me-
chanical characteristics, including improved strength,
hardness, and wear resistance.

To augment the solubility of copper within the solid
FCC solution, one strategy involves increasing the nickel
content, which is uniquely characterized by its unlim-
ited mutual solubility with copper within this family of
HEAs, as evidenced by prior findings [25; 26]. Another
approach is through heat treatment (HT), which stabi-
lizes the structurally unstable state of HEAs typical at
elevated temperatures, thereby enhancing the solubility
of copper in the CoCrFeNi matrix.

This research aims to explore the potential of aug-
menting copper solubility in Co—Cr—Cu—Fe—Ni
HEAs by increasing the nickel concentration and
employing a supplementary quenching process.
It entails a comparative analysis of the mechani-
cal and tribological properties of equiatomic
CoCrCuFeNi HEAs and the modified HEA with a
doubled nickel content relative to the equiatomic
ratio, designated as CoCrCuFeNi,, which were ob-
tained through quenching.



13BecTns By30B. LiBeTHaOS MeTanayprng o 2024 o T.30 o N21 e C, 55-69

®epotoB A.A.. MykaHoB C.K., PomaHeHKo b.fO. 1 pop. MexaHundyeckme n TpuboAornyeckme CBOMCTBA BbICOKOSHTPOMMUIMHBIX CMACBOB. ..

1. Materials and methods

The initial materials utilized in this study includ-
ed carbonyl iron powder of grade VK-3 (Sintez-CIP
LLC, Dzerzhinsk, Russia) with an average particle size
of 9 um and an impurity content of <0.3 wt.%, car-
bonyl nickel powder of grade PNK-UT3 (Kola MMC,
Monchegorsk, Russia) with a particle size of 10 pm and
impurity content of <0.06 wt.%, reduced cobalt pow-
der of grade PK-1u (Hanrui Cobalt Co. LTD, China),
with a particle size of 1.2 um and impurity content of
<0.03 wt.%, electrolytic chromium powder of grade
PM-ERKh (AO Polema, Tula, Russia) with a parti-
cle size of 80 um and impurity content of 0.05 wt.%,
and electrolytic copper powder of grade PMS-1 (AO
Uralelectromed, V. Pyshma, Russia) with a particle size
of 24 um and impurity content of 0.12 wt.%.

The base alloy for this study was CoCrFeNi,, to
which copper was added in varying mole fractions (0.25,
0.50, 0.75, and 1.0) relative to Co, Cr, and Fe. Powder
mixtures were prepared using a planetary ball mill
(PBM) “Activator-2sl” (Chemical Engineering Plant
LTD, w.v. Dorogino, Novosibirsk region), under con-
ditions optimized in prior research: a jar rotation speed
of 694 rpm, a centrifugal factor of 90 g, for a duration
of 30 min, and a ball to powder weight ratio of 15: 1.
To achieve finer particle sizes, the mixtures were fur-
ther treated with 10 wt.% isopropyl alcohol in the same
milling conditions for an additional 5 min, facilitating
uniform distribution and mutual dissolution of Co, Cr,
Cu, Fe, and Ni [17].

Cylindrical compact samples, 50 mm in diameter
and 5 mm in height, were produced by hot pressing (HP)
the CoCrCu, FeNi, powder mixtures usinga DSP-515 SA
machine (Dr. Fritsch, Germany). The HP was conduct-
ed in a vacuum at a maximum temperature of 1100 °C,
under a compaction pressure of 35 MPa, with an isobar-
ic hold time of 3 min. After HP, the samples underwent
additional HT in a protective hydrogen atmosphere at
1000 °C for 1.5 h.

Flat samples for tensile tests measuring 50 mm
in total length with the working part dimensions of
20x5x2 mm, were fabricated from the compact samples
using the electrical discharge cutting method.

The hardness of the hot-pressed samples was as-
sessed using the Vickers method with an HVS-50 dig-
ital hardness tester (Time Group Inc., China) under a
10 kgfload. Hardness and elastic modulus measurements
were also performed at the Testing Laboratory of Func-
tional Surfaces (National scientific and educational
center MISIS-ISMAN, Moscow, Russia) using a “Nano-
Hardness Tester” (CSM Instruments, Switzerland).

A Berkovich indenter (diamond triangular pyramid)
was employed, applying an 8 mN load, with a loading
speed of 0.36 mN/s, and a hold time at maximum load
of 5s.

Tensile tests were conducted on an “Instron 5966”
universal testing machine (Instron, USA), with the ul-
timate tensile strength determined using the Bluehill
software (Instron, USA).

The tribological behavior of the samples was evalu-
ated using a “Tribometer” automated friction machine
(CSM Instruments, Switzerland), employing a recip-
rocating motion based on the “Ball-on-Disc” configu-
ration. The testing conditions included a track length
of 6 mm, an applied load of 2 N, a maximum speed of
5 cm/s, and a sintered aluminum oxide (Al,05) ball with
a 3 mm diameter as the counterbody. The tests were run
for 4000 cycles (covering 48 m) in air.

The microstructural analysis of both powdered and
compacted materials was examined through scanning
electron microscopy (SEM) using an S-3400N micro-
scope (Hitachi, Japan), equipped with a “NORAN Sys-
tem 7 X-ray” energy-dispersive spectrometer (Thermo
Scientific, USA). Further analysis of the materials’ fine
structure was conducted using a JEM 2100 transmission
electron microscope (JEOL, Japan). Sample preparation
for these analyses involved ion etching with a PIPS II
system (Gatan, USA).

X-ray diffraction (XRD) analysis was performed
using a “D2 Phaser” diffractometer (Bruker, USA) with
CoK,, radiation, employing the Bragg—Brentano geo-
metry over a 20 range of 30 to 130°. Phase identification
was facilitated by the Diffrac. EVA software (Bruker,
USA). To refine the process for generating single-phase
powders, XRD patterns of mixtures post 5, 10, 15,
and 30 min of milling were analyzed, and the micro-
structure of their transversal cross-sections was exa-
mined.

2. Results and discussion

2.1. Fabrication of CoCrCu,FeNi,
alloy powders

To investigate phase formation processes during me-
chanical alloying (MA) of a Co—Cr—Cu—Fe—Ni pow-
der mixture and to determine the optimal conditions
for generating single-phase powders, XRD patterns of
the mixtures after 5, 10, 15, and 30 min of treatment
were examined, alongside analyses of their transversal
cross-section microstructures.

Analysis after 5-minute treatment in the PBM re-
vealed the presence of all phases corresponding to the
starting powders (see Fig. 1 and Table 1), with the phase
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weight content closely aligning with the theoretical
calculations based on the mixture composition. As the
treatment duration increased, a broadening of the dif-
fraction peaks was observed, indicative of significant
deformation within the crystallite lattices. Concurrent-
ly, a reduction in the peak intensities for Co, Cu, and Fe
was noted.

The XRD pattern from the powder mixture after
15 min of PBM treatment, showed asymmetry in the
Ni peaks from the (311) planes. This asymmetry sug-
gests the formation of a new phase with an FCC lattice
type, exhibiting lattice parameters slightly different from
those of Ni (0.3570 and 0. 3525 nm, respectively).

ACo +Ni ©Cu *Cr wFCC
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Fig. 1. XRD patterns of CoCrCuFeNi, alloy powders
after PBM treatment

Puc. 1. PentreHorpaMMbl MOPOIIKOBBIX CMeCeit
CoCrCuFeNi, nocne odbpadborku B [1LIM

Phase composition (wt.%) of Co—Cr—Cu—Fe—2Ni
powder mixtures after mechanical alloying (MA)
at various milling durations (tyg,)

dazoBblii cocTaB (Mac.%) MOPOIIKOBBIX cCMeceit
Co—Cr—Cu—Fe—2Ni nocyiie MexaHU4eCKOTO JIETMpOBaHUS
C Pa3aMYyHON MPOLOJIKUTETBbHOCTBIO (Tyy)

Phase Tma, Min

(Pearson symbol) 5 10 15 30
Co (hP2/1) 12 8 6 —
Cr (cI2/1) 14 14 12 5
Cu (cF4/1) 16 12 10 —
Fe (cI2/1) 22 19 13 —
Ni (cF4/1) 36 47 47 —
FCC (cF4/1) — — 12 95
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Following a 30-min treatment in the PBM, the
powder predominantly consisted of an FCC solid solu-
tion with a minor presence of undissolved chromium
(about 5 %). The residual chromium is not detrimental
to the production of HEAsS, as it is expected to dissolve
into the matrix during the consolidation process through
diffusion.

SEM studies on the structural evolution of the pow-
der mixtures over different processing times revealed
(Fig. 2) that due to the plastic nature of the components,
structure formation during MA occurs via a mechanism
typical for “ductile—ductile” systems. Under the im-
pact of the grinding media, particles deform, creating
new surfaces uncontaminated with oxygen, which form
strong van der Waals bonds.

In the process of PBM, the initial metal particles tend
to form large agglomerates (Fig. 2, a). These agglome-
rates exhibit a layered structure comprising distinguisha-
ble layers of Co, Cr, Cu, Fe, and Ni. The thickness of
these metal layers varies with the particle size used in
the process, typically ranging from 3—5 um for Fe, Co,
and Ni, to 20—30 um for Cr and Cu (Fig. 2, e). As the
milling process progresses, there is a notable gradual
homogenization of the composite granules’ structure
(Fig. 2, b, ¢). expressed in a decrease in the thickness of
the layers of metal components and their more chaotic
arrangement. After ty;, = 30 min, the resulting powders
exhibit a homogeneous microstructure, with Cr present
as submicron-thick interlayers (Fig. 2, d).

The fine structure of CoCrCuFeNi, alloy powders
after 30-minute treatment in the PBM was examined
using transmission electron microscopy (TEM). As
shown in Fig. 3, the powders form complex-shaped
agglomerates with a nanocrystalline structure ex-
hibiting crystallite sizes ranging between 20—
25 nm. Electron diffraction analysis of these partic-
les identified diffraction rings consistent with the
FCC phase. To further evaluate the alloy elemental
homogeneity, EDS mapping was performed. The
uniform intensity of characteristic X-ray emissions
from Co, Cr, Cu, Fe, and Ni across the mapped area
of the MA powder indicates a uniform distribution of
these elements.

