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

UDC 622.765 Research article

https://doi.org/10.17073/0021-3438-2023-5-5-14 Hayunast crarbs @

Utilizing Russian polymer anion active depressants
in the flotation of out-of-balance talcose copper nickel ore

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

Institute of Comprehensive Exploitation of Mineral Resources n.a. Academician N.V. Melnikov
of the Russian Academy of Sciences
4 Kryukovskiy Impasse, Moscow, 111020, Russia

P< Anatoliy A. Lavrinenko (lavrin_a@mail.ru)

Abstract: Experimental studies were conducted on the flotation of low-sulfide copper-nickel ore containing flotation-active magnesium
silicates, specifically talc, using organic polymeric anionic reagents containing carboxyl and hydroxyl groups as depressants. The following
reagents, which contain carboxyl groups, were examined: carboxymethyl cellulose and carboxymethylated starch; polyacrylic acid and
its derivatives; sodium humate. Copolymers of ethylene oxide with ethylenediamine and glycerol containing hydroxyl groups were also
investigated. The objective of this study was to identify new efficient domestic depressants for flotation-active silicates, selectively acting in the
flotation of low-sulfide copper-nickel ore, in comparison with the performance of foreign Depramin 347 depressant. The impact of depressant
reagents on the surface properties of talc was determined by the values of air bubble detachment force and electrokinetic potential. It was
observed that for reagents containing carboxyl groups, the depressing effectiveness decreased in the following order: carboxymethyl cellu-
lose — carboxymethylated starch — polyacrylic acid — sodium humate. This reduction was attributed to a decrease in the acidic properties
of the reagents, a decline in their adsorption affinity for talc, and a decrease in the proportion of active carboxyl groups participating in the
formation of the electrokinetic potential. Furthermore, a trend towards increased depressing ability was noted for carboxymethyl cellulose
samples with an increasing degree of substitution. In contrast, reagents containing hydroxyl groups had virtually no depressing effect on talc.
The data obtained support the use of domestic industrial samples of carboxymethyl cellulose, namely CMC 7N and PAC-N, as depressants for
floating silicates, particularly talc, which is a detrimental impurity in the concentrate.

Keywords: flotation, copper-nickel sulfide ore, talc, depressants, carboxyl groups, hydroxyl groups, air bubble detachment force, electrokinetic
potential, adsorption.

For citation: Lavrinenko A.A., Kuznetsova I.N., Lusinyan O.G., Golberg G.Yu. Utilizing Russian polymer anion active depressants in the
flotation of out-of-balance talcose copper nickel ore. Izvestiya. Non-Ferrous Metallurgy. 2023;29(5):5—14.
https://doi.org/10.17073/0021-3438-2023-5-5-14

IIpuMeHeHHne 0Te4eCTBEHHBIX MOJUMEPHBIX
AHMOHOAKTHUBHBIX JeNPecCcopoB npu ¢GaoTauuu
3a0a/1aHCOBOIi 0TAJTbKOBAHHOM MeIHO-HHUKEJIEBOM Pyl

A.A. JlaBpunenko, U.H. Ky3nenosa, O.I. JIycunsn, I.1O. I'onb6epr

MHCTUTYT Npo6JeM KOMIJIEKCHOTO 0CBOeHHs Heap uM. akagemuka H.B. MeabHnkoBa PoccuiicKoii akaieMHu HAYK
111020, Poccus, r. MockBa, KprokoBckuii Tynuk, 4

P4 Anatonuit Apanacwesny JlappuneHko (lavrin_a@mail.ru)

AnnoTanus: BelM BHIMOTHEHBI 9KCIIEPUMEHTalIbHbIe UCCIEA0BaH U MO hI0TalluK MaIoCyIbbUIHON MEAHO-HUKEIEBOU PYAbI, CONEPXKa-
nieit GJ0TOaKTUBHBIE MATHUEBbIE CUIMKATHI, B YaCTHOCTH TaJIbK, C IPUMEHEHUEM B Ka4eCTBE IeTPECCOPOB OPTaHNUYECKUX TTOJTMMEPHBIX
AHMOHOAKTUBHBIX PEAreHTOB, COMePKAINX KapOOKCHIbHBIE U TUAPOKCUIBHBIE TPYTITEL. MiccaenoBanu cienyomnimue peareHTsl, coaepxka-
e KapOOKCUIbHbIE TPYTTbL: KAPOOKCUMETUIMPOBAHHBIE LEJITI0I03a U KpaxMal; MoJuakpuioBasi KMCJI0Ta U €e TPOU3BOAHBIE; T'yMaT

© 2023 1. A.A. Lavrinenko, I.N. Kuznetsova, O.G. Lusinyan, G.Yu. Golberg
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HaTpust. Takxe U3yyasiv CONOJMMepPbl OKMCH dTUJIEHA C 9TUJICHAUAMUHOM U IIMLIEPUHOM, ColepKallie T IPOKCUIbHbIe rpyniibl. Lleab
WICCIICIOBAHUS — BBISIBJICHUE HOBBIX 9 (DEKTUBHBIX OTEYECTBEHHBIX IETTPECCOPOB (DIOTOAKTUBHBIX CUJTUKATOB, CEJIEKTUBHO NECTBYIO-
KX MpU dJIoTALMU MaioCcyabGUIHON METHO-HUKEEBOW PYy/bl, IO CPaBHEHUIO C AeCTBUEM 3apyOexkHoro aenpeccopa Depramin 347.
BiusiHue peareHTOB-IeNpeccoOpoB Ha MOBEPXHOCTHbBIE CBOICTBA TajbKa ONpPeAesIsiv 0 3HaUeHUSIM CUJIbI OTPBIBA My3bIpbKa BO31yXa U
9JIEKTPOKMHETUYECKOTO MOTEHIINAA. YCTAaHOBJICHO, YTO [IJISI PEareHTOB, COAepKAIIUX KapOOKCHIbHBIE TPYTIITH, IETIPECCUPYIOIIast CIO-
COOHOCTB yObIBAET B CJEAYIOLIEN MOCIEI0BATEIbHOCTU: KAPOOKCUMETUJILIENII0103a — KapOOKCUMMETUIMPOBAHHBII Kpaxmall — MOoJu-
aKpuJoBasi KMUCJI0Ta — FyMar HaTpus. OTO 00YCJIOBJIEHO YMEHbIIEHHEM KUCIOTHBIX CBOMCTB peareHToB, yObIBAHUEM UX ancopO-
IIMOHHOTO CPOJACTBA K TaJIbKy U CHUKEHUEM JIOJIM aKTUBHBIX KaPOOKCUIBHBIX TPYIII, MPUHUMAIONINX yIacThe B GOPMUPOBAHUU
9JIEKTPOKMHETUYECKOro moTeHana. [Ipu aToM BbIsIBIIeHA TEHACHIIUS K BO3PACTaHUIO JeNPEeCcCUpPYyIOlieil CocoOHOCTH 00pa31oB
KapOOKCUMETHUJILEIII0N03bl C yBEJIMUYEHUEM CTENeHU 3aMellleHts1. B To e BpeMsl peareHThI, coaepxkaliue ruIpoKCUIbHbIE IPYI-
MBI, MPAKTUYECKYU HE OKa3BbIBAIOT JICTIPECCUPYIONIEro NeiicTBUS Ha TanbK. [lomydeHHbBIEC JaHHBIE 000CHOBBIBAIOT MTPUMEHEHUE OTE-
YEeCTBEHHBIX MPOMBILIJIIEHHBIX 00pa3110B KapbokcumeTuaueaaonossl (KM 7H, ITALL-H), B yacTHOCTH B KauyecTBe AENPECCOPOB
Tajabka npu GJoTaluy MeJHO-HUKEJIEeBOU PYAbl, UTO NMO3BOJISIET CHU3UTD COlepKaHe B KOHLIEHTpaTe TajbKa, sSIBJSIOIIerocs Bpe-
HOW MPUMECHIO.

Kuiouesbie cioBa: ¢uiotauusi, MeAHO-HUKeNeBasl cylbduaHas pyjaa, TajlbK, IENpeccopbl, KapOOKCUIbHbIE I'PYIIbl, THAPOKCUIbHBIE
TPYIITIBI, CUJIa OTPBIBA IMTY3bIPbKa BO3IYXa, dJICKTPOKUHETUUECKUI MTOTEHIINA, aIcCOPOIIHS.

Jng uuruposanus: JlaBpuHeHko A.A., Kysnenosa U.H., Jlycunsia O.T., Tonb6epr I 1O. [IpuMeHeHUEe OTe4eCTBEHHbBIX MOJMMEPHBIX aHUO-
HOAKTHBHBIX JAEMPeccopoB Npu dotanny 3ab6ajaHCOBOI OTaTbKOBAHHON MEJIHO-HUKEJIEBOII pyabl. M3eecmus 8y306. Lleemnas memannyp-
eus. 2023;29(5):5—14. https://doi.org/10.17073/0021-3438-2023-5-5-14

Introduction

Sulfide copper-nickel ores serve as a valuable source
not only for copper and approximately 90 % nickel but
also for platinum group metals (PGM), gold, silver,
cobalt, selenium, tellurium, and other rare and trace
elements. These elements are closely associated with
sulfides of base metals and sometimes with the sur-
rounding rock. As free-milling ore reserves continue to
deplete, the industrial utilization of complex raw materi-
als with low concentrations of valuable components be-
comes necessary. This demands the development of new
reagent flotation modes.

A significant challenge in processing both sulfide
and particularly low-sulfide copper-nickel ores is the
presence of hydrophobic waste rock minerals, notab-
ly magnesium silicates such as talc, chlorite, sericite,
and olivine (forsterite). These minerals readily enter
flotation concentrates, increasing smelting costs and
reducing smelting efficiency. Hydrophilic silicates also
contribute negatively. For example, complex orthopy-
roxene particles with a talc periphery significantly dilute
concentrates in the flotation of Merensky Reef ores [1].
Hydrophilic serpentine enters the concentrate due to
partial coating of sulfides by oppositely charged serpen-
tine slurry particles, which diminishes the recovery and
flotation rate of sulfides [2].

The significance of researching the processing of
low-sulfide copper-nickel ores with high talc con-
tent stems from the necessity to depress the flota-
tion of flotation-active magnesium-bearing silicate
minerals.

In global practices of copper-nickel ore concentra-
tion, non-toxic natural polysaccharides such as guar
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gum, carboxymethyl cellulose (CMC), and occasionally
dextrin, either individually or in combination, are widely
employed as depressants for hydrophobic waste rock [3].
The most effective depressant for hydrophobic silicates
is guar gum, although its high cost and limited availa-
bility (mostly used abroad) present challenges [4]. The
depression of magnesium-containing silicates can also
be achieved using more readily available and cost-effec-
tive polysaccharides, thanks to their widespread sources
of production and annual reproducibility. These include
starch derivatives, dextrin, and carboxymethyl star-
ches (CMS) [5—8]. However, apart from a few deriva-
tives like dextrin, there is limited documentation on the
use of starch derivatives as depressants in sulfide miner-
als flotation [8].

In Russia, the depression of hydrophobic waste
rock during the flotation of copper-nickel ores relies
on the use of a more readily available anionic poly-
saccharide polymer, carboxymethyl cellulose (CMC).
The most challenging issue encountered is the depres-
sion of talc, which, due to its inherent high hydropho-
bicity, is susceptible to degradation in an aqueous en-
vironment, resulting in the formation of fine particles.
Talc also exhibits exceptionally high flotation activi-
ty, presenting significant challenges in the flotation
process of complex PGM-containing copper-nickel
sulfide ores [4]. The adsorption of an anionic poly-
mer onto talc is influenced by various factors, includ-
ing the characteristics of the polymer (such as type,
number of ionized polar groups, degree of substitu-
tion (DS), and molar mass (MM)), as well as solution
properties [5; 9—13].
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Since hydrophobic interaction plays a pivotal role
in the sorption of polymeric depressants onto talc, ad-
sorption increases with the degree of polymerization of
the reagent, augments the hydrophobicity of the mac-
romolecule. However, high molecular weight polymers
exhibit lower selectivity compared to their low molecular
weight counterparts [5]. Polysaccharides and other po-
Iymers traditionally employed in the flotation of sulfide
ores typically have molar masses (MM) in the range of
150—600 t/kmol. In recent years, polysaccharides with
lower MM (100—150 t/kmol) have also proven to be ef-
fective [14].