2.2. Analysis of CoCrCuxFeNi2 HEAs
after HP and HP + HT

The consolidation of mechanically alloyed pow-
der mixtures was achieved using the HP method, with
some of the HP alloy samples undergoing additional
treatments of annealing and hardening, referred to as
HP + HT. The objective was to examine the copper so-
lubility within the CoCrCu,FeNi, HEA matrix, which
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Layers Co/Cr/Cu/Fe/Ni

Fig. 2. Microstructures of CoCrCuFeNi, powder mixtures after PBM treatment at varied durations (a—d) and elemental
distribution maps (e) derived from a particle treated for 5 min, corresponding to the region indicated in image a

Tyva, Minia—5,6—10,¢—15,d—20

Puc. 2. Mukpoctpyktypsl nopoikosbix cMeceit CoCrCuFeNi, nocie oopadorku B [TLIM
C Pa3JIUYHON MPOJOJIKUTETbHOCTHIO (@—d) U KapThl pacrpeneeHU s 3JIEMEHTOB (€), CHSIThIE ¢ YaCTUIIbI

nocJjie S MUH 00pabOTKM, U3 BbIAEICHHOI Ha (hOTO @ 00acTu
Ty, MUH: @ — 5,0 — 10, ¢ —15,d — 20

involved analyzing the phase composition, microstruc-
ture, and the chemical composition of the different
phases present.

XRD patterns presented in Fig. 4 showcase the struc-
tural outcomes for CoCrCu,FeNi, HEAs after HP and
HP + HT treatments. The primary structure identified
in all HP-treated CoCrCu,FeNi, HEA samples is an
FCC solid solution that incorporates all alloy compo-
nents, characterized by a cF4/1 structural type and a
lattice parameter of 0.3577 nm. Previous studies indi-
cated [17] that in CoCrCu,FeNi alloys, the formation
of a secondary copper-based phase occurs at x > 0.5.
In CoCrCu,FeNi, alloys with an elevated nickel con-
tent, traces of this copper phase become apparent on-

ly at x > 0.75. The detection of this copper phase in
CoCrCu 75FeNi, and CoCrCuFeNi, HP alloys was
confirmed by low-intensity peaks on the lower angle (26)
side of the XR D patterns (Fig. 4, inset).

Applying HT for HP samples of all CoCrCu,FeNi,
HEAs effectively prevents the emergence of the cop-
per (Cu) phase across the board. Notably, even in
the alloy with the highest copper content examined,
CoCrCuFeNi,, the anticipated peaks for the (Cu) phase
were absent, illustrating that HT successfully maintains
the CoCrCuFeNi, HEAs in a single-phase state at ele-
vated temperatures (Fig. 4).

The microstructural characteristics of the com-
pacted samples were explored using the SEM me-
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500 nm

200 nm

Fig. 3. Visualization of a CoCrCuFeNi, powder particle after 30 minutes PBM treatment (a);
area within the white circle indicating the grain microstructure examination zone (b); white rectangle delineating the region
analyzed via EDS (c¢)

Puc. 3. Uzo6paxenue yactuiipl nopoika CoCrCuFeNi, nocie o6padorku B [1LIM B treuenue 30 muH (a);
o00s1acTh (Oesiast OKPYKHOCTb Ha PUC. @), B KOTOPOI M3yuyeHa 3epeHHasi MUKPOCTPYKTYypa (b)
1 00J1acTh (OBl TPSIMOYTOJILHUK Ha pUC. @), B KOTopoii mpoBoauiics DAC-ananus (c)

L] e (Cu)

| ml
u e "

e mz 14
a b 10 12 114

] \ L] /
» CoCrCuFeNi, |

B I I 'Y A O N Y 6

.CBCI’CU o.7sFeNi,

L l_Q_ i

J. A L I
- CoCrCugsFeNi,
| A A | ) -
L L ]
JL . . . CoCrFeNi, 1 - . .
A A ki | A i,
40 60 80 100 120 40 60 80 100 120
20, degree 20, degree

Fig. 4. XRD patterns of CoCrCu, FeNi, HEAs after HP (¢) and HP + HT ()
Puc. 4. Pentrenorpammel BOC CoCrCu,FeNi, nocie I'Tl (a) u I'TI + TO (b)
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thod (Fig. 5). It was determined that the matrix of all HP
CoCrCu,FeNi, HEA samples comprises a FCC solid
solution phase. This phase uniformly incorporates sub-
micron Cr,05 oxide particles, which are not detectable
by XRD due to their minimal concentration. The (Cu)

r\ /‘ ; (________Crzos
(Cu)

phase grains only become visible at copper concentra-
tions x > 0.75 (Fig. 5, e). In the CoCrCuFeNi, alloy, the
(Cu) constitutes about 10 % of the material and mani-
fests as polygonal grains located along the grain bound-
aries of the FCC matrix (Fig. 5, g).

Puc. 5. Mukpoctpykrypa BOC CoCrCu,FeNi, nocne I'Tl (a, ¢, e, g) u 'l + TO (b, d, f, h)
a, b — CoCrFeNiy; ¢, d — CoCrCu sFeNiy; e, f— CoCrCu ;5FeNiy; g, h — CoCrCuFeNi,

Fig. 5. Microstructures of CoCrCu,FeNi, HEAs after HP (a, ¢, e, g) and HP + HT (b, d, £, h)
a, b — CoCrFeNi,; ¢, d — CoCrCu sFeNiy; e, f— CoCrCuy ;5FeNi,; g, h — CoCrCuFeNi,
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The HEAs subjected to HP + HT display a uniform
microstructure, with the alloy matrix comprising solely
of a FCC solid solution across all concentrations of Cu
(Fig. 5, b, d, f, h).

TEM was employed to delve into the structural nu-
ances of the CoCrCuFeNi, alloys afted HP and after
HP + HT, with Fig. 6 presenting images at a uniform

magnification to highlight the structural differenc-
es between these treatment stages. The HP-treated
CoCrCuFeNi, alloy showcases an ultrafine-grained
structure, evident from the bright-field image through
the varied contrast across different regions, indicative of
diverse crystallite orientations, and a ring-type diffrac-
tion pattern signaling a polycrystalline structure. The

Fig. 6. Microstructure and electron diffraction pattern of CoCrCuFeNi, alloy samples after HP (@) and HP + HT (&)

Puc. 6. MukpocTpyKkTypa u sjaekTpoHHast audpaxuus oopasuos crtaBa CoCrCuFeNi, nocine I'TI (@) u T'TI + TO (b)

Intensity

Co - 16.5
Cr-17.1
Cu-17.5
Fe — 17.7
Ni - 31.2

Fig. 7. Microstructures of CoCrCuFeNi, HEA after HP (@) and after HP + HT (), including characteristic X-ray spectra

from designated areas
Element concentrations presented in at.%

Puc. 7. Mukpoctpyktypsl BOC CoCrCuFeNi, nocie I'Tl (a) u I'Tl + TO (b) co cnekTpaMu XapaKTepUCTUYECKOTO
PEHTIeHOBCKOTO U3JIyYeHM I, CHITBIMU C BBIICJICHHBIX 001acTeit

KOHHCHTpaHI/II/I 3JICMCHTOB YKa3aHbl B at.%
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average grain size for the HP-treated CoCrCuFeNi, al-
loy is 150 nm (Fig. 6, a).

The application of HT to the CoCrCuFeNi, alloy
induces a substantial increase in the grain size, a con-
sequence of significant recrystallization activity. This
is visualized in Fig. 6, b which displays a grain of the
FCC phase nearly aligned with the [011] zone axis. No-
tably, within this grain, there are neither discernible
grain boundaries nor inclusions of the (Cu) phase. This
observation is in alignment with the findings from both
XRD and SEM analyses. After undergoing the com-
bined HP + HT process, the average grain size in the
CoCrCuFeNi, alloy is recorded to be 5.5 pm.

The Co—Cr—Cu—Fe—Ni powder mixtures were
subjected to high-energy mechanical treatment using
PBM, resulting in a non-equilibrium phase composi-
tion, as outlined in Table 1. This process led to the for-
mation of a supersaturated FCC solid solution, notably
with copper among other components. Analysis of the
chemical composition of the FCC phase after HP, which
encouraged the formation of a thermodynamically sta-
ble structure through activated diffusion processes, al-
lowed for the examination of copper solubility within the
alloy matrix. The EDS analysis, conducted at 10 diffe-
rent points, yielded the average elemental concentra-
tions in the FCC phase. Additionally, it provided visuals
of a characteristic microstructure alongside EDS spec-
tra, depicted in Fig. 7, a. The findings indicated that the
solubility of copper in the FCC phase reached 14.5 at.%,
which is 5.5 at.% higher than that in the equiatomic
CoCrCuFeNi HEA [17].

Subsequent HT further augmented the solubility of
copper in the matrix, achieving a concentration up to
17.5 at.% (Fig. 7, b).

2.3. Investigation of the mechanical
characteristics of CoCrCu,FeNi, HEAs

Figure 8 showcases the relationship between the
hardness and tensile ultimate strength of CoCrCu,FeNi,
HEASs and the fraction of Cu present within them. The
established trends from the test results reveal that the
hardness of the HP samples increases linearly with the
copper content, reaching a peak hardness of 395 HV
for the CoCrCuFeNi, alloy. The hardness of HEAs af-
ter HP + HT is considerably less, ranging from 188 to
240 HV.

The indentation measurements (see Fig. 8, ¢) indi-
cate that a rise in Cu content results in a reduction of
hardness. This softening effect is likely due to the inclu-
sion of the softer (Cu) phase. The process of heat treat-
ment prompts grain growth, which in turn contributes
to the deterioration of mechanical properties. However,

it is important to note that the hardness variance in the
HP + HT samples, relative to Cu concentration, falls
within acceptable error margins, suggesting that the
phase composition of these HEAs remains unchanged
post-treatment.

In terms of tensile strength, the CoCrCu,FeNi,
HEAs produced via the HP method exhibit impres-
sive values ranging from 910 to 1045 MPa (Fig. 8, b).
These figures not only align with those of equiatomic
CoCrCu,FeNi alloys obtained by powder metallurgy
techniques [17] but also surpass the tensile strength of
other similar alloys in the same system [27—30]. After
HP + HT, the HEAs experience a 35—50 % reduction
in tensile strength when compared to the HP-only
alloys. This decline is attributed to the grain growth
observed during the annealing phase of the heat treat-
ment process (illustrated in Fig. 6) during the anneal-
ing process.

2.4. Study of wear resistance
of CoCrCu,FeNi, HEAs

Figure 9 illustrates the relationship between the
friction coefficient and the number of cycles, including
both 2D and 3D profiles of wear track. Data for com-
parison are also provided for alloys with a single-mo-
lar content of Ni as detailed in reference [17]. Despite
variations in the Ni content and the application of HT,
the friction coefficient remains relatively unchanged,
falling within the range of 0.6 to 0.7. The fluctuations
observed are likely due to the accumulation of wear de-
bris between the surfaces in contact during tribological
testing.

According to the data displayed in Fig. 10,
a histogram delineates the reduced wear rate of
CoCrCu,FeNi, HEAs in relation to varying Cu con-
centrations.

For CoCrCu,FeNi, HEAs obtained via the HP
method, there is a discernible trend showing a decrease
in reduced wear as the Cu content increases. This
suggests a direct correlation between the hardness of
the HEAs and their wear resistance. Specifically, the
CoCrCuy 75FeNi, and CoCrCuFeNi, alloys, which
have the highest amounts of copper dissolved in the
FCC matrix, exhibit the lowest wear rates under the
conditions tested (1.58-107> and 1.48-107> mm>/(N-m),
respectively).

The wear resistance of CoCrCu, FeNi, HEAs pro-
cessed through the HP+HT method is comparable or
even superior to that of HP-only alloys at lower Cu con-
centrations. For Cu contents between 0.75 and 1.0 molar
fractions, the wear resistance of the HP + HT alloys de-
creases by 2.5 to 3.0 times.
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Fig. 8. Hardness (a), tensile strength (b) and measuring indentation (c) of CoCrCu,FeNi, HEA

Puc. 8. 3aBucumocTy TBEpIOCTH (@) ¥ TIpeesia TPOYHOCTU TIPU pacTskeHU U (b) OT KOHLIEHTpALMU MeI
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This lack of a clear trend can be attributed to the
grain growth during the annealing phase of HT, which
counteracts the beneficial effect of increased Cu con-
centration in the FCC matrix. This finding indicates
that further research is necessary to optimize HT con-
ditions for certain alloys.

The wear mechanism of HEAs was analyzed by
examining wear tracks after testing (Fig. 11).
Grooves marked by white arrows point in the direc-
tion of sliding of the A1,05 counterbody, while dark

64

gray regions identified by EDS consist of Ni and Fe
oxides. These local oxidized areas are a result of
frictional heating during the sliding process [31].
This oxidative wear mechanism, characterized by
the presence of cracks perpendicular to the slid-
ing direction, is common in HEAs with an FCC
structure during dry friction with Al,03 or SizNy
balls [33]. The oxidation process initiates wear,
leading to the detachment of oxidized fragments
along the cracks (insets in Fig. 11, a), which con-
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a — CoCrCuFeNi [17]; b — CoCrCuFeNi, (I'TT); ¢ — CoCrCuFeNi, (I'TT + TO)

tributes to the fluctuation of the friction coefficient
(Fig. 9). Additionally, the solid wear debris causes
micro-cutting of the sample, as evidenced by the
grooves in the worn areas.

The study concludes that while the concentration
of Cu in the HEAs and subsequent HT do not alter the
wear mechanism, the hardness of the HEAs remains the
key factor determining their wear resistance.

Conclusions

1. Compact samples of CoCrCu,FeNi, HEAs were
produced using MA and HP methods, resulting in either
a single-phase FCC or a two-phase FCC + (Cu) struc-
ture.

2. It has been demonstrated that the solubility limit

Reduced wear, 10" mm’/(N-m)

124 [ CoCrCu,FeNi [17]
Il CoCrCu,FeNi, (HP)

104 [ CoCrCu,FeNi, (HP + HT)

8 -

6 =
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0 -
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Fig. 10. Relationship between copper content and reduced

wear rate in CoCrCu,FeNi, HEAs

Puc. 10. 3aBrucuMOCTb MPUBEAEHHOTO U3HOCA
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X

Cu
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Fig. 11. SEM images of wear tracks on CoCrCu,FeNi, HEAs

a — CoCrCu, sFeNi, (HP); 6 — CoCrCu, sFeNi, (HP + HT); 6 — CoCrCuFeNi, (HP); e — CoCrCuFeNi, (HP + HT)

Puc. 11. POM-uso6paxerus nopoxek usnoca BOC CoCrCu,FeNi,
a — CoCrCu sFeNi, (T'TI); 6 — CoCrCuy sFeNi, (I'TI + TO); 6 — CoCrCuFeNi, (I'TI); ¢ — CoCrCuFeNi, (I'TI + TO)

of Cu in the FCC solid solution can be increased from
9.0 at.% to 14.5 at.% by doubling the mole fraction of
Ni in the CoCrCu,FeNi HEAs. This solubility is fur-
ther enhanced to 17.5 at.% with the application of heat
treatment, which includes annealing and quenching
processes.

3. CoCrCu,FeNi, HEAs obtained through the HP
method exhibited high mechanical properties, with
hardness values ranging between 285—395 HV and ten-
sile strengths spanning 910 to 1045 MPa. However, heat
treatment was found to reduce these mechanical proper-
ties, which is attributed to grain growth during isother-
mal annealing.

4. HEAs with a Cu content of 0.75—1.0 molar frac-
tions, specifically those processed by HP, demonstrated
high wear resistance (1.48-107> mm3/(N-m)) in fric-
tion tests with an AI203. The wear mechanism of the
CoCrCu,FeNi, HEAs involves oxidative processes
combined with abrasive action.
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Structure and mechanical properties
of PR-03N18K9MS5TYu steel grade fabricated
by selective laser melting and post-processing

A.O. Kayasova, F.A. Baskov, T.A. Lobova, E.A. Levashov

National University of Science and Technology “MISIS”
4 Bld. 1 Leninskiy Prosp., Moscow 119049, Russia

4 Anastasiya O. Kayasova (NKayasova@gmail.com)

Abstract: We fabricate samples of PR-03N18K9MS5TYu steel (equivalent to ChS4) using selective laser melting (SLM) in a nitrogen atmosphere.
Our research focused on the influence of hot isostatic pressing (HIP) combined with heat treatment (HT), specifically hardening and aging,
on the steel's structure and its physical and mechanical properties (0, Oys, 3, ). Through tensile testing, we evaluated the impact of post-
processing treatments (HIP followed by HT) on the material's strength. We also assessed how different post-processing protocols affected
residual porosity. Our findings indicate that samples exhibiting the highest strength and plastic properties correspond to those with the least
structural defects and minimal residual porosity. In-depth microstructural analysis revealed that the optimal structure—a fine-grained,
homogeneous configuration—is achieved via the combined application of SLM, HIP, and subsequent HT. The improvement in mechanical
properties can be primarily attributed to the dispersed hardening effect, which is a consequence of the precipitation of the superfluous Ni;Ti
phase. Fractographic examination revealed that the post-processing leads to a ductile and dimple fracture, occurring through mechanisms of
shearing and detachment, giving rise to mixed-type fractures. The samples that displayed superior mechanical properties were characterized
by a homogenous ductile intergranular fracture surface with clear evidence of plastic deformation. We measured the hardness (H), modulus of
elasticity (£), and elastic recovery via indentation methods. The post-processing treatments notably enhanced material hardness and elastic
modulus, with an increase from H = 4.6 GPaand E= 194 GPa in the sample post-HIP to H = 8.5 GPaand E= 256 GPa following HIP coupled
with hardening and aging.

Keywords: selective laser melting, maraging steel, hot isostatic pressing, heat treatment, microstructure, mechanical properties.
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Oc0o0eHHOCTH CTPYKTYPbI U MEXaHMYECKHE CBOICTBA
craiau ITP-03H18K9IMS5TIO, noayuyennoii

METOJA0M CEJEKTHBHOIO JIa3ePHOI0 CIIABJIEHUS

B COYETAHHMM C MOCTOOPAOOTKOIM

A.O. Kascosa, ®.A. Backos, T.A. JIooosa, E.A. JleBamo

HanunoHaibHbli HCclieI0BaTENbCKMI TeXHOMornYecKuii yamsepcuter «MUCHUC»
Poccust, 119049, r. MockBa, JleHuHcKuit nip-T, 4, cTp. 1

< Anacracus Onerosna Kasacosa (NKayasova@gmail.com)