The depressant effect of anionic polymers on talc di-
minishes as the pH increases. At high pH and low ionic
strength of the solution, the adsorption density of ani-
onic polymers is at its lowest. Conversely, at high ionic
strength and low pH, especially in the presence of Mg,
Ca, and other ions, the adsorption density increases
[9—13]. The presence of divalent and trivalent cations
enhances the depression of talc but also reduces the se-
lectivity in the flotation of mineral mixtures. The degree
of polymer substitution influences not only its solubility
but also its ability to be adsorbed onto talc and sulfide
minerals [13; 15].

The interaction mechanisms between polysaccha-
rides and mineral surfaces encompass hydrophobic,
chemical, electrostatic, and acid-base interactions, in
addition to the formation of hydrogen bonds [5; 9; 15;
16]. These mechanisms contribute to the partial adsorp-
tion of polysaccharides onto sulfide minerals, thereby
impeding their flotation. The interaction between poly-
saccharides and sulfides has received limited research
attention [6]. The selectivity of their effects during flo-
tation is contingent upon MM and DS values [16]. Few
studies have explored the impact of the polymer’s chem-
ical nature on selectivity, and typically, the choice of po-
Iymer for waste rock depression is made through empi-
rical means.

Previous studies have focused on the depressant
properties of corn dextrin from Bio Polimer, Dep-
ramin 267 and 347 CMC from Akzo Nobel, and the
synthetic polymer Akremon D-13 [17]. Additionally,
carboxymethylated corn starches (CMS) with vary-
ing viscosities, synthesized at the Research Institute
of Starch Products, have been examined [6]. The most
favorable results were obtained with the Depramin 347
depressant.

This study aims to identify effective domestic
depressants for silicate flotation that exhibit selec-
tivity in the flotation of low-sulfide copper-nickel
ore, in comparison to the foreign depressant Dep-
ramin 347.

Research methodology

The research focuses on investigating the depres-
sant effect during the flotation of out-of-balance tal-
cose copper-nickel ore and the hydrophilic properties
of Russia-manufactured anionic polymers with varying
degrees of substitution (DS) and viscosity (MM-rela-
ted characteristics) towards talc and sulfides. This study
also involves comparing these reagents with the most
effective depressant identified in previous research,
Depramin 347 (refer to Table 1).

Flotation experiments were conducted using out-of-
balance ore, which contained the following components
by weight: 0.12 % Cu, 0.2 % Ni, 0.01 % Co, 0.8 % S,
1.9 % Fe, 0.94 % Mg, 50.5 % SiO,, 1.1 g/t Pd, 0.2 g/t Pt,
and 0.06 g/t Au. The mineral composition of the ore
consisted of chalcopyrite (0.3 %), pentlandite (0.6 %),
pyrrhotite (0.2 %), pyrite (0.14 %), pyroxenes (58 %),
talcum powder (12 %), amphiboles (8 %), magnesite
(3.75 %), plagioclases (1 %), and other constituents.

Flotation of the ore, which was ground to 84 % fine-
ness at —71 pm, was carried out under natural pH con-
ditions of 7. The primary flotation process began with
the addition of a silicate depressant, followed by Aero-
phine 3416 and butyl xanthogenate collectors at a rate
of 25 g/t each, and MIBK foaming agent at a rate of
20 g/t. Control flotation received 40 % of the reagents
from the primary flotation flow rate. Subsequently, con-
centrates from both the primary and control flotations
were combined.

For the flotation of a 5 g sample of talc, which was
ground to —71 pum, a 100 mL chamber was used presence
of 50 mg/L MIBK.

In order to investigate the hydrophilizing effects of
the depressants, we employed a method that assesses
mineral wettability by measuring the detachment force
of an air bubble from the mineral surface in a reagent
solution.

The examination of the interactions between de-
pressants of varying viscosity and DS with the sur-
faces of sulfides and talc was conducted by measur-
ing the (-potential of minerals using a ZETA-check
PMX 500 instrument (Germany). The cell had a volume
of 50 mL, and the weight of finely ground mineral used
was 0.2 g.

The depressant’s effectiveness was assessed by calcu-
lating the relative reduction in Ni and Si recovery in the
concentrate, expressed as a percentage:

A=10020"%
€y

where g, represents the component extraction without
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Properties of investigated reagents

XapaKTCpI/ICTI/IKa UCCICOAO0BAHHBIX PCAarcHTOB

80 % active substance

Dynamic viscosity Degree
Description of 2 % solution at =25 °C, | of substitution
mPa-s; MM (DS)
Containing carboxyl groups (—COOH)
Carboxymethylated starch CMS BUR-1V (ZAO Polycell), about 300 (4 % solution) 0.4
60 % active substance
« » <40 (Hoppler),
Carboxymethyl cellulose.CMC 7N (ZAO “Polycell”), < 140 (Brookfield), 0.6-0.8
50 % active substance .
degree of polymerization — 350
<40 (Hoppler),
Carboxymethyl cellulose (polyanionic cellulose) PAC-N (ZAO “Polycell”), <170 (Brookfield),
. o 0.9
45 % active substance degree of polymerization — 500,
MM ~ 116 000
Carboxymethyl cellulose Depramin 347 (“Akzo Nobel”), 91 (Brookfield) 0.54

containing side OH- and COOH-groups)

Na humate (mixture of polycondensed aromatic compounds

Macromer 30H (NPP “Macromer”), polyacrylic acid,

45 % active substance MM ~ 12000
Macromer 17N (NPP “Macromer”),
polyacrylic acid with grafted polyoxyethylene glycol chains (PAA), MM ~ 36 000
50 % active substance
Containing hydroxyl groups (—OH)
Laprol 3703-2-37 (NPP “Makromer”) based on glycerol, MM ~ 3700
block copolymer with ethylene oxide: 37 %, 100 % active substance
Lapramol 6504 (NPP “Makromer”) based on ethylenediamine, MM ~ 6500

25—-30 % ethylene oxide, propylene oxide, 100 % active substance

the depressant, g; represents the component extraction
at the i-th depressant flow rate.

The selectivity of the depressant’s action was deter-
mined using Cohen’s enrichment factor (/):

I= ey /es;-

Results and discussion

The results of copper-nickel ore flotation process for
talc and other silicates depression using reagents, dis-
played in the table, are illustrated in Fig. 1. The selectiv-
ity of the reagent action is depicted in Fig. 2.

Based on the obtained data, it can be concluded
that the suppressive effect of depressants on the flota-
tion of silicates and sulfides follows this order: PAC-N =
= CMS 7N > Depramin 347 > Na humate = CMS
BUR-1V (as shown in Figs. 1 and 2). However, CMC
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with a higher degree of polymerization and DS (CMC
7N and PAC-N) exhibited lower selectivity at low flow
rates. Yet, at flow rates exceeding 600 g/t, their selectiv-
ity improves to the level of Depramin 347.

Depressants containing hydroxyl groups (Laprol,
Lapramol), as well as Macromer 30N with MM ~ 12000
at a flow rate of 400 g/t, had almost no impact on the
flotation results of the ore under investigation (the con-
centrate yield decreased by approximately 1 %). How-
ever, when using Macromer 17N with an MM of 36000,
the depressant’s effectiveness increased. The concen-
trate yield decreased by 5 %, and the nickel recovery in
the concentrate also decreased by 5 %.

The investigation into talc flotation with MIBK in
the presence of CMC depressants revealed an escalation
in the depressant’s impact as the viscosity (molar mass)
and DS of CMCs increased, particularly for PAC-N
(as demonstrated in Fig. 3). The hierarchy of dimin-



13BecTis By30B. LiBeTHOS METAAAYPrng o 2023 o T.29 « N25e C.5-14

AaspuHeHKo A.A., KysHewrosa V.H., AycursiH O.I, foab6epr O, NpuMeHeHne oTedeCTBEHHbIX MOAUMEPHbIX AHVOHOAKTUBHBIX AEMPECCOPOB...

Ay, %o

30

254

20

151

1 1 1
200 400 600
Depressant flow rate, g/t

800

A, %o
b

80

60

40 -

20

T T 1
200 400 600
Depressant flow rate, g/t

800

Fig. 1. Relative decrease (A) in Ni (@) and Si (b) recovery into concentrate during Cu—Ni ore flotation
1— CMC7N; 2 — PAC-N; 3 — Depramin 347; 4 — CMS BUR-1V; 5 — sodium humate

Puc. 1. OtHocuTenbsHoe cHuxkeHue (A) usBneuenus Ni (a) u Si (b) B koHueHTpaT nipu dbiaotaunn Cu—Ni pyas
1—KMII 7H; 2 — TTAL-H; 3 — Depramin 347; 4 — KMK BYP-1B; 5 — rymat Na

1.0

0 200 400 600
Depressant flow rate, g/t

800

Fig. 2. Cohen’s enrichment factor (Ni from Si) (/)

1— CMCT7N; 2 — PAC-N; 3 — Depramin 347, 4 — CMS BUR-1V;
5 — sodium humate

Puc. 2. KoadouimeHnt pazaeneHus Ni ot Si o Kosny (/)

1—KMIL 7H; 2 — [TALl-H; 3 — Depramin 347; 4 — KMK BYP-1B;
5 — rymar Na

ishing suppressive effects of depressants is as follows:
PAC-N — Depramin 347 — CMS.

In order to elucidate the mechanism of action of the
polysaccharides used on the primary ore minerals (pent-
landite, pyrrhotite) and talc, studies were conducted to
assess their hydrophobicity and surface charge following
treatment with depressants.

The impact of depressant adsorption on altering the
hydrophobicity of minerals, assessed through the air

Yield to concentrate, %

0 20 40 60 80
Depressant content, mg/L

Fig. 3. The influence on talc flotation with MIBC: CMS (1),
Depramin 347 (2) and PAC-N (3)

Puc. 3. Biusnue KMK (1), Depramin 347 (2) u [TAL-H (3)
Ha doTauuio Taabka ¢ MUBK

bubble detachment force from the slurry of talc, pent-
landite, and pyrrhotite, was substantiated by the results
obtained from flotation experiments. Detachment force
measurements were conducted in the presence of a com-
bination of Aerophine 3416 A and butyl xanthogenate
(ina 1:1 ratio) with a total concentration of 30 mg/L.
The data depicted in Fig. 4 demonstrate that CMC-
based depressants significantly enhance the hydro-
philicity of the talc surface when compared to CMC and
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Na humate. The degree of hydrophilization decreas-
es in the following order: PAC-N > Depramin 347 >
> CMC 7N > CMS > Na humate = CMS BUR-1V.
Simultaneously, all investigated depressants also di-
minish the hydrophobicity of sulfides, with the most
pronounced effect observed in the presence of PAC-N
and CMC 7N.

Measurements of the electrokinetic potential of the
examined minerals revealed that CMCs with higher vis-
cosity and DS exert a more pronounced effect on shift-
ing the {-potential of talc towards negative values (as il-
lustrated in Fig. 5). The influence of CMS and CMC on
the {-potential of talc remains consistent across the pH
range of 7 to 9 (as shown in Fig. 6). Furthermore, for pH
levels greater than 7, the negative {-potential of talc re-
mains essentially unaltered [18; 19]. Therefore, altering
the pH within the range of 7 to 9 is unlikely to affect the
adsorption of anionic CMC and CMS. These findings
strongly suggest that the primary mechanism driving the
adsorption of polysaccharides onto talc is hydrophobic
interaction, rather than electrostatic forces.

The negative shift in the {-potential on pyrrhotite
and chalcopyrite following interaction with anionic po-
lysaccharides indirectly suggests the adsorption of these
polymers, as shown in Figs. 7 and 8. The most signifi-

Detachment force, pN

350

2504
7
6
200 T T T ?
0 100 200 300 400

Reagent content, mg/L

cant shift is observed on pyrrhotite, particularly in the
presence of high-viscosity depressants like CMC 7N
and CMS BUR-1V, and this shift intensifies as pH
levels increase. A similar correlation was noted, for
instance, with starch tricarboxylate as a depressant
[19]. It appears that a larger quantity of these poly-
saccharides is adsorbed onto the pyrrhotite surface
compared to chalcopyrite. This was hypothesized to
be due to the presence of more metal hydroxyl layers
on pyrrhotite, which facilitated greater polysaccha-
ride adsorption [19].