Aunnoranusa: MeTtomom ceieKTuBHOro jnazepHoro crutaBiaeHus (CJIC) B cpeme a3zoTa ObUI TMOJYyYeH MaTepuan W3 CTald MapKH
TTP-03HI8KIMSTIO (ananor YC4). UsyueHo BausiHue ropsiuero uzocraruueckoro npeccopanus (I'MIT) u repmoodpadorku (TO) — 3a-
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Kasnku (3) u craperus (C) — Ha CTPYKTYPY U HU3NKO-MEXaHUYECKHE CBOMCTBA (Gy, Oy », 8, y) CJIC-marepuana. [lyist aHau3a BIUSHUS
nocroopadorku (F'MIT + TO) Ha MPOYHOCTHBIE XapaKTePUCTUKHU MPOBEACHbBI UCIIBITAHUS Ha pa3pbiB. [IpoaHalM3MpoBaHO U3MEHEHUE
OCTaTOYHOU MOPUCTOCTH B PE3yAbTaTe PA3IMIHBIX PEXKUMOB TOCTOOPAOOTKH. YCTAaHOBJICHO TOBBIIIIEHUE TTPOYHOCTHBIX U TIIIACTUYECKUX
XapaKTEepUCTUK MaTepuaja C HAMMEHbIIeH KOHIIEHTPALlMeil CTPYKTYPHBIX Ae(heKTOB U MUHUMAaJIbHOI OCTaTOYHON MOPUCTOCThIO. Mccie-
JOBaHbI MUKPOCTPYKTYpPa M U3BMEHEHWsI, TPOUCXOSIINE B MaTepualie MO BAUSHUEM Pa3IuuHbIX TEXHOJOTUUECKUX PEXXMMOB TEPMOOOpa-
00TKM. MesIKo3epHHUCTasi OAHOPOAHAsS CTPYKTYpa, nojaydeHHas npu coyetanuu CJIC ¢ TMIT u TO, o6ecrnieunBaeT onTuMasbHble TTOKa-
3aTeJIM MPOYHOCTHBIX U IJIACTUYECKUX CBOMCTB MaTepuaia. [Ipupoct MexaHM4ecKUX CBOMCTB 0OYCIOBJIEH JUCIIEPCHBIM YIIPOUYHEHUEM
B pe3yJibTare BblaeeHUs n36bTouHoi (asel NisTi. dpakrorpaduueckuit aHaau3 06pa3LoB [oKa3al, YTO B pe3yJibTare ocToopaboTKu
paspylieHre MaTepuaia MTPOUCXOIUT 1O BSI3ZKO-SIMOYHOMY MEXaHU3MY MyTeM cpe3a U OTpbIBa ¢ 00pa30BaHMEM U3JIOMOB CMEIIAHHOTO
Ttumna. M3nmomer 00pa3ios, ¢ HAUTYYIIUME MOKA3ATETIMU MEXaHUUECKUX CBOMCTB, XapaKTEePU3YIOTCS OHOPOIHON MOBEPXHOCTHIO BSI3-
KOTO BHYTPE3ePEHHOTO pa3pylLIeHUsI C BIpAaXKeHHBIMU MPU3HAKaMU MJaacTU4YecKoi aedopmaiiun MeTonomM u3MepuTeabHOTO0 MHACH-
TUPOBAHUS ONpeaesieHbl TBepaAOCTh (H), MOayb ynipyrocTu (£) U cTeneHb YIPyroro BOCCTAaHOBJIEHU . 3HAUEHU I TBEPAOCTU U MOLYJISI
yrpyrocts Bospacraior ot H = 4,6 I'Tlau £ = 194 I'lla nust o6pasua B coctossuuun ['UIT no H = 8,5 I'Tla, E = 256 I'lla aist o6pasua nocie
TUI+3+C.

KuroueBbie cJ10Ba: CEJICKTUBHOE JTa3€PHOE CIJIABJICHIE, MAPTEHCUTHO-CTaPEIOIast CTallb, FOPsiYee N30CTaTUYECKOE MPECCOBAHUE, TEPM K-
yeckasi 00paboTka, MUKPOCTPYKTYpa, MexaHU4YeCK1e CBOICTBA.

Baaronapuocts: PaboTa BeiTIoJIHEHA TTpU HUHAHCOBOI Mo AepXkKe MUHUCTEPCTBA HAYKHU U BhICIero obpa3oBaHust Poccuiickoit Penepa-
LIUU B paMKax rocyaapcTBeHHOro 3ananus (mpoekt Ne 0718-2020-0034).

Jlna nuruposBanug: Kascosa A.O., backoB ®.A., Jlo6oBa T.A., JleamoB E.A. OcoOGEHHOCTU CTPYKTYpPbl U MEXaHUYECKHE CBOMCTBA CTa-
nu [MTP-03HI8KIMSTIO, nonyyeHHOI METOLOM CeIeKTUBHOTO JIa3€PHOTO CIIJIABJIEHUSI B COUETAHUU C TOCTOOpaboTKOM. M36ecmus 6y308.

Ilsemnan memannypeus. 2024;30(1):70—80. https://doi.org/10.17073/0021-3438-2024-1-70-80

Introduction

Powder maraging steels are distinguished by their
high strength and minimal carbon content. The me-
chanical properties of these steels are enhanced through
alloying with elements that substitute for carbon, such as
nickel, molybdenum, and cobalt. The notable strength
of maraging steels originates from the precipitation of
strengthening intermetallic phases. A critical advantage
of maraging steels over other steel grades is their resist-
ance to brittle fracture [1—4].

In comparison to other steel grades, maraging steels
exhibit superior processability. They demonstrate ex-
ceptional hardenability, weldability, ductility, and resis-
tance to cracking upon cooling. The heat treatment (HT)
process for maraging steels is straightforward, involving
hardening followed by aging, without the occurrence of
warping during heat treatment or decarburization after
hardening, which could lead to a loss of strength and in-
creased wear. Consequently, maraging steels are highly
suitable for machining.

The outstanding performance of maraging steels
enables their use in the production of mission-critical
components that demand high strength, ductility, and
fracture toughness.

Maraging steel powder is characterized by low reflec-
tivity and excellent weldability, making it well-suited for
selective laser melting (SLM) [5; 6]. The SLM process
enables the creation of products with complex geome-
tries in a single operation, a task that poses challenges
for traditional manufacturing techniques.

However, the SLM process may result in incomplete
fusion of powder particles, potentially leading to struc-
tural defects, residual porosity, and microcracks. These
imperfections can diminish the mechanical properties
and overall performance of the products. Therefore,
the post-processing of SLM products, including hot
isostatic pressing followed by heat treatment, is crucial
[7—11].

Researchers [12] fabricated SLM samples of
FeCo;5CryNiyMo; maraging steel and analyzed the
material’s structure and mechanical properties before
and after aging. Under optimized conditions, the SLM
steel displayed a tensile strength of 1484 £ 6 MPa and
ayield strength of 1376 = 4 MPa.

Another study [13] focused on maraging steel with
a high molybdenum content (15 %), aging the materi-
al at 530 °C to initiate dispersion hardening. The steel
retained its martensitic structure through the aging
process, which also induced a solid solution transfor-
mation and the precipitation of nanosized, dispersed
Fe,Mo particles. Consequently, the steel demonstra-
ted exceptional mechanical properties, with a tensile
strength of 1978 £ 38 MPa and a relative elongation
of 7.36 %.

The strength of this category of steels can be en-
hanced through heat treatment at temperatures ranging
from 480 to 500 °C over several hours. The presence of
alloying elements during the aging process facilitates the
segregation of hardening phases such as Ni;Mo, Ni3Ti,
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NizAl, and within the martensite phase. These phases
obstruct the Orowan mechanism [14]. In SLM struc-
tures, the layer-by-layer fusion of the powder subjects
the steel to cyclic reheating, leading to dispersive har-
dening [15]. Research has demonstrated that HT signi-
ficantly improves the steel’s mechanical properties. By
fine-tuning the HT parameters, the desired properties
can be achieved. For example, Tan C. et al. [16] explored
the impact of aging at = 490 °C for T = 6 h and har-
dening after holding at # = 840 °C (t = 1 h) on the mi-
crostructure and mechanical properties of the 18N300
grade steel. Compared to samples aged post-SLM, those
subjected to hardening followed by aging exhibited in-
creased strength and hardness, albeit with a reduction in
elongation at break.

This study aims to examine the influence of
post-processing treatments, specifically hot isosta-
tic pressing (HIP) and heat treatment, on the struc-
tural, physical, and mechanical properties (G, Oys,
5, y) of the SLM-fabicated materials made from
PR-03N18K9MST Yu steel (equivalent to ChS4).

Materials and methods

The samples were fabricated by SLM using
PR-03N18K9IMSTYu steel powder (Polema, Tula, Rus-

SEM MAG: 111 kx.
SEM HV: 200 kV
Date{midly): 0607723 View
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sia). The powder’s chemical composition is as follows
(wt.%):

Fe.oovveinne base metal Coieieee, 0.02
MO .o, 5.02 Al 0.15
N 18.2 O i, 0.017
Ti e, 0.99 N 0.003
CO i 8.99

The powder particle ranged in size from 10 to
63 um, with size distribution metrics d;, = 18.6 um,
dsy = 43.2 pm, and dgy = 72.9 pm. The bulk density of
the powder was 4.378 g/cm3. he particles were irregu-
larly shaped, some with attached satellites, and up to
65 um in size. The powder’s microstructure featured
fine dendrites, notably without any closed gas micro-
pores. (Fig. 1, ¢).

A “Concept Laser M2” (Germany) machine ope-
rating in a nitrogen atmosphere, was utilized for the
SLM process. Samples were aligned at 0, 45, and
90 degrees relative to the build platform. SLM parame-
ters included a layer thickness of 30 um, laser power
of 180 W, and scanning speed of 600 mm/s. Internal
defects and porosity of the samples were examined us-
ing computed tomography with an XTH450 LC X-ray
scanner (Japan).

- A\ - B ot
WD: 14.63 mm VEGA3 TESCAN
Det: SE

7123 View field: 400 jam

100 pm
Date{midy):

Fig. 1. The morphology (a, b)
and microstructure (c)

of the PR-03N18K9M 5T Yu steel
particles

Puc. 1. Mopdosorus (a, b)
U MUKPOCTPYKTYpa (¢) rpaHyJ
u3 ctanu [TP-03H18K9IMSTHO
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The SLM samples underwent HIP using an ABRA
HIRP 10/26-200-2000 gasostat (Sweden) in four dif-
ferent modes (HIP1 to HIP4), each with increasing
temperature ranges from 920 to 1140 °C, maintained
for 2 h at constant pressure. Air quenching followed
by aging was performed in an argon-filled electric fur-
nace, with conditions referenced from previous studies
[7; 14].

Mechanical properties were assessed by preparing
cylindrical tensile test specimens according to GOST
1497-84, type 1V, No. 8 standards. A “Shimadzu 100kN”
(Japan) tensile test system measured the offset yield
strength (o), yield strength (o), relative elongation
(8), and relative contraction ().

Hardness, elastic modulus, and elastic recovery were
determined via indentation using a “Nano-Hardness
Tester” (CSM Instruments, Switzerland), applying a
20 mN load to a Berkovich tip, and employing the
Oliver—Farr method for plotting loading/unloading
curves. Structural investigation employed both scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) using an S-3400 (Hitachi, Japan)
and a JEM-2100 (JEOL, Japan), respectively, with TEM
samples prepared via mechanical thinning and ion beam
etching on a PIPS II precision ion polishing system (Ga-
tan, USA). X-ray diffraction (XRD) analysis utilized a
“Phaser D2” XRD diffractometer (Bruker, USA) with a
CuK,, radiation, and energy dispersive spectroscopy was
performed with a “NORAN X-ray System 7” (Thermo-
Fisher Scientific, USA) on the S-3400N electron
microscope.

Results and discussion

The SLM process successfully fabricated samples
from PR-03N18K9MS5TYu steel powder on the build
table, as depicted on Fig. 2. X-ray tomography analysis
revealed no internal defects, such as discontinuities or
cracks, within the samples (Fig. 3).

To ascertain the impact of HIP on these samples,
tensile tests and porosity analyses were conducted. The
initial SLM samples exhibited a porosity level of 0.6 %.
Their mechanical properties were measured as fol-
lows: an offset yield strength (6,) of 1098 MPa, a yield
strength (6, of 1323 MPa, a relative elongation (8) of
12.6 %, and a relative contraction (y) of 42.7 %.

The application of hot isostatic pressing significantly
reduced the residual porosity levels to 0.37 % in HIPI
mode, 0.2 % in HIP2, 0.1 % in HIP3, and 0.46 % in
HIP4. The combined treatment of HIP with HT (H + A)
markedly enhanced the mechanical properties, with in-
creases in 6y and Oy

— HIP1 + H + A: by 25 % (1335 MPa) and 18 %
(1534 MPa), respectively

— HIP2 + H + A: by 26 % (1389 MPa) and 20 %
(1590 MPa), respectively

— HIP3 + H + A: by 46 % (1603 MPa) and 35 %
(1790 MPa), respectively

— HIP4 + H + A: by 30 % (1430 MPa) and 24 %
(1630 MPa), respectively.

These post-processing steps effectively eliminated
structural defects and reduced residual porosity, which,
in turn, improved the material’s strength and plastic

Fig. 2. The SLM samples fabricated from the PR-03N18K9MS5T Yu steel grade on the build table

a—45and 90°; b —0°

Puc. 2. Pacnionoxenue CJIC-o06pa3zuos u3 ctanu [1P-03H18KIMSTIO na niatdopme noctpoeHust

a — nosioxenue 45° u 90°; b — nonoxenue 0°
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15 mm

Fig. 3. CT image of the SLM samples
a—0°b—45;¢—90°

15 mm

15 mm

Puc. 3. KomnprorepHast tomorpadust CJIC-o6pasnos us cranau [1P-03H1SKIMSTIO

a—0°b—-45;¢-90°

properties. The optimal results in terms of strength and
ductility were obtained through the combination of HIP,
followed by hardening and aging treatments.

Fig. 4 illustrates the uniaxial strain curves for the
samples oriented at 0°, 45°, and 90°, subjected to vari-
ous post-processing treatments. These curves indicate
that the samples possess high strength and plasticity,
with a consistent region of plastic deformation. The
most favorable outcomes in both plastic and strength
properties were achieved with the HIP3 + H + A treat-
ment.

The influence of heat treatment on the material’s
properties was further confirmed through nanoinden-
tation tests. As shown in Fig. 5 and table, there was a
significant increase the hardness (H) and elastic modu-
lus (E) from H = 4.6 GPa and E = 195 GPa for the sam-
ple after HIP, to H= 8.5 GPa, E = 256 GPa for the sam-
ple treated with HIP + H + A.

Fig. 6 depicts the fracture surfaces and the mecha-
nisms of faluer observed in the samples. The prevalent
mode of failure is ductile, characterized by dimpling
through shearing and detachment, leading to the for-
mation of mixed-type fractures. Some fracture surfaces
exhibit pores with diameters up 50 um.

The fracture morphology of the sample treated with
HIP1 + H + A displays heterogeneity, with regions in-
dicative of both brittle and ductile fractures, alongside
the presence of micropores. The ductile fracture zones
are distinguished by an extensive microrelief, featuring
pits and ridges, indicative of significant plastic deforma-
tion. Conversely, the sample subjected to HIP3 + H +

74

+ A presents a uniformly ductile intergranular fracture
surface, with pronounced plastic deformation evidence.
The microrelief in this case consists of equiaxed pits,
ranging from 5 to 10 um in size, and notably lacks any
signs of brittle fracture.

Microstructure analysis reveals that the samples pro-
cessed through SLM + HIP + HT exhibit a high degree
of structural homogeneity (Fig. 7). The absence of the
subgrain structure, typically observed in SLM samples,
suggests that grain recrystallization has been completed
during post-processing. This structural change enhanc-
es mechanical properties through dispersed hardening,
resulting from the precipitation of excess Ni;Ti phase
(Fig. 7, e), consistent with findings from various studies
[7; 17—25].

Conclusions

1. The application of hot isostatic pressing com-
bined with hardening and aging markedly enhanc-
es the strength and ductility of SLM-fabricated
PR-03N18K9MSTYu steel components. This post-
processing approach not only facilitates a sixfold de-
crease in porosity but also promotes the recrystalli-
zation of subgrain structures and induces dispersion
hardening.

2. Adjustments in HIP parameters result in a sub-
stantial increase in the offset yield strength and tensile
strength, specifically between 25 to 46 % and 18 to 35 %,
respectively. The combined treatment involving HIP3,
followed by hardening and aging, is distinguished by its
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Load, kgf Load, kgf
a 3 b
3000 - 4 3000
2
_ 3 \ . 2
] ™
2000+ ~_ 2000 - 4
J i ~J
1000 H 1000
0 1 2 3 4 0 1 2 3 4
Elongation, mm Elongation, mm
Load, kgf

Fig. 4. Uniaxial tensile strain curves
a—0°,b—45,¢c—-90°
1—HIPI+H+A;2—-HIP2+H+A;
3—HIP3+ H+A;4—HIP4A+H+A

Puc. 4. JlepopmalinoHHble KpUBbIE

IPY OHOOCHOM PACTSI)KEeHUM 00pa31ioB
a—0°,b—45,¢c—90°
I-TUII1+3+C;2-TUI2+3+C;
3—-TUI3+3+C;4—TUIN4+3+C

o T 1 ) 3 4

Elongation, mm

Hardness (H), modulus of elasticity (E), Load, mN
and indent depth (%) 25

3nauenus tBepaoctu (H), Moayns ynpyroctu (E)
1 ry6uHsl otrievarka (hy)

Sample post-processing | H, GPa E, GPa hp, NM

HIP1 5.1 209 340
HIP2 4.8 203 342
HIP3 4.6 195 357
HIP4 4.7 196 350 _

HIPI + H + A 8.0 240 245 0 100 200 300 400 500

Indent depth, nm
HIP3+H+A 8.5 256 256

Fig. 5. Loading/unloading curves of samples subjected
to various post-processing treatments

capacity to deliver the highest mechanical performance 17— HIP1+H+A;2—HIP3+H +A;3— HIPI; 4— HIP4;
metric: oy = 1603 MPa, 6, = 1790 MPa, H = 8 GPa, 35— HIP2; 6—HIP3

E = 243 GPa. The fracture mode is primarily ductile  pye, 5. Kpupbie «narpyxenue — cHaTHe Harpy3Ki»
with dimple rupture, occurring through mechanisms of s 06pasuoB B pasTUIHBIX COCTOTHMSIX

shearing and detachment, thus leading to the formation 7 _ rymi + 3+ C;2— T'MN3 + 3 + C; 3— TUTI1; 4 — TUTI4;
of mixed-type fractures. 5—TUII2; 6 — TUII3
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VEGAS TESCAN

wozssamm | | vEGA:TEscan

Dot 58
3| View Pald: 3,57 mm

I mm

Fig. 6. Samples after HIP1 + H + A (a, b)), HIP2 + H+ A (¢, d), HIP3+ H+ A (e, f), HIP4 + H+ A (g, h)

a, ¢, e, g — fracture images; b, d, f, h — fracture surface reliefs

Puc. 6. O6pasiibl B cocrostHusix TUTI1 + 3 + C (a, b), TUTI2 + 3+ C (¢, d), TUTI3 + 3+ C (e, f), TUT14 + 3 + C (g, h)

a, ¢, e, g — BHEIIHUI BUI U3I0Ma obpasua; b, d, f, h — peabed MOBEpXHOCTH U3JI0Ma
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Impact of ECAP at 300 °C on the microstructure
and mechanical properties of the quenched Zr—2.5%Nb alloy
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Abstract: We investigated the microstructure of the Zr—2.5%Nb zirconium alloy after subjecting it to equal-channel angular pressing (ECAP)
and found that ECAP at 300 °C increases the strength by 1.4—1.8 times. Notably, unlike other studies, our alloy did not show complete dissolution
of niobium particles, which may be due to the reduced diffusion rates at the lower deformation temperature of 300 °C. Pre-treatment involving
quenching before severe plastic deformation was also studied, which developed a lamellar structure introducing additional boundaries that
facilitated grain refinement during subsequent ECAP. The strength of the alloy was further enhanced by solid-solution hardening, achieved
through the complete dissolution of the Nb particles into the matrix post-quenching. This process resulted in a 2.3-fold increase in yield
strength after quenching plus ECAP compared to the initial coarse-grained state.