The studies have demonstrated that CMC-based
depressants exhibit superior efficiency, both in terms of
silicate suppression and the selectivity of their action,
when compared to CMS and Na humate in the flota-
tion of talcose copper-nickel ore. As the viscosity (deg-
ree of polymerization) of CMC and its DS increase,
the suppressive effect of the polymer on both silicates
and sulfides intensifies, yet the selectivity in separating
sulfides from silicates diminishes. Among the investi-
gated options, CMS with average values of these charac-
teristics prove to be the most effective for the flotation of
low-sulfide Cu—Ni ore.

An analysis of the averaged relative changes in the
interaction between talc and the examined depres-

Detachment force, uN

200 300
Reagent content, mg/L

0 100

400

Fig. 4. Detachment force of air bubble from pentlandite (7, 2, 4, 6, 7) and pyrrhotite (3, 5) () and talc (b)

in the presence of depressants:

1,3 — CMS BUR-1V; 2 — sodium humate; 4 — Depramin 347; 5, 6 — CMC 7N; 7 — PAC-N

Puc. 4. Cuna oTpbiBa ny3bipbKa Bo3ayxa oT neHTianaura (1, 2, 4, 6, 7) u nuppotuHa (3, 5) (@), a Takxe Tanabka (b)

B TIPUCYTCTBUU IEMPECCOPOB

1, 3 — KMK BYP-1B; 2 — rymar Na; 4 — Depramin 347; 5, 6 — KMLI 7H; 7 — INAL-H
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sants, in conjunction with the known physicochemi-
cal properties of these reagents, including values such
as the acidity constant (pKa) and their maximum
adsorption capacity on the talc surface (G) [20—26],
reveals that the efficiency of depressants in the flota-
tion of talcose copper-nickel ore follows a descending
order: carboxymethyl cellulose — carboxymethylated
starch — polyacrylic acid (PAA) — sodium humate (SH)

C-potential, mV
5

—40 T T 1 1
0 50 100 150 200

Reagent content, mg/L

Fig. 5. Comparison of anionic depressants influence
on talc zeta potential at pH =9

1— CMS BUR-1V, 2 — Depramin 347; 3 — CMC 7N; 4 — PAC-N
Puc. 5. CpaBHeHUE BIMSIHUSI aHMOHHBIX ACITPECCOPOB

Ha {-moTeHIMan Taabka npu pH =9

11— KMK BYP-1B; 2 — Depramin 347; 3 — KML[ 7H; 4 — TTALl-H

C-potential, mV
5

—40 T T 1
0 50 100 150 200

Reagent content, mg/L

Fig. 6. pH influence on talc {-potential in the presence
of depressants

1,2—CMS; 3, 4— PAC-N

1,3—pH=9;2,4—pH=7

Puc. 6. Bnusinue pH Ha {-nioTeH1na Tajibka
B IIPUCYTCTBUMU JI€NIPECCOPOB

1,2— KMK; 3, 4— TIALL-H
1,3-pH=9;24—pH=7

C-potential, mV

-15 T T T
0 50 100 150 200

Reagent content, mg/L

Fig. 7. Influence of depressants concentration on {-potential
of chalcopyrite (I—3) and pyrrhotite (4—6) at pH =7

1, 5— CMS BUR-1V; 2, 4 — Depramin 347; 3, 6 — CMC 7N

Puc. 7. BiusiHue KOHUEHTpALUU JIEPECCOPOB

Ha {-rmorteHnnan xanbkonuputa (I—3) u nuppotuHa (4—6)
npupH=7

1, 5— KMK BYP-1B; 2, 4 — Depramin 347; 3, 6 — KMLL 7H

C-potential, mV
0

201 B

*25 T T Ll
0 50 100 150 200

Reagent content, mg/L

Fig. 8. Electrokinetic potential of chalcopyrite (I—4)
and pyrrhotite (5—&) with CMS BUR-1V (1, 4, 5, 7)
and CMC 7N (2,3, 6,8) atpH=7 (1, 2, 5, 6)
andpH=9@3,4,7,8)

Puc. 8. D1eKTpPOKMHETUYECKU I MOTEHLIMAT
xanbkonupuTta (I—4) u nuppotuHa (5—8)

B npucytctBuu KMK BYP-1B (1, 4, 5, 7)
uKMI[7H (2, 3,6, 8) npupH =7 (1, 2, 5, 6)
upH=9@3,4,78)
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Values of parameters

T O cMmC
i Il CMS
[l PAA
2.0- B SH
1.0 -
o) I |
1/pKa G AF Algl
Parameters

Fig. 9. Relative change of interaction parameters for polymeric
reagents with talc

I’ — adsorption value, mg/mz; AF — relative decrease of detachment
force; A|{| — relative increase of electrokinetic potential modulus;
pKa — the indicator of acidity constant

Puc. 9. OTHOCUTETbHOE U3MEHEHNE nmapaMeTpoB
B3aUMOJICACTBU S NOJIMMEPHBIX PEAr€eHTOB-ACIPECCOPOB
C TaJIbKOM

I’ — BeJIMUIHA ancOpOLIH, MT/M%; AF — OTHOCHTEIBHOE CHITKEHIE
CHWJIBI OTPBIBA, 10711 e11.; A|{| — OTHOCUTEIbHOE YBeINUSHIE MOTYJIsI
9JIEKTPOKMHETUYECKOTrO MOTeHLMala, 10u el.; pKa — nokasaTeib
KOHCTaHTBI KUCJIOTHOCTH

(Fig. 9). This decrease in efficiency can be attributed
to a reduction in the acidic properties of the reagents,
a decline in their affinity for adsorption onto talc, and
a decrease in the proportion of active carboxyl groups
participating in the formation of the electrokinetic po-
tential.

Therefore, it can be deduced from the collected data
that polyanionic cellulose PAC-N and CMC 7N exhibit
the highest depressant capacity when it comes to the flo-
tation of sulfides in comparison to talc.

Based on a comprehensive set of experimental and
analytical studies concerning the depressant impact of
domestic samples of carboxymethylated starch (CMS
BUR, CMS-363), carboxymethyl cellulose (PAC-N,
CMC 7N), polyacrylic acid (PAA), and sodium humate
(SH) in relation to talc (flotation-active silicates) during
the flotation of talcose low-sulfide copper-nickel ore,
a consistent pattern has been established regarding the
diminishing depressing efficacy of the studied reagents
containing carboxyl groups in relation to talc. Further-
more, a notable trend towards an increased depressant
effectiveness of CMC samples with a higher degree of
substitution has been observed. This holds the promise
of reducing the content of undesirable impurities in the
concentrate.

12

Conclusions

Based on an extensive series of experimental and
analytical investigations regarding the depressing ef-
fects of domestically sourced polymeric anionic reagents
containing carboxyl groups on talc (flotation-active si-
licates) during the flotation of talcose low-sulfide Cu—
Ni ore, a discernible pattern emerges: their depressing
effectiveness decreases in the following order-carboxy-
methyl cellulose — carboxymethylated starch — poly-
acrylic acid — sodium humate. This reduction can be
ascribed to a decrease in parameters indicative of the
reagents’ affinity for talc. Remarkably, an increase in
the degree of substitution within CMC molecules cor-
responds to an augmentation of their capacity to depress
talc. These findings solidify the recommendation to em-
ploy domestic industrial samples of carboxymethyl cel-
lulose PAC-N and CMC 7N as depressants for silicates,
particularly talc, which is recognized as an undesirable
impurity in the concentrate.
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Abstract: This paper presents the results of studies on the reduction of dispersed cobalt and nickel metal powders from their salts in am-
monia-alkaline aqueous solutions under hydrothermal autoclave conditions. A unified and environmentally friendly method for producing
these powders has been developed. Hydrazine hydrate, with a 25—50 % excess of the stoichiometric ratio, was used as a reducing agent. This
choice allows for obtaining metal phases that are chemically uncontaminated by decomposition products. The experiments determined the
conditions for the quantitative reduction of cobalt (I1) and nickel (II) ions from ammonia-alkaline aqueous solutions. The synthesis tempera-
ture for the dispersed phases ranged from 110 to 155 °C. It has been demonstrated that under the conditions used, the process is completed
quantitatively within 60 min. Metal concentrations in the solutions were determined using atomic absorption spectroscopy. The results of the
X-ray phase analysis confirm that cobalt forms in the HCP lattice, while nickel forms in the FCC lattice. No other phases, including X-ray
amorphous phases, were observed. It was found that with an increase in the hydrothermal synthesis temperature from 110 to 155 °C, the specific
surface area of cobalt increased by more than 1.5 times, and that of nickel black powders increased by approximately 2 times. Scanning electron
microscopy revealed that cobalt is formed in the shape of lamellar particles with a lateral size of about 500 nm and a thickness of 50 nm, which
aggregate into fractal structures. Nickel is represented by spherical particles arranged in chain-like structures. Using X-ray photoelectron spec-
troscopy, it was determined that the surface of the materials is covered with oxidized forms. The surface atomic concentration of cobalt (0) was
approximately 2 %, while that of nickel (0) was about 25 %.
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9KOJIOTMYECKU Oe3omacHasi METOIMKA MOJYYeHUs 9TUX MOPOIIKOB. B KauecTBe BOCCTAHOBUTEJSI NPUMEHSUIM TUAPAT rMApasuHa ¢ 25—
50 %-HBIM U30BITKOM OT CTEXMOMETPUIECKOTO COOTHOIICHM I, KOTOPBIiA ITO3BOJISIET MOJTyUaTh MeTaJJInUecKue ha3bl, XUMUIECKU He 3aTpsi3-
HEHHbIe TPOAYKTAMU Pa3IoXeHUsI. B pe3ynbraTe SKCIIEpUMEHTOB YCTAHOBJICHBI YCIOBUST KOJIMYECTBEHHOTO BOCCTAHOBJICHUSI MOHOB KO-
6anbra (11) u Hukens (11) u3 aMMuUayHO-111EIOYHBIX BOIHBIX pAaCTBOPOB. Temmeparypy cuHTe3a AMcnepcHbIX (a3 BappupoBaiu B 1HMana3oHe
ot 110 1o 155 °C. TToka3aHo, 4YTO B MUCITOJIb30BAaHHBIX PEXMMaX IMPOBEAEHM S MTPOLIECC KOJMYECTBEHHO 3aBepliaeTcs B TeueHue 60 MUH.
KoHIleHTpalium MeTayioB B pacTBOpaXxX OMpPEenessIi MeTOIaMKM aTOMHO-a0COPOIIMOHHON CIIEKTPOCKONMHU. Pe3ynbraThl peHTreHoda-
30BOTO aHaJIKM3a MOATBEPAUIIN, YTO KoOanbT dhopmupyetcs B ['T1V-, a nukens — B ['LIK-pemieTrke, npyrue cda3sbl, BKIO4YasT PEHTIEHO-
aMOpGHBIE, OTCYTCTBYIOT. YCTaHOBJIEHO, YTO C POCTOM TeMIIepaTypbl TUAPOTEPMaibHOro cuHTe3a oT 110 go 155 °C ynenbHas rjiomanb
MOBEPXHOCTHU KoOajbTa yBeJanuunBaeTcs: 6osee yeM B 1,5 pasa, a MOpPOIIKOB HUKEJIEBON YepHU — NpUMepHO B 2 pa3za. CKaHUpYIoLLel
9JIEKTPOHHOU MUKPOCKOITHEl MoKa3aHo, YTO KoOaibT GopMUpPYETCs B BUAE MIACTUHYATHIX YaCTUIL JaTepaJbHBIM pa3zMepoOM OKOJIO
500 M u TonmKMHOM 50 HM, KOTOPbIE aTPerMpoOBaHbl BO paKTalibHbIe CTPYKTYpbl. HuKenb mpencrasied yactuiamu cepudeckoit pop-
MBI, YIIOPSITOYEHHBIMU B LEMOYKOMONOOHbIE CTPYKTYPbl. MeTOIOM PEHTIeHOBCKOU (OTOINEKTPOHHOIN CIEKTPOCKOMUHU YCTAHOBJIEHO,
YTO [MOBEPXHOCTb MaTepuaioB MOKPbITAa OKUCIEHHBIMU opMaMu. [ToBepxHOCTHAsI aTOMHAasi KOHLeHTpaLus Kobabra (0) cocTaBuia
nopsaka 2 %, a Hukens (0) — okojo 25 %.

Karouessie ciioBa: HUKEIb, K063.J'[bT, ABTOKJIaBbI, TUAPOTECPMAJIbHBIC YCIOBU A, HAHOIMMOPOIIKHA, TIOBEPXHOCTh.