Keywords: microstructure, quenching, equal channel angular pressing, strength, Nb particles, Zr—2.5%Nb zirconium alloy.
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Annoramus: ViccienoBaHa 3BONIONUS CTPYKTYPBI LHUPKOHUEBOro crutaBa Zr—2,5%Nb npu nedopmamuu METOIOM paBHOKAHAJIbHOTO
yruoBoro npeccoBanust (PKYTI). [Mokazano, yto PKYII npu Temneparype 300 °C nprBOAUT K MOBBILIEHUIO MPOYHOCTHBIX XapaKTepu-
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ctuk B 1,4—1,8 pasa. BMecTe ¢ TeM OTMEUEHO, YTO, [10 CPABHEHUIO C IPYTUMMU UCCJIEA0BAHUAMM, B JAHHOM CIIJIaBe HE TPOUCXOAMUT ITOJHOTO
pPacTBOPEHUSI YACTUIL HUOOH I, YUTO MOKET OBITh BBI3BAHO 3aMeJIEHMEM IIPOLIECCOB AU (MY3UK C HOHUXKEHKMEM TEMIIEPATY PbI Ae(OpMaLli
110 300 °C. IIpoBeaeHO UccieI0BaHKeE 10 MIPEIBAPUTEIBHOM MOATOTOBKE CTPYKTYPHBI IE€pe MHTEHCUBHOI T1JIaCTUYECKOI aedhopMalieit
B BUJI€ 3aKaJKH, YTO MO3BOJMIO CHOPMHUPOBATH IJIACTUHYATYIO CTPYKTYPY C JOIOJHUTEIbHBIMU IPAHULAMK. DTO CIIOCOOCTBYET M3-
MeJIbYEH U0 3epHa 1pu nocienytomuieii nepopmanu PKYII. JIomoJHUTEIBHO HOBBICUTH IPOYHOCTH CILJIABa MO3BOJISIET TBEPAOPACTBOP-
HOE YIIPOYHEHME — IOJHOE pacTBOpeHue yacTull Nb B MaTpulie CIijlaBa Moclie 3aKajiku. Pe3yabraToM siBjIsieTCs TOBbIIIeHKE B 2,3 pa3a
npejesia TeKydecTu criasa nocie 3akaiku u PKYII 1o cpaBHEHU IO ¢ KPYITHO3EPHHUCTHIM COCTOSIHUEM.

Kirouesbie cioBa: MUKPOCTPYKTYpa, 3aKaJika, paBHOKaHaJIbHOE€ YIJIOBOC IMPECCOBAHUEC, TPOUYHOCTHBIC XapaKTEPUCTUKU, YaCTULLbI Nb,

M PKOHUEBBIH critaB Zr—2,5%Nb.
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Introduction

Zirconium and its alloys are widely used in such
critical applications as nuclear power and medicine.
Like titanium, this metal is highly bioinert to the hu-
man body [1—4]. Additionally, it is important to note
the lower modulus of elasticity of zirconium compared
to titanium. This characteristic is crucial for osteoim-
plants that integrate with human bone, influencing im-
plant acceptance and preventing bone tissue necrosis.
Such necrosis may be caused by excessive stress con-
centration resulting from a significant mismatch be-
tween the elastic moduli of the artificial implant and
the bone tissue [5; 6]. Stronger materials enable the cre-
ation of implants with smaller cross-sections, leading
to less traumatic surgery. Therefore, a Zr-based bioin-
ert material that possesses a low modulus of elasticity
but higher strength than Zr alloys after conventional
treatments is desirable.

Well-known severe plastic deformation (SPD) en-
hances mechanical properties by grain refining to a na-
nostructured state [7]. SPD increases strength without
altering the chemical composition, thereby preserving
biocompatibility, unlike alloying [8; 9]. SPD processes
such as equal channel angular pressing (ECAP), mul-
ti-axial forging, and rotary swaging enable the produc-
tion of bulk workpieces/semi-finished products for fur-
ther processing.

The Zr—2.5%Nb alloy is a renowned zirconium alloy
utilized in nuclear power facilities and medical implants.
The components of the alloy, zirconium and niobium,
are biocompatible. There have been studies [10—13] fo-
cused on enhancing the strength of the Zr—2.5%Nb al-
loy through ECAP.
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Typically, the initial coarse-grained structure of the
Zr—2.5%Nb alloy consists of a zirconium a-phase and
fine niobium particles, present both at the grain boun-
daries and within the Zr grains. The Zr—2.5%Nb al-
loy was investigated before and after undergoing ECAP
[13]. The initial alloy was obtained through cold rolling
followed by annealing at 530 °C for 1 h. It exhibited a
two-phase structure: o-phase Zr and some high-tem-
perature B-phase Zr, with Nb dissolved in it. The initial
microstructure featured a partially polygonized struc-
ture with 100—300 nm grains, a partially recrystallized
structure with 1—5 um grains, and some 3-Nb particles
sized 5—15 nm.

The ECAP was carried out in four passes at 430 °C
[13]. After ECAP, the Zr—2.5%Nb alloy transitioned
to a single-phase structure of niobium solid solution
in a-zirconium, with the initial f-phase of zirconium
transforming into the o-phase. Studies [10, 13] indi-
cated that, after ECAP deformation at 400 °C, the ni-
obium particles dissolved while the grains refined,
leading to a single-phase, ultrafine structure. ECAP ef-
fectively refines grains to ultrafine sizes, forming a sub-
grain/grain structure. After ECAP at 430 °C, equiaxed
grains (subgrains) sized between 50 and 200 nm were
observed. Initially, the alloy displayed a yield strength
of about 380 MPa, a tensile strength of 570 MPa, and
a relative elongation at break (8) of 26 %. Following
ECAP (n = 4, t = 430 °C), yield strength increased by
1.6 times to 620 MPa, and tensile strength to 770 MPa,
although & decreased to 9 %.

Another study [11] performed a more complex
ECAP process with temperature reduction between
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passes. The Zr—2.5%Nb alloy underwent recrystalli-
zation annealing at 580 °C for 6 hours before ECAP,
leading to a grain size of 1—2 um. Subsequently, the
metal was processed through isothermal ECAP with
a stepwise temperature reduction. Two ECAP modes
were applied: 1) two passes at 425 °C followed by two
passes at 400 °C and then two passes at 350 °C; 2) two
passes each at 450 °C, 425 °C, and 400 °C respectively.
The average grain/subgrain size after ECAP Mode I
was 185 nm. Increasing the final ECAP temperature
from 350 to 400 °C (Mode 2) resulted in a predomi-
nantly equiaxed structure, with the average grain size
growing to 250 nm [11]. XRD analysis revealed a-Zr
as the primary phase in the initial alloy with minor
amounts of B-Nb and B-Zr. After ECAP Modes 1 and 2,
the samples contained only the a-Zr phase, likely
due to phase decomposition and particle dissolution
in the matrix. The grain refinement and increased
dislocation density after ECAP led to a 420 % in-
crease in microstrain. The Zr—2.5%Nb alloy re-
mained a single-phase (o-Zr) material when heat-
ed to temperatures between 23 and 490 °C. The
second B-Nb phase only formed after annealing at
570 °C [11].

The tensile strength and yield strength of the ini-
tial alloy were 420 and 230 MPa, respectively [9], sig-
nificantly lower than the 6, = 570 MPa and o, =
= 380 MPa of the initial Zr—2.5%Nb alloy as report-
ed in [10; 13]. Mode I ECAP with a final temperature
of 350 °C, significantly increased tensile strength and
yield strength to 8§20 and 700 MPa, respectively, with
8 =10 % (compared to & = 27 % for the initial alloy).
Mode 2 ECAP, at a final temperature of 400 °C, re-
sulted in tensile strength and yield strength of 6., =
= 650 MPa and Gys = 470 MPa, respectively, with
8 = 14 % [11]. The analysis of structure thermostability
and mechanical properties showed no changes below
350 °C. Annealing the ultrafine-grained Zr—2.5%Nb
at 450 °Cled to a 15 % decrease in strength due to grain
growth, while & increased to 15—16 %.

Our literature review indicates that ECAP with
temperature reduction remains insufficiently ex-
plored. Investigating this process for its potential in
enhancing strength, refining grains, and achieving
structural fragmentation to ultrafine and/or nanoscale
levels presents an interesting and significant oppor-
tunity. Additionally, it is worth considering quench-
ing as another method to improve microstructure in
low-alloy metals by dissolving secondary phases into
the base metal.

Additionally, research [14] on high-pressure torsion
(HPT) in the Zr—2.5%Nb alloy found a significant in-

crease in microhardness (almost double) compared to
the material in its coarse-grained state. This suggests
that the Zr—2.5%Nb alloy has the capacity for further
grain refinement and enhancement of mechanical pro-
perties through ECAP conducted at lower temperatures
than those in other studies. Previous research also indi-
cated that quenching the Zr—2.5%Nb zirconium alloy
at 890 °C from the B-phase significantly improves its
mechanical properties. The aim of this study is to exa-
mine the microstructure and mechanical properties of
the Zr—2.5%Nb zirconium alloy subjected to ECAP at
300 °C, considering both its coarse-grained state and
post-quenching.

1. Materials and methods

We studied the low-alloyed EI125 (Zr—2.5%Nb)
zirconium alloy. It is a well-known Russian-made bio-
compatible metal. Its chemical composition is as follow,
wt.%: Zr as the base metal; Nb: 2.46; O: 0.032; Fe: 0.001;
C:0.002; and N: 0.0016.

The initial material was the Zr—2.5%Nb alloy after
recrystallization annealing at 600 °C for 3 h (herein-
after referred to as the CG state), and after quenching
from the B-phase at 890 °C. We used ECAP tooling with
15 mm diameter channels spaced at 120°. The CG state
Zr—2.5%Nb alloy underwent ECAP at 300 °C with 1, 4,
and 8 passes. The quenched Zr—2.5%Nb alloy, which
initially exhibited higher strength and lower plastici-
ty, was subjected to ECAP at 300 °C with fewer passes:
n=2and4.

X-ray diffraction (XRD) analysis was performed us-
ing an “Ultima IV” diffractometer (Rigaku, Japan) with
CuK,, radiation (40 kV, 30 mA).

The metal structure was examined using a JEM 2100
transmission electron microscope (TEM) (Jeol, Ja-
pan). The foil samples for transmission electron mi-
croscopy (TEM) were 3 mm diameter disks cut from a
plate pre-thinned to 100 um. The disk was electropo-
lished on a “Tenupol-5” machine (Struers, Denmark)
using an electrolyte composed of 15 % perchloric acid
and 85 % glacial acetic acid. The electropolishing vol-
tage ranged from 22 to 25V, with a temperature of 15—
20 °C. Semi-automatic electropolishing was used until a
through-hole appeared.