BaarogapHocTu: PaboTra BbINOJIHEHA B paMKaX rocyAapCTBEHHOro 3agaHusi MHCTUTYTAa XUMUM U XuMudecKoil TexHosoruu CO PAH
(mpoektT FWES-2021-0014) ¢ ucnosib3oBaHuem obopyaoBaHusi KpacHOSIpCKOrO permoHaJbHOIO LIEHTPa KOJJIEKTUBHOTO TMOJIb30BaHUS
OUIL KHII CO PAH.

Jnsa uurupoanus: benoycosa H.B., Benoycos O.B., bopucos P.B., XKuxaes A.M., Tomamesuu E.B. [TosydyeHue MeTanainyeckux

TIOPOIIKOB HUKEJISI M KOOAJIbTA B aBTOKJIABHBIX YCIOBUSX. M3gecmus 8y306. Lleemnas memannypeus. 2023;29(5):15-24.
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Introduction

Serious attention to dispersed materials based on
non-ferrous metals is warranted due to their proper-
ties, which are primarily of practical interest. Powders
of nickel, cobalt, and their alloys have been and con-
tinue to be widely used in numerous vital areas of hu-
man activity, including metallurgy [1], heterogeneous
catalysis [2; 3], materials science [4—6], medicine and
biology [7], electronic and electrical engineering [6; 8],
among others. In the paper [9], magnetic carbon ma-
terials containing nickel and cobalt are described for
addressing environmental issues. Furthermore, the
authors of the article [4] have presented information on
the production of corrosion-resistant coatings based on
these metals.

The specific requirements for the composition, dis-
persion ability, morphology, and other essential charac-
teristics of functional materials are largely determined
by their application spheres. Consequently, methods
for producing these materials are actively under deve-
lopment and improvement. The body of research de-
dicated to addressing these issues is extensive. Clas-
sical approaches for obtaining highly dispersed nick-
el and cobalt powders, such as thermal decomposition
or exposure to reducing gases like hydrogen, are well-
established [6; 8; 10]. However, they come with a set of
challenges, primarily associated with the difficulty of
controlling the powders’ dispersion ability due to the
potential sintering of materials driven by diffusion pro-
cesses. Maintaining the required temperature is a sig-
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nificant challenge in heterogeneous reduction to metal
powders. This difficulty may arise from the heat gene-
rated during the reduction reaction, leading to localized
overheating of specific surface areas and, consequently,
the sintering of particles.

Enlargement processes in hydrothermal systems
can be observed at lower temperatures, but spontaneous
heating does not occur, especially with conventional
convection heating methods [11].

Chemical precipitation of dispersed Ni and Co metal
powders from aqueous solutions under the influence of
potent reducing agents has been the focus of numerous
studies. In the article [12], the potential for separating
nickel and cobalt metal phases from their hot salt solu-
tions using sodium hypophosphite is demonstrated. Se-
veral investigations have been dedicated to the reduction
of Ni(II) and Co(II) salts from aqueous solutions using
sodium tetrahydridoborate [13—15]. However, in these
cases, it is essential to consider the possibility of metal
powder contamination with decomposition products of
sodium hypophosphite and sodium tetrahydridoborate,
respectively. Such contamination is entirely unaccep-
table in various practical applications, such as heteroge-
neous catalysis.

The use of hydrazine hydrate as a reducing agent is
highly appealing, as it guarantees the purity of the ma-
terials obtained. It’s not surprising that occasional in-
stances of using this reagent for producing dispersed
metal powders, including nickel and cobalt, can be found
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in the literature [16—19]. In [19], it was demonstrated
that the reduction of mixtures of difficult-to-solubilize
nickel and cobalt carbonates with hydrazine hydrate at
80—95 °C resulted in the formation of nanocrystalline
powders of the respective metals.

The use of hydrometallurgical processes in open
systems, despite their simplicity, is accompanied by
several challenges, including inefficient reagent utili-
zation and environmental pollution. The development
of environmentally sustainable and efficient methods
for producing dispersed materials based on non-fer-
rous metals with the necessary structural characteris-
tics and properties is an urgent objective. This chal-
Ienge can be addressed through autoclave technologies
[17; 18].

The objective of this study is to develop a unified,
environmentally friendly technique for obtaining dis-
persed cobalt and nickel metal powders and to inves-
tigate the structural parameters of the resulting mate-
rials.

Research methodology

In this study, we used high-purity aqueous ammonia
(special puritygrade 23-5; GOST 24147-80), NiCl,- 6H,0
(reagent grade), CoCl,-6H,0 (reagent grade), potas-
sium hydroxide (reagent grade), 64 % N,H, H,O (rea-
gent grade), and gaseous argon (Grade-3). Deionized
water was prepared using the Direct-Q3 purification
system (Millipore, USA). The experiments were con-
ducted in laboratory fluoroplastic autoclaves with vo-
lumes ranging from 30 to 200 cm?, the design of which is
detailed in [17; 20; 21].

The synthesis of dispersed cobalt and nickel mag-
netic powders was carried out within a temperature
range of 110 to 155 °C, following the procedure out-
lined in [17]. The choice of this temperature range is
based on the consideration that at lower temperatures,
the reduction processes may be hindered due to the
possible formation of stable hydrazine complexes,
while at higher temperatures, the system’s pressure sig-
nificantly increases.

The procedure involved placing a measured quan-
tity of CoCl,-6H,0 (or NiCl,-6H,0) in a fluoroplastic
liner and dissolving it in an aqueous solution of ammo-
nium hydroxide. Subsequently, a 10 % sodium hydrox-
ide solution and hydrazine hydrate (in excess of 30 % of
the stoichiometry ratio) were added and stirred. Argon
purging was used to remove air oxygen. Following this,
the autoclave was sealed by securing it within a stain-
less-steel casing and then placed in a thermostat, where
it was heated to the required temperature for a speci-

fied duration (60 min). The thermostat design allowed
for vertical plane stirring. After the experiment, the
autoclave was disassembled, the liquid phase was col-
lected for analysis, and the solid phase was thoroughly
washed with distilled water, dried at a temperature of
100 °C, and weighed. The residual concentration of
cobalt or nickel ions in the solution was used to cal-
culate the extent of metal reduction. Additionally, the
obtained mass of the precipitate was compared to the
calculated mass. The excess of the mass of synthesized
powder over the calculated mass served as an indicator
of the formation of oxidized forms of the metal (oxide,
hydroxide).

The electron-microscopic analysis of materials
was conducted using a scanning electron microscope
TM4000 (Hitachi, Japan) equipped with a microana-
lysis system Quantax 70 (Bruker, Germany) operating
in backscattered electrons mode, with an accelerating
voltage of 20 keV. High-resolution electron micropho-
tographs were obtained using a scanning electron mic-
roscope S5500 (Hitachi, Japan) in secondary electrons
mode, with an accelerating voltage of 3 keV.

The specific surface area of the powders was deter-
mined through low-temperature nitrogen adsorption us-
ing an analyzer ASAP-2420 (Micromeritics, USA), at a
t=—195.75 °C, applying the BET model.

X-ray diffractograms were recorded using a desk-
top diffractometer Proto AXRD (Proto Manufac-
turing, Canada) and CuK, radiation. The recording
was conducted in the angle range of 260 = 15°+100°,
with a spacing of 0.02° and accumulation time at 2 sec
point.

X-ray photoelectron spectra were registered using a
spectrometer SPECS (SPECS GmbH — Surface Anal-
ysis and Computer Technology, Germany), equipped
with a hemispherical energy analyzer PHOIBOS 150
MCD9 (SPECS GmbH). Monochromatic AlK, radia-
tion (1253.6 eV) from the anode of the X-ray tube was
used for excitation. The transmittance energy of the
energy analyzer was set at 20 eV for panoramic spec-
tra or 10 eV for high-resolution spectra. Spectra data
were processed using the CasaXPS software package.
To correct for electrostatic charging, the maximum of
the C 1s spectrum (285.0 eV) arising from hydrocarbon
contaminants was utilized. High-resolution spectra
were approximated using doublets of the asymmetric
Gaussian—Lorentzian form, following Shirley subtrac-
tion of the nonlinear background.

The content of nickel and cobalt ions in the solu-
tions was determined by atomic absorption spectros-
copy using a spectrometer AAnalyst-400 (Perkin
Elmer, USA).
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Research results and discussion

The reduction process of nickel and cobalt salts by
hydrazine hydrate, as demonstrated earlier [17], can be
thermodynamically described by the following equa-
tions:

2CoCly 6H,0 + N,H, H,0 + 4NaOH =

—2Co + 4NaCl + N, + 17H,0, )
— ONi + 4NaCl + N, + 17H,0. )

According to the assumption proposed in [18; 22],
the reduction of nickel and cobalt proceeds through the
stage of formation of stable hydrazine complexes of the
respective metals. These complexes are stable under nor-
mal conditions, and precipitation into the metallic state
occurs at elevated temperatures.

Despite the use of closed systems, the quantitative
progress processes (1) and (2) requires an excess of re-
ducing agent, approximately 20 % above the stoichio-
metric ratio. This excess is necessary due to the potential
oxidation of the reducing agent, which may occur be-
cause of the presence of oxygen in both the gas phase of
the autoclave (owing to incomplete removal) and oxygen
dissolved in the liquid phase.

It was observed that in ammonia-alkaline media, the
reduction of nickel and cobalt at a temperature of 110 °C
is completed within 1 h, while, as per [18], cobalt metal
separation does not occur below ¢ = 120 °C.

Specific surfaces of nickel and cobalt powders

VYnenbHble TTOBCPXHOCTHU MMOPOIIKOB HUKEIA U KobasbTa

Sample No. Metal t,°C Seurfs m?/g
1 110 5.1
2 125 5.8

Co
3 140 6.5
4 155 8.0
5 110 10.2
6 125 15.1
Ni
7 140 21.3
8 155 21.6

Under hydrothermal conditions in a closed system at
t = 110 °C, it was found that the precipitation depth of
cobalt metal is not less than 95 % with a 20 % excess of
hydrazine hydrate from the stoichiometric ratio. With a
50 % excess of the reducing agent, the concentration of
cobalt ions in the solution after metal precipitation, as
determined by atomic absorption spectroscopy, is less
than < 0.1 mg/L.

A similar situation is observed in the reduction pro-
cess of nickel chloride (2). Increasing the synthesis tem-
perature does not result in significant changes in product
output, but it does influence the structural characteris-
tics of the powders (see the table). The specific surface
area of cobalt synthesized at r = 155 °C is nearly twice

IR al 4+
n o 5
| I

u Sample 3

M A Sample &
Sample /

. Sample 5

45 55 65 75 85 95 45 55 65 75 85
20, degree 20, degree

Fig. 1. Fragments of X-ray diffractograms of cobalt (@) and nickel (b) powders (see the table)
The stick diagrams of cobalt JCPDS 05-0727 (P63/mmc, a = 0.25031 nm, ¢ = 0.40605 nm) and nickel JCPDS 65-2865 (FCC, a = 0.35240 nm)

are shown above

Puc. 1. ®parMeHThl pEHTIEHOBCKUX AN paKTOrpaMM MOPOIIKOB KobaJibTa (a) 1 HuKes (b) (cM. TabauILy)

CBepxy MoKa3aHbl ITpUX-auarpaMmel Kobansra JCPDS 05-0727 (P63/mmc, a = 0,25031 uM, ¢ = 0,40605 HM)

u Hukenss JCPDS 65-2865 (I'LIK, @ = 0,35240 um)
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that of the material obtained at # = 110 °C. In the case
of nickel, a similar situation arises: the surface areas of
powders synthesized at 110 and 155 °C differ by approx-
imately a factor of 2. This phenomenon is likely linked
to the formation of a higher number of nuclei at high-
er temperatures due to an increased rate of reduction.
This situation has been discussed in [23] concerning the
preparation of noble metal nanoparticles for catalytic
processes.

Based on the X-ray phase analysis of the precipitates,
the material is composed of a single phase correspond-
ing to the respective metal (see Fig. 1). Cobalt X-ray dif-
fractograms exhibit metal reflections (JCPDS 05-0727)

in the HCP modification, which is characteristic for the
considered temperature range. The parameters for this
phase are ¢ = 0.25031 nm and ¢ = 0.40605 nm. However,
it’s worth noting that [18] suggests that cobalt is formed
from alkaline media with a metastable FCC lattice. In
contrast, nickel adopts an FCC lattice with a cell para-
meter of a = 0.35240 nm. The X-ray diffractograms
display peak broadening, which could be attributed, in
part, to the material’s dispersion.

It’s worth noting that as a result of reactions (1) and
(2), cobalt and nickel are generated in the modifications
that are stable within these temperature ranges, specifi-
cally HCP and FCC, respectively.

Fig. 2. SEM image (a) and energy dispersive spectrum for the imaged area () for cobalt

(sample 3, see the table)

Puc. 2. COM-u3obpaxeHue (a) U SHEPTOAUCTIEPCUOHHBII CITEKTP MO 0oToOpaxkaeMoii oo61actu (b) Aas kobabTa

(00p. 3, cM. TabIUILY)

1, rel. units
: b
Co

2 4 6 E, keV

1, rel. units
b
Ni
2 4 6 E, keV

Fig. 3. SEM image (@) and energy dispersive spectrum for the imaged area (b) for nickel

(sample 7, see the table)

Puc. 3. COM-uszo0pakeHue (@) ¥ SHEProaUCIIepCUOHHBIH CITEKTp 10 0ToOpaxkaemolii ooacTu (b) 1J1st HUKE st

(06p. 7, cM. TaOIUILY)
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Fig. 4. SEM image of cobalt (a, sample 3) and nickel (b, sample 7)

Puc. 4. COM-u3obpakeHus kobanbra (@, 00p. 3) u Hukes (b, o6p. 7)

k 4
7 TC02p31 a ; b
4 Ni2py; 112
Ols
Ols
Cls
Cls

800 600 400 200 E, eV 1000 800 600 400 200 E,eV

r h
I | Co2psp 4 1| Ni2py, d

T T T T 1 1 ) 1
790 785 780 775 E, eV 865 860 855 850 E, eV

Fig. 5. X-ray photoelectron spectra after etching with argon ions for 3 min — panoramic spectra for cobalt (a) and nickel (b)
and high-resolution spectra of Co 2ps; (¢, sample 3) and Ni 2p3 (d, sample 7) lines

Puc. 5. PentreHoBCcKME (POTOIEKTPOHHBIE CIIEKTPHI ITOCJIE TPABJIEHU I HOHAMY aproHa B TeYeHKe 3 MUH — 0030pHbIE
AJist KoGasibTa (@) u HuKedst (b), a TakKe CIIeKTPbI BBICOKOTo paspetueHust inHuit Co 2p3 ), (¢, 06p. 3) u Ni 2p3 ), (d, 06p. 7)
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Electron microscopic investigations have revealed
that during reduction, cobalt forms fractal structures
with dimensions of up to 10 um (see Fig. 2). Upon
closer examination, it becomes evident that these
fractal agglomerates are composed of lamellar parti-
cles, including regular hexagonal shapes, with lateral
dimensions of approximately 500 nm and a thickness
of about 50 nm. Based on the X-ray spectral analy-
sis (see Fig. 2), the material primarily consists of co-
balt (94—98 at.% at various points) and oxygen (2—
6 at.%), potentially indicating the presence of oxi-
dized forms of the metal on the surface, likely in an
amorphous state.

The morphology of nickel as revealed by scanning
electron microscopy (Fig. 3), is markedly distinct.
The particles have a shape closely resembling spheres
and are arranged in chain structures, which become
more distinguishable upon closer inspection (Fig. 4).
According to the X-ray spectrometry analysis, the
material primarily consists of nickel (97—100 at.% at
various points) with a minimal oxygen content (up to
3 at.%).

The extent of oxidized products formed on the sur-
face of nickel and cobalt metal, within a layer up to ~5 nm
thick, can be estimated using X-ray photoelectron
spectroscopy. Panoramic X-ray photoelectron spectra
(Fig. 5, a, b) clearly exhibit the 1S lines of oxygen and
carbon, as well as the 2p lines of cobalt and nickel, re-
spectively. High-resolution spectra were subjected to de-
composition (Fig. 5, ¢) using parameters and line shapes
as presented in [24]. This decomposition identified com-
ponents with energies of 780 eV or higher, correspon-
ding to oxidized forms of Co(Il), along with a com-
ponent corresponding to the cobalt metal (778.1 eV).
Calculations indicated that the total fraction of oxi-
dized forms of cobalt on the surface is approximate-
ly 98 at.%. The nickel line, when scanned within the
narrow 2ps,, range (Fig. 5, d), can be decomposed
into 8 components [24]. The peak at £ = 852.9 eV cor-
responds to the nickel metal, while the other compo-
nents align with the Ni(1I)—OH multiplet set [25]. Ac-
cording to calculations, the fraction of nickel metal on
the surface is 25 at.%.

Conclusion

1. A unified and environmentally friendly metho-
dology for producing dispersed cobalt and nickel metal
powders has been successfully developed.

2. It has been demonstrated that under autoclave
hydrothermal conditions, cobalt and nickel are quanti-
tatively reduced from their ammonia-alkaline salt solu-

tions when hydrazine hydrate is used in excess of 50 % of
the stoichiometric ratio.

3. XRF data confirm that cobalt adopts the HCP
lattice, while nickel takes on the FCC lattice; no other
phases were detected.

4. The X-ray photoelectron spectroscopy method re-
vealed that the materials’ surfaces are covered with oxi-
dized forms of the metals.

5. Furthermore, it has been observed that as the tem-
perature increases from 110 to 155 °C, the specific sur-
face area of nickel increases by a factor of 2, and that of
cobalt increases by 1.6 times.
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Oxidative leaching of rhenium from grinding waste
of rhenium-containing superalloys
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Abstract: The study investigated the feasibility of oxidative leaching rhenium in the presence of hydrochloric acid from machining waste
(grinding waste) derived from products made of ZhS-32VI, a nickel-based heat-resistant alloy containing rhenium. This was achieved through
agitation leaching process. The grinding waste fraction size of —0.071 mm, which accounted for the highest yield (49.2 wt.%), was utilized
in the experiments. The rhenium leaching process was conducted in two variations: in the first option, grinding waste was mixed with a
hydrochloric acid solution at ~100 °C, followed by the addition of hydrogen peroxide to the leaching solution after it had cooled; in the second
option, leaching was performed using a hydrochloric acid solution with the gradual addition of hydrogen peroxide solution. The highest degree
of rhenium leaching (91.0 %) was achieved in the first option. In this case, the initial concentration of hydrochloric acid was 8M, and the
molar ratio of the added reagents was v(HCI): v(H,0,) = 2.7 : 1.0. The kinetics of nickel leaching using a 6M hydrochloric acid solution at
70 °C, with a solid-to-liquid phase ratio of 1 g : 50 mL, was also examined. The analysis of the kinetic data, processed using the “contracting
sphere,” Ginstling—Brounshtein, and Kazeev—Erofeev models, indicates that the nickel leaching process occurs within the kinetic region.
Additionally, the kinetics of rhenium leaching from the solid residue obtained after the hydrochloric acid leaching of nickel from grinding waste
was investigated. Employing the same kinetic models to analyze the data, it was determined that the limiting stage of this process involves the
diffusion of hydrogen peroxide within the rhenium-containing solid residue.
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OkucanTe/ibHOE BbilleJJaYMBAHNE PEHUS
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AuHoTauMA: B arutaiinoHHOM pexXuMe KMcciieIoBaHa BO3MOXKHOCTb OKUCITUTEIBHOTO BhIIETaYMBAHUSI PEHUST B IPUCYTCTBUU COJISTHOM
KHCJIOTHI U3 OTXOA0B MexaHW4eckoil 00padoTku (nutndorxonos) nusnenuii u3 Re-conepxaiiero xxaponpounoro criasa 2KC-32BU Ha oc-
HoBe Hukesst. Mcnonb3oBanu dpakuuio nutndorxonos —0,071 mm ¢ HaubonbiuM BeixogoMm (49,2 mac.%). [polecc u3BaeyeHus peHust
OCYIIECTBIISLIA B IByX BapMaHTaX: B MEPBOM — IILIM(MOTXOIbI KOHTAKTUPOBAJIM C PACTBOPOM COJISTHOM KMCIOTHI pu Temrnepatype ~100 °C,
MOCJIe OXJIAXIEHW S PACTBOPA BhINIEJaYMBAHMSI B HErO 100aBIISIIM PACTBOP MEPOKCUIA BOLOPO/IA; BO BTOPOM — BhIIeIauMBAHUE TTPOBO-
MU C TPUMEHEHNEM PAaCcTBOPA COJMSIHON KUCIOTHI C TOPLIIMOHHBIM J00aBJIeHNEeM pacTBOpa Nepokcuaa Bogopona. Haubonbiee 3Haue-
HUe cTerneHu ussnedeHus peHusi (91,0 %) HabOMATOCH TPU BhILEJaYMBAHU Y B IEPBOM BapuaHTe, HaYaibHasi KOHLIEHTPALMSI COJISTHOM
KUCJIOTBI cocTaBuiia 8M, MoibHOE cooTHoIEeHue fobasasieMmbx peareHToB — V(HCI) : v(H,0,) = 2,7 : 1,0. Beiyta n3yyeHa KWHETHKA BbI-
eTaYuBaHUsI HUKEJIST paCTBOPOM COJISTHOUM KucsoThl (6M) mipu temneparype 70 °C u cooTHomeHun $a3 mindoTXOl : pacTBOpP, paB-
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HOM 1 1 : 50 Mi1. AHaJIM3 06pabOTKM KMHETHYECKUX JaHHBIX C UCITOJIb30BAHUEM MOJeel «cxkumarolieicst cepbl», [mHcTiuHra—bpo-
yHirteiiHa 1 KazeeBa—EpodeeBa 1Mo3BoJisieT yTBEPKIaTh, YTO MPOIECC BhIIIETAYNBAHUSI HUKEJISI TPOTeKAaeT B KWHETUUECKOW 00JIaCTH.
WccrenoBaHa KMHETHKA BBIIIEIAYMBAHNUS PEHUs U3 TBEPAOTO OCTATKa COJSTHOKKCIOTO BBHIIIENaYMBAHMS HUKEIS U3 HIIU(OTXOMOB.
TTpumeHeHMe 1151 06pabOTKM TaHHBIX T€X K€ KMHETUUECKUX MOJIeJIei MO3BOJISIET BBIACINUTH 1UDDY3UI0 mepoKcKaa BOAOPOAa B PEHUICO-

JepXKaleM TBEPAOM OCTAaTKE KaK IJUMUTUPYIOLIYIO CTaAUIO.

Kiouesbie ciioBa: peHHfI, HUKEIIb, CYIIEPCITJIABhI, ].LIJ'II/I(I)OTXOZ[I)I, BhIIICIaYMBaHUE, COJIsIHAA KUCIIOTA, OKUCIUTEIDb, KWHETHUKA.

Jna untuposanus: Tapranos U.E., CononosHukoB M.A., TpoumkuHa U.JI. OkuciuTteslbHOE BbilleJauMBaHUEe PEHUS U3 IAUGDOTXOI0B
peHuiiconepxalux cynepcrniaBoB. M3eecmus 8y306. Lleemnas memannypeus. 2023;29(5):25-33.
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Introduction

The annually increasing global demand for high-
tech materials, including rare elements, underscores the
importance of recycling secondary raw materials. One
such rare element is rhenium, which is extracted from
primary raw materials solely as a by-product [1; 2]. Rhe-
nium’s main natural sources encompass sulfide molyb-
denum and copper ores, polymetallic uranium ores, and
the fumarole gases of the Kudryavy Volcano on Iturup
Island [3]. Depletion projections for rhenium reserves
are on par with those for other non-ferrous and rare
metals, whose resources are anticipated to be depleted
within the next 100—110 years [2]. Consequently, it is
imperative to develop and enhance recycling technolo-
gies for rhenium.

According to forecasts [4], the demand for rhenium
in Russia is expected to reach 20 tons/year by 2032 and
35 tons/year by 2064.

The primary utilization of rhenium (78 %) oc-
curs in the production of superalloys used for aircraft
jet engines and turbines to generate electricity, where
rhenium plays a vital role as an alloying element [5; 6].
Nickel-based superalloys exhibit exceptional oxida-
tion resistance and mechanical strength. Substantial
enhancements in their mechanical properties at high
temperatures have been achieved through the careful
control of material structure, incorporating alloying
elements like rhenium, ruthenium, and hafnium [7;
8]. The addition of Re to these superalloys creates solid
solution strengthening of the matrix, significantly im-
proving heat resistance. However, it’s worth noting that
the cost of adding rhenium, for example, at 3 wt.% in
the CMSX-4 alloy, accounts for approximately 60 % of
the alloy’s total cost [9; 10].