Flat samples for mechanical tests, measuring
1.1x0,5%x4 mm, were cut from Zr—2.5%Nb billets pre-
pared in various ECAP modes. The mechanical prop-
erties were determined by tensile tests at room temper-
ature with a strain rate of 111073 s~!, performed on an
INSTRON 5982 universal testing machine (Instron,
USA).
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2. Results and discussion

2.1. Microstructure

The Zr—2.5Nb zirconium alloy after recrystalliza-
tion displays a coarse-grained structure with Zr grain
sizes of a few micrometers and some niobium particles.
These particles are found both at the Zr grain bounda-
ries and inside the grains, with the average size of the Nb
particles being 52 + 2 nm (Fig. 1, a).

After ECAP with 1, 4, and 8 passes, significant
changes in the microstructure are observed, as showed
in the Fig. 1, b—d. A single ECAP pass begins the pro-
cess of structural refinement and dislocation accumu-
lation, but results in a very heterogeneous structure.
The TEM figures reveal areas of refinement (evi-
denced by small angles between reflexes and identical
reciprocal lattices), fragments up to 1 um with no visi-
ble substructure, and individual grains that are weakly
deformed (Fig. 1, b). The diffraction images of the sub-
grain structure also show a misorientation of no more
than 10° (Fig. 1, b). With four passes (n = 4), the struc-

ture becomes finer and more homogeneous, including
fragmented areas that contain subgrains/grains with
an average size of approximately 280 nm (Fig. 2). The
presence of niobium particles, indicated with arrows in
the figures, and their diffractions showing the recipro-
cal lattice of niobium are also noted (Fig. 1, ¢). As the
number of ECAP passes increases to eight, the micro-
structure exhibits grains oriented at larger angles and
niobium particles. The average size of the grains/sub-
grains is approximately 260 nm. The evolution of the
average grain and subgrain sizes is showed in Fig. 2.
The ECAP process also affects the Nb particles, with
the smallest particles, a few tens of nanometer in size,
dissolving. The particle size decreases only slightly
as the number of ECAP passes increases from four to
eight (Fig. 2).

The microstructure of the Zr—2.5Nb alloy after
quenching exhibits o-Zr oriented lamellae of varying
widths, a consequence of the B — o phase transfor-
mation during martensitic quenching, which leads to
the formation of o-Zr martensitic lamellae. It is re-

Fig. 1. Microstructure of the Zr—2.5Nb alloy in the CG state (a) and after ECAP (b—d)

Number of passes: b —1,¢c—4,d—8

Puc. 1. MukpoctpykTypa cniiaba Zr—2,5Nb B K3-coctosinuu (@) u nocie PKYTI (b—d)

Ywucno mpoxonoB: b— 1, c—4,d—8
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cognized that at high cooling rates (such as in water),
a duplex structure develops in the Zr—2.5Nb alloy,
comprising lamellar o.-grains formed after the p — o
phase transformation within the original f-grains [15].
After quenching, the Nb particles are completely dis-
solved, and the niobium atoms forms a solid solution
(Fig. 3, a, b). Following ECAP with 2 and 4 passes,
the lamellae are refined, resulting in the formation
of equiaxed grains. With four passes (n = 4), lamel-
lae fragmentation becomes more significant compared
to two passes (n = 2), leading to a structure consisited
of ultrafine grains averaging approximately 190 nm in
size (Fig. 3, d).

XRD analysis reveals that the initial structure of the
alloy is predominately the Zr a-phase. While Nikulin S.
et al. [11] and Kishore R. et al. [16] suggested the possi-
ble presence of the B-Zr phase, the lack of characteristic
peaks for the B-phase or their superposition on the Zr
a-phase peaks precludes definitive identification of this
phase. The XRD analysis also detects a minor amount
of the B-Nb phase within the o-Zr matrix, but the (011)
peak corresponding to B-Nb is very weak, making it
challenging to accurately estimate the volume fraction
of this phase from the XRD data (Fig. 4), with its con-
tent evidently under 5 %.

XRD results confirm that the primary phase af-
ter quenching is o-Zr, as it remains after ECAP in any
mode. The potential peaks of the B-Nb and B-Zr phases
are either too weak to be discerned or indicate that the al-
loy isin a single phase. Table 1 details the XRD findings,
including a and ¢, which are the interplanar distances for
the (101) peak of the a-phase, Ac representing the dif-

Tabl. 1. XRD of the Zr—2.5Nb alloy
Ta6auua 1. Pesynwratel PCA crinaBa Zr—2,5Nb

Grain size, nm Nb particle size, nm

380 -52
-48
340
T -44
3004 B
-40
260 -36
0 2 4 6 8
Number of ECAP passes

Fig. 2. Variations in the average grain/subgrain
and Nb particle size in the Zr—2.5Nb alloy after ECAP

Puc. 2. I3meHeHue cpeHero pazmepa 3epeH/cyo3eper
un yactuil Nb B crutaBe Zr—2,5Nb npu nedopMannu
meTonoM PKYII

ference in the “c” lattice parameters of the o-phase for
the initial alloy and the alloy after treatment, coherent
scattering regions (CSR), and micro-distortion.

We found that after ECAP with 4 and 8 passes, the
lattice parameter ¢ of the Zr—2.5Nb alloy decreases
in comparison to the initial alloy. This reduction can
be explained by the dissolution of Nb nanoparticles
during ECAP, which is also confirmed by TEM. The
dissolution of Nb, which has a smaller atomic radius,
into the Zr lattice leads to a reduction in the lattice

XRD parameters a A . A Ac A CSR, nm Microdistortions
State e, %
CG
(after annealing at 600 °C) 3.2352 5.1605 - 640 0.0007
Quenching 3.2231 5.1358 0.0247 780 0.0018
(t=890°C) . . . .
CG + ECAP
(t=300°C, n=4) 3.2318 5.1500 0.0105 527 0.0019
CG + ECAP
(t=300°C,n=8) 3.2302 5.1497 0.0108 475 0.0017
Quenching + ECAP
(t=300°C, n="2) 3.2274 5.1436 0.0168 398 0.0023
Quenching + ECAP
(t=300°C, n=4) 3.2331 5.1526 0.0079 313 0.0026
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parameters. After quenching, the “c” lattice parame-
ter of the a-phase decreases most significantly due to
the complete dissolution of Nb into the Zr lattice. Fol-
lowing quenching and ECAP (n = 2, n = 4), the para-

meter “c” increases relative to the quenched-only state,
approaching the value for the initial alloy. This could
be due to the decomposition of the solid solution and
possible precipitation of Nb nanoparticles, which may

Puc. 3. MukpoctpykTypa criaBa Zr—2,5Nb nociie 3akanku (a, b) v mocie gononHutenbHoit PKYII-nedopmanumn

B 2 mpoxoza (¢) u 4 mpoxona (d)

Fig. 3. Microstructure of the Zr—2.5Nb alloy after quenching (@, b) and following further ECAP

in 2 passes (¢) and 4 passes (d)

Intensity, thousands cps

120 4
100 - 4
B
80 - %
60 1
40 2
2 i Jﬂ L it A&t il I
x| i i 2
- s jﬁ% ' TA 3
0 . J{L\ /\)i 1\_l N . J”\ . o _/\-'\ '4
30 40 50 60 70 80
20, degrees

Fig. 4. XRD patterns of the Zr—2.5Nb alloy in various treated states
1— CG; 2 — quenching; 3 — CG + ECAP (n =4); 4 — quenching + ECAP (n =4)

Puc. 4. ludpakrorpammsl criiaBa Zr—2,5Nb B pa3IUUHBIX COCTOSTHHUSIX
1—K3; 2 —3akanka; 3 — K3 + PKVII (n = 4); 4 — 3akanka + PKVII (n =4)
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be undetectable by TEM because of their small size. As
proposed by Straumal B. et al. [17], severe plastic defor-
mation may form a metastable “solid solution—nano-
particles” state with the concentration of the solid solu-
tion and the quantity of intermetallic phase dissipation
particles being dependent on the equilibrium between
the metastable dissolution and phase dissipation pro-
cesses for the specified SPD, rather than on the initial
structure of the alloy [17—19].

With ECAP at n = 4 and 8 passes, there is an in-
crease in micro-distortions as a result of grain refine-
ment. However, an increase in the number of ECAP
passes from 4 to 8 does not lead to further growth in
micro-distortions. Four passes seem sufficient to
reach an equilibrium between dislocation formation
and relaxation processes under the given SPD condi-
tions [19—21]. Additional passes do not generate ex-
tra dislocations; instead, the new dislocations created
by further deformation are redistributed to the grain
boundaries, causing increased grain misalignment, as
indicated by TEM.

After quenching, micro-distortions increase
compared to the initial annealed state, likely due to
the higher quenching stresses and the formation of a
fine lamellar structure. ECAP following quenching
leads to further growth in micro-distortions, more so
than in the quenched and ECAP-plus-annealing al-
loys, which is attributed to the grain refinement and
higher dislocation density achieved by ECAP. The
ECAP of the quenched alloy results in a higher dis-
location density and the formation of a more refined
structure.

For the commercial alloy, after hot rolling and an-
nealing, the ratio of the XRD peaks corresponding to
the Zr o-phase significantly deviates from the nom-
inal value, attributed to the pronounced texturing of
the commercial bar. After quenching, the peak ratio
for the Zr a-phase shifts, indicating that rapid cooling
in water tends to weaken the texture in Zr alloys [22].
It appears that ECAP on the quenched alloy further
diminishes and blurs the texture. After quenching +
+ ECAP (n = 2) and quenching + ECAP (n = 4), the
(101) peak of the c.-phase emerges as the most intense,
aligning with the expected behavior for a texture-free
o-phase of Zr.

2.2. Tensile tests

Fig. 5, a presents the engineering stress vs. strain
curves for the initial alloy and the alloys subjected to
ECAP. For comparison, Fig. 5, b displays these curves
after quenching and subsequent ECAP. Table 2 lists the
results of the tensile tests.