Monocrystalline rhenium-containing superal-
loys based on nickel are predominantly employed [6;
10—12].

The total waste generated from rhenium-containing
heat-resistant nickel alloys, primarily consisting of dis-
carded parts from gas turbine engines, was estimated to
be 25—35 tons/year in the Russian Federation in 2012
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[13]. Assuming a rhenium content of 3 %, this amounts
to 0.75—1.0 tons/year of recoverable rhenium.

Existing technologies for processing waste form
nickel-based heat-resistant alloys can be categorized
into two groups: pyrometallurgical and hydrometallur-
gical [6; 14; 15]. Pyrometallurgical methods encompass
direct waste melting and oxidative thermal methods [16],
while hydrometallurgical approaches are based on elect-
rochemical processes (anodic dissolution) [12; 17] and
methods involving the decomposition of waste in acid
solutions. The choice of processing technology depends
on the type of raw material (solid parts or waste from
mechanical processing, such as grinding waste) and the
availability of specialized equipment like vacuum fur-
naces and electrolysis cells, among others.

Methods based on waste decomposition using acid
solutions can involve both the removal of the alloy base
and direct oxidative leaching to extract rhenium into
solution. Leaching agents like mineral acids and their
mixtures, in the presence of an oxidizing agent, can be
employed for efficient rhenium leaching. Nitrate pro-
cessing of multi-component alloys has proven effective
[14], although the presence of nitrate ions in solutions
can complicate subsequent sorption of rhenium. In a
separate study [18], rhenium was leached using “aqua
regia”. When sulfuric acid is used, it becomes possible
to leach the alloy base, nickel [19], followed by the addi-
tion of an oxidizing agent to isolate rhenium, or by using
a mixture of sulfuric acid with an oxidizing agent like
hydrogen peroxide for direct rhenium extraction into
solution [14].

The high content of nickel and cobalt in grinding
waste, both valuable non-ferrous metals, justifies the use
of hydrochloric acid leaching during their comprehen-
sive processing. In chloride environments, it’s possible
to separate these elements due to their similar chemical
properties, requiring fewer steps in the preparation of
the leaching solution [20].

The objective of this study is to establish the patterns
of oxidative leaching of rhenium using hydrochloric
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acid solutions from grinding waste derived from a rhe-
nium-containing nickel-based superalloy.

Research methodology

The focus of this study was the grinding waste de-
rived from the ZhS32-VI superalloy, which exhibits the
following elemental composition, wt.%: 1.5 Re; 9.0 Co;
8.5 W; 59 Al; 49 Cr; 4.0 Ta; 1.6 Nb; 1.0 Mo; 0.15 C;
0.02'V; 0.025 Ce, 60.0 Ni. The particle size distribution
of this waste material is summarized in Table 1.

The grinding waste with the highest weight frac-
tion (49.2 wt.%), specifically with a particle size of
—0.071 mm (as shown in Table 1), was selected for use
in the study.

The choice of this finer particle size is based on
its larger specific surface area and higher mass yield,
making it a preferred option for selecting a hydromet-
allurgical processing method. This method includes the
decomposition of waste using hydrochloric acid solu-
tions, in the presence of an oxidizing agent, specifically
a 30 % H,0, solution.

In order to ensure the purity of the grinding waste
and eliminate contaminants such as glycol, mineral oils,
lubricating additives, surfactants, corrosion inhibitors,
and rags, which may be present due to the use of various
lubricants and coolants during machining workpieces,
the grinding waste from rhenium-containing superal-
loys underwent a cleaning process. This involved wash-
ing the waste with hot water (~90 °C) followed by drying
prior to conducting the experiments.

A sample of the grinding waste was brought in-
to contact with a hydrochloric acid solution at vari-
ous phase ratios of solid to liquid, ranging from 1 : 50
to 1:100 (g: mL), under agitation. A mixing speed of

Table 1. Particle size distribution of grinding waste
of ZhS32-VI superalloy

Ta6auua 1. ®pakimoHHbIA cocTaB MLTMGOTXOI0B
cynepcmiana 2KC32-BU

Particle size, mm Yield, wt.%
+2.0 3.1
—-2.0+1.2 0.7
—1.2+1.0 2.0
—1+0.5 1.1
—0.5+0.1 24.7
—0.14+0.071 19.2
—0.071 49.2

200 min~! was selected, considering that the grinding
waste particles were suspended and thoroughly mixed
while ensuring a continuous flow of the solution around
them. Depending on the specific experiment, the reac-
tion mixture was heated and leached at a temperature
of 100 °C for 60 minutes. After cooling the reaction
mixture, hydrogen peroxide solution (/) was added to it
batchwise. The experimental leaching setup consisted
of a flask heater containing a three-neck flask equipped
with a reflux condenser, and mixing was facilitated
using an overhead stirrer.

When conducting experiments without heating
to prevent spontaneous heating and potential hy-
drogen peroxide decomposition, the process took
place within a thermostatically controlled jacketed
cell that was actively cooled using running water.
The oxidizing agent was added to the cooled reac-
tion mixture batchwise, following each hour of the
experiment (/7). Stirring was maintained at a speed
of 200 min~'. Periodically, throughout the experi-
ment, samples of the solution were withdrawn and
subjected to analysis for rhenium content using the
photometric method with ammonium thiocyanate.
In order to ensure an adequate concentration of
hydrochloric acid (with at least a 30 % excess), the
selection was made considering theoretical calcula-
tions based on the chemical reactions of the acid with
the constituent metals of the alloy and those com-
ponents of the alloy that, as indicated in published
data, are reactive with it.

The kinetics of nickel leaching from grinding waste
using a hydrochloric acid solution was investigated un-
der agitation in a thermostated reactor for a duration of
15 h at 70 °C. A sample of grinding waste was brought
into contact with a 6M hydrochloric acid solution at a
solid to liquid phase ratio of 1: 50 (g: mL). At specific
time intervals, samples of the solution were obtained and
analyzed for nickel content using the titrimetric method
with EDTA-Na,.

The kinetics of rhenium leaching from the concen-
trate formed after the removal of nickel from waste using
a solution of hydrochloric acid and hydrogen peroxide
was investigated under agitation mode. The experi-
ments were conducted in a thermostatically controlled
cell that was actively cooled by running water. A sam-
ple of rhenium concentrate was brought into contact
with a hydrochloric acid solution initially at a con-
centration of 2M, with a solid-to-liquid phase ratio of
1:250 (g : mL). The oxidizing agent was added in 1 ml
increments every 30 min. At specific time intervals,
samples of the solution were extracted and subjected to
analyzed for Re content.
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The degree of saturation of the solution with rheni-
um (or nickel), o ye), Was calculated using the following
equation:

OC(Me) = C(Me) Vsolution /(w(Me)msample)s

where C(ye) represents the current concentration of
the metal (rhenium or nickel), g/L; V, ution Stands for
the solution volume, L; @ denotes the weight frac-
tion of the metal (rhenium or nickel) in grinding waste;
Mgample 18 the weight of the sample, g.

Results and discussion

Rhenium metal undergoes a reaction with hydrogen
peroxide to produce rhenium acid as described by the
following equation:

2Re + 7H202 4 2HRCO4 + 6H20

In preliminary experiments, it was determined
that quantitatively extracting rhenium into solution
is not achievable solely by using a solution of hydro-
gen peroxide, without first removing the nickel com-
ponent, which is a fundamental constituent of the
superalloy.

Table 2 provides a summary of the data pertaining
to the oxidative leaching of rhenium from pre-washed
grinding waste originating from a rhenium-containing
superalloy. These leaching experiments were conducted
in hydrochloric acid solutions with the aid of hydrogen
peroxide as an oxidizing agent, under various leaching
methods and conditions.

The most effective extraction of rhenium into
solution occurs when the waste is heated in an acidic
solution with the addition of an oxidizing agent after
the mixture has been cooled to room temperature. It
appears that the initial removal of the majority of the
alloy by preheating it in hydrochloric acid solutions a
temperature of 100 °C for 1 hour facilitates better ac-

Table 2. Hydrochloric acid oxidative leaching of rhenium

cess of the oxidizing agent to the rhenium within the
alloy.

Furthermore, elevating the concentration of the hyd-
rochloric acid solution from 6M to 8M during the pre-
heating step and maintaining it during the leaching pro-
cess results in a 7.5 % increase in the degree of rhenium
extraction into solution, followed by the subsequent ad-
dition of an oxidizing agent.

The extent of nickel leaching, which constitutes the
base of the superalloy, when treated with a 6M hydro-
chloric acid solution at a temperature of 70 °C over time,
is graphically depicted in Fig. 1.

As illustrated in in Fig. 1, it’s evident that equilibri-
um is achieved after ~600 min.

In order to pinpoint the limiting stage of the nickel
leaching process with the hydrochloric acid solution, the
kinetic data were subjected to analysis using both Kinetic
and diffusion mathematical models (Fig. 2, Table 3).

The “contracting sphere” model, also known as the
Gray—Weddington equation [22], is used to describe
processes where a reaction takes place on the surface of
a spherical solid that loses mass and diminishes in size

0,
Qi 70

100
80
60
401

204 /o

[ ]

T T T T
0 200 400 600 800 T, min
Fig. 1. Temporal variation in nickel leaching using

a 6M hydrochloric acid solution at 70 °C

Puc. 1. 3aBUCMMOCTD CTENEH U BhILEIauMBaHWST HUKEI ST
COJITHOKHMCIIBIM pacTBopoM (6M) mipu Temniepatype 70 °C
OT BpEMEHU

Ta6auua 2. CoITHOKMCIO€ OKMCIUTEIbHOE BhIleauMBaHUe PEHUS

Initial concentration Procedure condi- Mole ratio Phase ration,
of HCI tions v(HCI) : v(H,0,) g:mL ORe)» %
&M 1 2.7:1.0 1:130 91.0
6M 1 2.0:1.0 1:130 83.5
6M 1 1.4:1.0 1:50 71.4
6M 17 24:1.0 1:100 68.5
&M 11 6.6:1.0 1:50 47.0
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Table 3. Kinetic characteristics of hydrochloric acid leaching of nickel from grinding waste obtained

using various models

Tabauua 3. Kunetnueckue XapakKTepUCTUKM COISTHOKMCIIOTO BbIIEauyMBaHUSI HUKES U3 ITU(POTXOM0B,

TIOJIYYCHHBIC ITPU UCITOJb30BAHUU Pa3JIMYHBIX Mojaeaen

Equation of “contracting sphere”

Ginstling—Brounshtein equation

Kazeev—Erofeev equation

1-(1-o)P=kt

1—@2/3)a—(1—)?P=kt

In[—In(1 — )] = nint + Ink,

k-10% min~! R? k-10% min~! R? n R?
8 0.933 3 0.883 1.56 0.849
1/3 2/3
1—(1- a(Ni)) I (2/3)0‘(1\“) -(1- O‘(Ni))
1.0 0.10
a b u
0.08 4
0.9 1
0.06
[6)
(&)
-]
0.8 0.04 - o
0.02 4
0.7 ()
° om "
0.6 T T T 70~02 T T T
0 100 200 300 T, min 0 100 200 300 T, min
In[-In(1 — o)1
2
c
s ° Fig. 2. Linearization of the kinetic data of nickel leaching
0- o ¢¢ with hydrochloric acid solution (6M) at 70 °C from grinding
s ® waste using mathematical models of “contracting sphere” (a),
. Ginstling—Brounshtein (b) and Kazeev—Erofeev (c)
27 * Puc. 2. Jluneapuzauuss KHHETUYECKUX JaHHBIX
BBIILIEIaYMBAHU I HUKEIIST COJITHOKMCIIBIM pacTBOpoM (6M)
4 npu Temneparype 70 °C u3 mangoTXoI0B ¢ UCTOJIb30BaHUEM
MaTeMaTuuyecKrX Mojesielt «cxxumarouieics chepol» (@),
P'S I'muctiuara—bpoynmreitna (b) u KazeeBa—Epodeena (c)
_6 T T T
3 4 5 6 Int

during the reaction, leading to the formation of an un-
dissolved porous layer of product. This equation is par-
ticularly suitable for processes occurring within the ki-
netic range of reactions and is expressed as follows:

1 — (1 —o)P=kr, (1)

where o represents the leaching rate (as a fraction), &
is the rate constant of the reaction, min~!, and 7 is the
time, min.