Deforming the initial Zr—2.5Nb alloy results in
significant hardening. ECAP in 4 and 8 passes in-
creases the strength by 140 to 180 %. After ECAP (n =
= 4, n = 8), the ultimate strength rises from 500 to
720 MPa. However, the ductility and uniform elonga-
tion decrease from 21.4 to 8.6 % and from 12.0 to 1.3 %,
respectively, which is typical for metals after SPD. It
is noteworthy that there is no significant increase in
strength when the number of ECAP passes increases
from 4 to 8. ECAP with n = 4 at 300 °C leads to sub-
stantial refinement of the structure. Further deforma-
tion achieves an equilibrium between refinement and
relaxation in the nanostructure [8; 20; 21], hence no
further notable refinement of the structure or increase
in strength is observed. This is also supported by the
micro-distortions detected by XRD. Post-ECAP, the
tensile strength and yield strength in the cross section
are slightly higher than in the longitudinal direction, a
phenomenon also observed in other metals and alloys
[9], attributable to the formation of an ECAP-specific
texture [9].

Quenching the Zr—2.5Nb alloy significantly in-
creases its strength due to the formation of a lamellar
structure, the complete dissolution of Nb particles, and
consequently, solid-solution hardening. After quench-
ing at 890 °C, the alloy exhibits improved strength
(comparable to that after the initial state + ECAP in
8 passes): 635 MPa yield strength and 718 MPa tensile
strength. Plasticity post-quenching drops to 19 %, and
the uniform elongation decreases from 12.0 to 3.6 %,
typical for hardening through quenching and the forma-
tion of a fine lamellar structure. Applying ECAP with
n = 4 to the quenched alloy increases the yield strength
and tensile strength by 120% to 6, =772 + 11 MPa and
Oues = 864 = 8 MPa (longitudinal), with plasticity de-
creasing from 18.8 to 11.7 %, and uniform elongation
to 1.7 %. The strength of 864 + 8 MPa is slightly higher
than that reported [11] after a complex ECAP treatment
involving 6 passes with temperature reduction to 350 °C.
For ECAP of the quenched alloy, the tensile strength
and yield strength in the cross section are slightly high-
er than in the longitudinal section. So tensile strength
and yield strength in the cross section after ECAP of the
quenched alloy with n = 4 reaching 935 and 846 MPa,
respectively. These are the highest values for the current
study and for ECAP of the Zr—2.5Nb alloy reported in
the literature.

3. Discussion

The structure of the Zr—2.5Nb zirconium alloy in
its coarse-grained state consists of equiaxed Zr grains
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Tabl. 2. Results of tensile tests for the Zr—2.5Nb alloy

Tabauua 2. Pe3ynbraThl MEXaHMYECKUX UCTTbITaHU criiaBa Zr—2,5Nb

. . . Percent Relative
Engineering Tensile Sl uniform
State yield stress strength .
... MPa - MPa to fracture elongation
ys» ucs> 8, % 8uniﬂ%
CG 335+9 500 =8 21.4+0.5 12.0£0.8
CG + ECAP (n =4), 601 + 18 720+ 6 1.6+ 15 21402
longitudinal section
CG + ECAP (n =4, 638 £ 14 732+ 8 8.8+0.3 1.3£0.1
Cross section
CG + ECAP (n =8), 622+ 12 724 +9 10.4+0.8 1.5+0.5
longitudinal section
CG + ECAP (n =3), 658 + 12 786+ 5 8.6+0.7 1.440.2
Cross section
Quenching " " " "
(+= 890 °C. t = 30 min) 635+ 20 718 £ 10 18.8 £0.5 36+0.5
Quenching + ECAP (n =2), 750 + 5 817+ 16 128+0.7 1.5+0.2
longitudinal section
Quenching + ECAP (n =2), 784 + 20 849 + 11 10.2+0.6 L140.1
Cross section
Quenching + ECAP (n =4), 772 + 11 864 + 8 11.740.5 17402
longitudinal section
Quenching + ECAP (n =4), 846 + 20 935+ 15 9.0+ 0.6 1.2+0.1
cross section
Stress, MPa Stress, MPa
a b

900 ~ 900

0 4 8 1I2 16 20 0 4 8 12 16 20
Relative elongation,% Relative elongation,%

Fig. 5. Mechanical properties of the Zr—2.5Nb alloy in its CG state and after ECAP (a), as well as after quenching + ECAP (b)
a. 1 — CG; 2— CG + ECAP (n = 4), longitudinal section; 3 — CG + ECAP (n = 8), longitudinal section;

4— CG + ECAP (n =4), cross section; 5§ — CG + ECAP (n = 8), cross section

b: 1 — quenching; 2 — quenching + ECAP (n = 2), longitudinal section; 3 — quenching + ECAP (n = 4), longitudinal section;

4 — quenching + ECAP (n = 2), cross section; 5 — quenching + ECAP (n = 4), cross section

Puc. 5. Mexanunueckue coiicTBa crinaBa Zr—2,5Nb B K3-coctositnum u nocne PKVYII (@), a Takxe nmocie 3akaaku u PKYII (b)

a: 1 —K3; 2 — K3+ PKVII (n = 4), npononbHoe ceueHue; 3 — K3 + PKVYII (n = 8), npoaosibHOE ceueHue;

4 — K3 + PKVII (n = 4), nonepeyHoe ceueHue; 5 — K3 + PKVII (n = 8), nonepeyHoe ceueHue

b: 1 — 3akanka; 2 — 3akanka + PKVII (» = 2), npononsHoe ceuenue; 3 — 3akaika + PKVII (n = 4), npoponbHOe ceueHue;
4 — 3akanka + PKVYII (n = 2), nornepeuHoe ceueHue; 5 — 3akanka + PKYII (n = 4), nonepedyHoe ceueHue
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several micrometers in size and Nb particles, which are
often distributed non-uniformly within the grain body
and at the grain boundaries. ECAP at 300 °C leads to
grain refinement, reducing the grain size to approxi-
mately 260 nm. The Nb particles are also refined and
partially dissolved due to strain-induced “dissolution”
during SPD. Previous studies of ECAP at 400 °C re-
ported complete dissolution of the Nb particles after
SPD. It may be attributed to the higher temperature
of deformation. ECAP at 300 °C results in incomplete
dissolution (as seen in Fig. 1). Potential mechanisms for
the dissolution of Nb particles include the active sliding
of dislocations through the particles, the formation of
vacancies under deformation, and more intense diffu-
sion at an elevated temperature, which all contribute
to the transition of Nb atoms into the zirconium lat-
tice, resulting in the partial dissolution of the Nb par-
ticles [9].

Reducing the ECAP temperature to 300 °C, com-
pared to 400 °C as studied in [10; 13]), improves struc-
tural refinement, and the remaining particles may hard-
en the matrix via the Orowan mechanism. At 300 °C,
the yield strength surpasses the values achieved in the
above-mentioned studies [10; 13].

Pre-queching of the Zr—2.5Nb alloy dissolves the
Nb particles in into the matrix, forms a thin-lamellar
structure, and significantly increases strength. Subse-
quent ECAP of the quenched alloy causes fragmen-
tation of the lamellae and results in the formation of
an ultrafine structure with nearly equiaxed grains of
~190 nm in average size. ECAP on the quenched al-
loy contributes to greater strength growth. Quenching
and subsequent ECAP with n = 4 results in the highest
strength, surpassing that of the initial alloy after ECAP
with eight passes.

It is recognized that ECAP deformation for most
metals and alloys refines the structure to a grain size of
200 to 300 nm. Typically, to further enhance strength,
materials undergo additional ECAP with temperature
reduction or other deformation processes, such as draw-
ing, although these approaches can make challenges
due to the low ductility of SPD-hardened materials.
Nonetheless, specific heat treatments, like quenching
or aging, can prepare the initial structure for ECAP by
forming additional boundaries that aid grain refine-
ment during ECAP. For the Zr—2.5Nb zirconium alloy,
quenching leads to solid-solution hardening due to the
dissolution of Nb atoms into the matrix and the creation
of numerous martensitic thin-lamellar boundaries in the
structure. The greater strength observed after quenching
plus four-pass ECAP can be attributed to an increase in
solid-solution hardening and a more substantial refine-

ment of the initial thin-lamellar structure. It is also pos-
sible that ECAP of the quenched alloy results in a partial
decay of the solid solution with potential presepitation of
the hardening Nb nanoparticles (which may not be de-
tectable by TEM). However, the dissolution of the solid
solution is evidenced by the lattice parameter measured
by XRD.

Conclusions

The microstructural and mechanical properties
analysis of the Zr—2.5%Nb zirconium alloy sub-
jected to ECAP at 300 °C in both its initial coarse-
grained state and after quenching revealed several key
findings:

1. ECAP led to the refinement of the initial alloy
structure, creating boundaries oriented at large angles
and forming grains with a size of ~260 nm. However,
ECAP at 300 °C did not completely dissolve the Nb
particles, which might be attributed to reduced diffu-
sion during strain-induced dissolution, as opposed to
what has been noted in other studies at higher tempe-
ratures.

2. The strength of the initial alloy increased by 1.4—
1.8 times after ECAP with 4 and 8 passes. Conversely,
the ductility decreased from 21.4 to 8.6 %, and the uni-
form elongation decreased from 12.0 to 1.3 %, typical for
metals after severe plastic deformation.

3. Pre-treatment via quenching before ECAP de-
veloped a thin-lamellar structure, thus creating more
boundaries that enhanced grain refinement during
ECAP. Quenching also resulted in solid-solution har-
dening due to the complete dissolution of the Nb parti-
cles into the matrix.

4. Mechanical testing indicated that the yield
strength of the alloy, once quenched and then su-
bjected to ECAP, was by 2.3 times higher than that
of the initial coarse-grained alloy. The ultimate
strength in both longitudinal and cross-sectional di-
rections increased to 864 and 935 MPa, respective-
ly. Pre-quenching followed by 4-pass ECAP yielded
higher strength than that achieved by 8-pass ECAP
without pre-treatment.
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