In cases where a dense, non-porous product layer
is formed, the Ginstling—Brounshtein equation is em-
ployed [20, 22]:

1—@/3)0— (1 —a)??=kt. )

The use of the generalized kinetic Kazeev—Erofeev
equation helps determine the limiting stage of the pro-
cess and estimate the values of the n index in the equa-
tion:

o =1—exp(—Kt"), 3)
where K and # are the kinetic parameters. This equation
serves as a function of the likelihood of the degree of

transformation, applicable to both topochemical reac-
tions and reactions of different types.
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In its doubly logarithmic form, Eq. (3) is linearized
as follows:

In[—In(l — o)] = nlnt + Ink,. @)

Based on the results of the mathematical analysis of
kinetic data for the leaching of nickel from the grinding
waste of rhenium-containing superalloys, it is evident that
the data are more suitably linearized by employing the
“contracting sphere” equation. Furthermore, the exam-
ination of mathematical processing using the Kazeev—
Erofeev equation has allowed us to ascertain that the value
of the n = 1.56. This value indicates that the leaching of
nickel follows a kinetic reaction in the process.

Regarding the leaching of rhenium from the con-
centrate formed after the removal of nickel, which is
the primary component of the superalloy, this process
was conducted using a solution of hydrogen peroxide in
the presence of hydrochloric acid. The degree of rheni-
um leaching from the concentrate, with the addition of
a 2M hydrochloric acid solution and periodic introduc-
tion of hydrogen peroxide (Fig. 3), exhibits a charac-
teristic convex shape over time and reaches a plateau
within ~1 h.

3
L= (1~ o)’

1.2

a

0.2+

0 10 20 30 40 50 1, min

In[-In(1 - og,))]
5
c
2.0 1 °

1.5- o
1.0 -
0.5
0+
054 o

-1.0

2 3 4 5 Int

30

Olgey 70

100+

[ ]
¢

80~
60~
40

204

0 30 60 90 120 150 1, min

Fig. 3. Temporal variation of rhenium leaching using

hydrogen peroxide (30 %) in the presence of hydrochloric
acid 2M)

Puc. 3. 3aBUCUMOCTD CTENEHU BhILLIEJIauMBaAHWS PEHU S
nepokcuaoM Bogopona (30 %) B IpuCyTCTBUU COJISTHOM
KUCJIOTHI (2M) OT BpeMeHU

The degree of rhenium leaching rate into the solution
achieved a level of >99 %.

In order to identify the rate-limiting stage of the pro-
cess, the kinetic data were subjected to analysis using the
previously described kinetic and diffusion mathemati-
cal models (Fig. 4, Table 4).

23
5 1- (2/3)0‘(1\“) -(1- a(Re))
b

0.30 4 ]

0 10 20 30 40 50

T, min

Fig. 4. Linearization of kinetic data of rhenium leaching
from concentrate using “contracting sphere” (a),
Ginstling-Brounshtein (b) and Kazeev—Erofeev (c)
mathematical models

Puc. 4. JluHeapuzauus KHHETUYECKUX JaHHbBIX
BBIIIIEJIAYMBAHUSI PEHU I U3 KOHIIEHTpaTa

C UCTIOJIb30BAaHUEM MAaTeMaTUYeCKUX MOJIeseit
«CXXMMartoleiics ceprl» (a),
I'mucTimura—bpoyHinTeitHa (b)

u KazeeBa—Epodeena (¢)
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Table 4. Kinetic characteristics of rhenium leaching from concentrates obtained using different models

Tabnuna 4. Kuneruueckue XapakKTCPUCTUKU BbILICTIaYUBaHUA pEHUA U3 KOHLCHTpAara,

ITOJIYYEHHBIC TTPU UCITOJIb3OBAHUM PA3JIMYHbBIX MoJesei

Equation of “contracting sphere”

Ginstling—Brounshtein equation

Kazeev—Erofeev equation

1—(1—a) P =kt

1— /30— (11— =kt

In[—In(1 — )] = nlnt + Ink;

k-102, min~! R? k-10%, min~!

R2 n R?

1.2 0.488 4.7

0.986 0.9 0.958

The kinetic data concerning the leaching of rheni-
um from the concentrate formed after the removal of
nickel, with a substantial coefficient of determination,
have been successfully linearized using the Ginstling—
Brounshtein equation. This equation is particularly re-
levant for describing processes that occur in the diffu-
sion response region. The value of the index », which was
obtained during the processing of kinetic data using the
Kazeev—Erofeev equation, was found to be less than 1.
This observation corroborates the results of the analysis
conducted using the Ginstling—Brounshtein equation,
affirming that the limiting stage of the process is indeed
diffusion-driven.

Conclusion

The experimental study of the oxidative hydrochloric
acid leaching of rhenium from superalloy grinding waste
(particle size fraction —0.071 mm) has yielded signifi-
cant findings. The highest degree of rhenium leaching
(o0 = 91.0 %) was achieved when the process involved
preliminary mixing of grinding waste in an 8M HCI
solution for 1 h at approximately 100 °C. Subsequently,
the reaction mixture was cooled, and hydrogen perox-
ide was added batchwise. This study demonstrated that
increasing the concentration of hydrochloric acid from
6M to 8M, under the selected conditions, resulted in a
7.5 % increase in the degree of rhenium extraction into
solution.

The analysis of kinetic data regarding the leaching of
nickel, the primary component of the superalloy, from
grinding waste with a 6M hydrochloric acid solution
at 70 °C, using the “contracting sphere”, Ginstling—
Brounshtein, and Kazeev—Erofeev mathematical equa-
tions, reveals that the process operates within the kinetic
reaction range.

Furthermore, the analysis of the mathematical
processing of kinetic data for rhenium leaching using
a solution of hydrogen peroxide in hydrochloric acid
(2M) from a concentrate, which is the solid residue ob-
tained after the leaching of nickel from grinding waste

with hydrochloric acid, employing diffusion and kinetic
models, indicates that the leaching rate is predominant-
ly limited by the diffusion of hydrogen peroxide within
the solid concentrate.

Subsequent processing of the leaching solutions
through solvent extraction allows for the isolation of am-
monium perrhenate. Rhenium metal powder, obtained
from this compound through hydrogen reduction, can
be employed in the production of various alloys.
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Microstructure and properties
of the GEWZ522K casting magnesium alloy
based on the Mg—Gd—Nd—Y—Zn—Zr system

A.V. Koltygin, A.V. Pavlov, V.E. Bazhenov, O.D. Gnatyuk, I.I. Baranov, V.D. Belov

National University of Science and Technology “MISIS”
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Abstract: The article discusses the solidification and phase composition of the (wt.%) Mg—4.8Gd—2.INd—1.6Y-0.4Zn—0.6Zr (GEWZ522K)
casting alloy. It is demonstrated that in the as-cast state, the alloy structure comprises primary zirconium particles, dendrites of the mag-
nesium solid solution (Mg), and eutectic intermetallic phases located between dendritic branches. Following solution heat treatment at ¢ =
530+£5 °C, the alloy transitions into a single-phase state and can be significantly strengthened through artificial aging after quenching. It is
recommended to apply alloy aging at = 250 °C for 8—10 h or at # = 200 °C for 15—18 h. This approach leads to the maximum strengthening
of the alloy, with the best mechanical properties achieved for the alloy aged at # = 250 °C. Regardless of the aging method used, the ulti-
mate tensile strength (UTS) of the samples surpasses 300 M Pa, which significantly exceeds that of commercial casting alloys according to
GOST 2856-79. The measured corrosion rate for the GEWZ522K alloy is 7.5£0.4 mm/year, that slightly higher than that for the less alloyed
commercial alloy ML10 (approximately 2.5 mm/year) tested under similar conditions. Furthermore, the alloy was subjected to tests for ig-
nition resistance when in contact with air. It was observed that with continuous airflow over the specimen’s surface, ignition centers appear
at 1 = 625 °C due to the breakdown of the oxide film, causing the alloy to nearly completely melt. Therefore, the GEWZ522K alloy can be
employed as a high-strength casting alloy. However, during the operation of cast parts, particular attention must be paid to safeguarding the
surface of these parts against corrosion.

Keywords: magnesium alloy, casting, Mg—Gd—Nd—Y—Zn—Zr, high strength alloy, magnesium corrosion, magnesium ignition.
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CTpykTypa u CBOMCTBA
JuTeilHoro MmaruueBoro cmiaasa GEWZ522K
cucrtembl Mg—Gd—Nd—Y—-Zn—Zr
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Aunoramus: PaccMoTpeHBl KpUCTaaau3anus ¥ (a3oBblii cocTaB JUTelHOro crutaBa (Mac.%) Mg—4,8Gd—2,INd—1,6Y-0,4Zn—0,6Zr
(GEWZ522K). [Toka3aHo, 4YTO B IMTOM COCTOSTHUHM CTPYKTYpa CIlJlaBa COCTOUT U3 IEPBUYHBIX YACTUILL IIUPKOHU S, IEHAPUTOB MarHUEBO-
r'O TBEPAOro pacTBopa 0.Mg 1 3BTEKTUYECKUX MHTEPMETaNINUecKUX a3, HAXOMSIIIUXCSl MEXKAY UX BEeTBSIMU. B pesyibrate oTXuUra npu
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KontbirmH A.B., lNasaos A.B., baxkeHos B.E. n pp. CTPYKTYpA 1 CBONCTBA AUTENHOTO MArHneBoro cnaasa GEWZ522K cuctemsl Mg-Gd-Nd-Y-Zn-Zr

t= 53015 °C cnaB nepexoauT B oqHO(a3HOEe COCTOSIHUE U TTOC/Ie 3aKaJKU MOXET ObITh 3HAYMTEJIbHO YIIPOUYHEH B Pe3yJibTaTe UCKYC-
CTBEHHOT'O cTapeHusi. bblyio mpeayiokeHo MpoBOAUThL cTapeHue criiaBa rnpu ¢ = 250 °C paurenbHocTbio 8—10 4 uau npu ¢ = 200 °C B
TeyeHue 15—18 u. [Tpu 3TOM mOCcTUTAaeTCS MaKCUMaJibHOE YIIPOYHEHME CIIJIaBa, OJHAKO JIyUIlIMe MeXaHU4YeCKKe CBOMCTBA OBIJIU TTOJTY-
YeHBI 1715 CIIaBa, coctapeHHoro npu ¢t = 250 °C. He3aBucHMO OT pexXmMa cTapeHu s, Ipeaes IPOYHOCTH Ha pacTsxXeHue (G,) o0pas1ios
npesocxoaut 300 MTIla, 4To ropasao Beillie MOKa3aTeseil MPOMBbIIIIEHHbIX JUTeiHbIX criaBoB o FOCT 2856-79. PaccunranHasi cko-
pocTb Koppo3uu ais criaBa GEWZ522K paBHa 7,5+0,4 MM/roj1, 4TO HECKOJIBKO OOJIbIIE, YeM [ MEHEE JIETUPOBAHHOTO MPOMbILLIJICH-
Horo crjiaBa MJI10 (mopsiaka 2,5 MM/roj), UCITBITAHHOTO B aHAJOTMUHbIX YCI0BUsIX. CrijiaB OblJT TaKXKe UCIBITaH Ha COMPOTUBJIEHUE
K BO3TOPaHUIO B KOHTAKTE C BO3IYXOM. YCTAHOBJIEHO, UTO ITPHU HEMPEPHIBHOM MOCTYTIJICHUU BO3yXa K MOBEPXHOCTU 0Opa3iia ouaru
BO3rOpaHUsI MOABISIOTCS TIpH ¢ = 625 °C BCIIEACTBHUE pa3pylIeHU I OKCUIHOM TJIEHBI, KOTIA CIJIaB IIPaKTHYECKHU TIOJTHOCTHIO pacIljaB-
nsietcs. Takum o6pasom, crtaB GEWZ522K mMoxeT ObITh UCIOJIb30BaH B KAY€CTBE BBICOKOIMPOYHOTO JIMTEHOTO criaBa. OmHAaKo Mpu
9KCIJIyaTallMM JUTHIX JAeTajleil U3 HEro He0oOXOAMMO yIeasITh MPUCTAJIbHOE BHUMAHKE 3alUTE UX MMOBEPXHOCTU OT KOPPO3ZUOHHOIO
BO3JEUCTBUS.

KitoueBbie cioBa: MarHueBblii crias, 1utbe, Mg—Gd—Nd—Y—Zn—Zr, BBICOKONIPOUYHBI, KOPPO3US MarHus, BO3ropaHue MarHusl.

Jna uutuposanus: Konteirua A.B., [1aBnoB A.B., Baxenos B.E., I'nariok O./1., bapanos U.U., benos B.JI. CTpykTypa u cBoiicTBa
nuteitHoro maruuesoro criiaBa GEWZ522K cuctrembt Mg—Gd—Nd—Y—Zn—Zr. Uzeecmus 8y306. Lleemnas memanaypeus. 2023;29(5):34—46.

https://doi.org/10.17073/0021-3438-2023-5-34-46

Introduction

Magnesium alloys are considered one of the most
promising materials for aerospace and automotive parts
due to their low density, high specific strength, and high
machining performance [1—3]. Nevertheless, despite the
significant efforts made in recent decades to improve
Mg alloys [4], their use remains very limited. One of the
reasons for this limitation is the relatively low operating
temperature of the most common industrial magnesium
alloys and the associated fire in air [5; 6]. Additionally,
due to magnesium’s high chemical reactivity, magnesium
alloys often exhibit reduced corrosion resistance [7].

It is well-known that the addition of rare earths
(REs) to Mg-based alloys can significantly enhance
their mechanical properties at both room and elevated
operating temperatures, primarily through strengthen-
ing via artificial aging of a supersaturated solid solution
of alloying elements in magnesium [3]. Neodymium is
among the most commonly used rare earth element for
alloying magnesium alloys. It is present in substantial
quantities in industrial magnesium alloys hardened by
aging. Its solubility decreases notably from approx-
imately 2.1 wt.% at the eutectic temperature to very
low values at room temperature [7; 8]. Yttrium also ex-
hibits relatively high solubility in magnesium (~10 wt.%)
and is frequently employed as an alloying component,
particularly in alloys designed for elevated-temperature
applications [5; 8—10]. The heavy rare-earth element
gadolinium boasts substantial solubility in solid magne-
sium (~24 wt.%) at temperatures near the eutectic point.
However, its solubility sharply decreases to 3.8 wt.%
when the temperature is reduced to 200 °C, leading
to significant strengthening during aging [10; 11]. The
use of these rare earth elements for strengthening mag-

nesium-based alloys and extending their service tem-
perature limit holds great promise.

Currently, several experimental alloys based on
the Mg—Gd—Y—Zn—Zr system are known [12—14].
However, these alloys typically contain a high Gd con-
tent, exceeding 8 wt.%. This high Gd content is a con-
sequence of the wide solubility range of gadolinium in
solid magnesium. Nevertheless, by incorporating oth-
er rare earth elements (REs) such as neodymium into
the alloy composition, it becomes possible to reduce the
solubility of Gd and Y in magnesium, thus minimizing
their presence in the alloy while achieving the desired
strengthening effect. The objective of this study was to
investigate a novel high-strength casting magnesium
alloy. This alloy contains a significant amount of gado-
linium as the primary alloying addition, alongside tra-
ditional neodymium and yttrium, which are common
components in commercial casting alloys. The study
focuses on the formation of the cast and heat-treated
microstructure and phase composition of this new mag-
nesium alloy [15], based on the Mg—Gd—Nd—Y—
Zn—Zr system. By harnessing both light (Nd, Y) and
heavy (Gd) rare earth elements, this alloy demonstrates
impressive strength properties at relatively low concen-
trations of Gd and Y. Additionally, the study assesses the
impact of these rare earth elements on the alloy’s cor-
rosion resistance and its susceptibility to ignition in air.

Materials and methods

The Mg—4.8Gd—2.INd—1.6Y—0.4Zn—0.6Zr (wWt.%)
alloy, designated as GEWZ522K, was prepared using
the following materials: industrial-grade magnesium
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(99.9 wt.% purity), zinc (99.975 wt.%), commercial
master alloys Mg—15Zr (SOMZ LLC, Solikamsk),
Mg—20Y, Mg—20Nd (Metagran PC, Moscow), and
a Mg—36Gd (wt.%) master alloy produced in-house.

The Mg—Gd master alloy was fabricated in a re-
sistance furnace using the flux free melting method.
Initially, industrial-grade magnesium of 99.95 wt.%
purity was placed in a clean steel crucible. After com-
plete melting of magnesium, bulk gadolinium 99.9 wt.%
purity was added to the melt. The melting process con-
tinued until the gadolinium was entirely dissolved. The
resulting melt was poured into the mold at a temperature
of 740 °C.

The alloy itself was prepared in a resistance furnace
also using the flux free melting method. Melting took
place in a PT 90/13 furnace (LAC, Czech Republic),
within a steel crucible, under the protection of a mix-
ture of argon and sulfur hexafluoride (SF¢) (2 vol.%).
The process began with loading industrial-grade mag-
nesium into a clean steel crucible, followed by the
addition of zinc, Mg—Zr, Mg—Nd, Mg—Gd, and
Mg—Y master alloys as the magnesium melted. After
the melt reached a temperature of 780 °C, it was tho-
roughly mixed using a steel tool. The total mass of the
molten alloy was 2 kg. Casting into molds occurred af-
ter a 15-minute hold in the furnace at a temperature of
760 °C. Subsequently, the crucible was removed from
the furnace, and the alloy was cast into both steel and
graphite molds once the melt temperature reached
a temperature of 740 °C. The mold temperature was
maintained at 25+2 °C. For microstructure analysis,
corrosion tests, and ignition tests, cylindrical ingots
35 mm in diameter and 150 mm in height were cast into
steel molds. To determine mechanical properties, the
ingots were cast into graphite molds. After undergoing
heat treatment, which included solution heat treatment
followed by quenching and artificial aging (T6 mode),
cylindrical proportional samples with a diameter of
5 mm (type 111, number 7 according to GOST 1497-84)
were cut from them. Details regarding the dimensions
of the graphite mold and the sample cutting process can
be found elsewhere [16].

The alloy’s microstructure and phase composition
were investigated using the Vega SBH3 scanning elec-
tron microscope (SEM) from Tescan (Czech Republic),
equipped with the Oxford energy-dispersive X-ray spec-
troscopy attachment. Additionally, an Axio Observer.
D1m optical microscope (Carl Zeiss, Germany) was
employed. An etchant solution comprising 11 g of picric
acid, 11 mL of acetic acid, and 100 mL of ethyl alcohol
was utilized to reveal the alloy’s structure. To assess the
chemical composition of the obtained alloys, energy dis-
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persive X-ray spectroscopy (EDS) was performed within
a Ix1 mm area.

Brinell hardness was determined using the NEME-
SIS 9001 universal hardness tester from INNOVATEST
(Netherlands). The testing parameters included a
2.5 mm ball diameter, a 62.5 kgf load (=613 N), and
a 10-second hold time under load. A minimum of
5 measurements were conducted for each specimen.

Tensile mechanical properties were studied using
the 5569 universal testing machine (Instron, USA),
equipped with a non-contact video extensometer of
AVE type (Instron, USA). Cylindrical samples with a
5 mm diameter (type I1I, No. 7 as per GOST 1497-84)
were machined from blanks. The ram speed was set
at 5 mm/min, and mechanical properties were deter-
mined based on at least 3 samples for each series of
measurements.

Electrical conductivity measurements were con-
ducted using the contact-free eddy current conductivity
meter VE-27NC/4-5 from Sigma SPE, Ekaterinburg,
with measurement limits of 5—37 MS/m. A minimum of
5 measurements were taken for each specimen.

Polythermal and isothermal sections of phase dia-
grams, the phase composition of alloys, and alloy soli-
dification according to the Scheil—Gulliver model were
calculated using Thermo-Calc 2016a software [17], with
the thermodynamic database TCMG4 (magnesium al-
loys database, version 4) being utilized [18].

For corrosion tests, samples in the form of appro-
ximately 12x12x12 mm cubes, with a surface area of
~9 cm?, were cut from the ingots after heat treatment
in the T6 mode. The corrosion rate was determined
using the volumetric method, based on the measure-
ment of the amount of hydrogen released during spec-
imens corrosion. Tests were conducted in a 3 wt.%
NaCl aqueous solution at room temperature for
48 h, using a minimum of 5 samples for each series.
The volume of the solution used was 500 mL. Before
immersion in the solution, the sample surfaces were
cleaned with P320 grit sandpaper and degreased with
ethyl alcohol. The amount of released hydrogen was
converted to the mass loss of the sample based on
the 1 mL H, = 1 mg Mg ratio [19], and the corrosion
rate was calculated in mm/year following the stan-
dard method [20].

To determine the ignition temperature, samples with
dimensions of 25x25x60 mm were prepared. Their
surfaces were cleaned using P320 grit paper. During
the tests, the alloy sample was placed in a sealed steel
crucible, and a constant airflow of 1 L/min, controlled
by a rotameter, was provided in the crucible space. The
crucible containing the sample was heated in a re-
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sistance furnace to the desired temperature (600, 625,
and 650 °C), with a subsequent 2-hour hold at that tem-
perature. Temperature readings were recorded using
the BTM-4208SD 12-channel temperature recorder
(Lutron, Israel).

Results and discussion

Figure 1 depicts the microstructure of the alloy in as
cast state. The predominant features include dendrites
of a magnesium-based solid solution, within which
precipitates of the second phase, formed through the
eutectic reaction, are situated. Additionally, within the
solid solution, distinct near spherical precipitates were
identified in the microstructure using optical mic-
roscopy after etching. These precipitates exhibit sig-
nificant contrast compared to the surrounding back-
ground when observed through SEM. To elucidate
the phase composition of the alloy, its solidification
behavior was analyzed by referencing the sections of
the multicomponent phase diagram within the alloy’s
existence region. These calculations were performed
using Thermo-Calc software. Zinc was not considered
in the calculation due to its minimal presence in the
alloy, which has an insignificant impact on the solidi-
fication process.

Figure 2 displays polythermal sections of the
phase diagram within the composition region of the
GEWZ522K alloy. It is evident that the equilibrium
solidification process of the alloy starts with the preci-

pitation of primary zirconium-based crystals from
the liquid at # ~ 820 °C. Thermo-Calc software cal-
culations have indicated that these crystals are nearly
pure zirconium. Subsequently, as the alloy tempera-
ture decreases to ¢ ~ 640 °C, the peritectic reaction
commences, leading to the complete transformation
of zirconium into a magnesium-based solid solution
(aMg). Upon further cooling to # ~ 520 °C, zirconium
precipitated once more from the supersaturated aMg,
forming its distinct phase. Consequently, the equilib-
rium effective freezing range of the alloy, excluding
the primary zirconium solidification region, spans ap-
proximately 120 °C. Additionally, as the temperature
decreases further, a compositionally variable phase,
Mg, RE; precipitates from aMg, primarily consisting
of a mixture of Nd and Y, with a minimal Gd con-
tent. Around ¢ ~ 300 °C, the formation of the gadoli-
nium-rich phase GdMgs becomes evident. Notably, an
increase in the Y content exceeding 2 wt.% and a de-
crease in the Nd content below 1.5 wt.% alter the soli-
dification path of the alloy, leading it into the realm of
forming the binary compound Mg,,Ys. Consequently,
it can be inferred that the GEWZ522K alloy may not
endure prolonged holding at = 300 °C or higher. At
such temperatures, the hardening gadolinium-based
particles dissolve into the Mg solid solution. There-
fore, the practical upper operating temperature limit
for this alloy is expected to be lower.

Figure 3 displays the isothermal sections of the mul-
ticomponent phase diagram for the Mg—2Nd—0.5Zn—

Fig. 1. Microstructure of the GEWZ522K alloy in the as-cast state

a — OM, etched; b — SEM

Puc. 1. Muxkpoctpykrypa cristaBa GEWZ522K B 1UTOM COCTOSIHUU

a — OM, tpaBieHo; b — COM
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Fig. 2. Polythermal sections of the (Wt.%) Mg—5Gd—2Nd—0.6Zr—Y (a) and Mg—5Gd—2Y—0.6Zr—Nd (b) phase diagrams
The dashed line shows the alloying components content in the GEWZ522K alloy

Puc. 2. [TonmutepMuyecKre CEYSHU ST TMarpaMMbl COCTOSTHUS A1 craBoB (Mac.%) Mg—5Gd—2Nd—0,6Zr-Y (a)
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[TyHKTHpHO¥ JIMHUEN MOKa3aHO COIepXKaHUE JIeTMpYolero KoMmrnoHeHra cruiaBa GEWZ522K

Gd, wt.%

t=20°C a

oMg + LPSO_14H + Mg, RE; +
+ Mg, Y + GdMg,

GEWZ522K

oMg + LPSO_14H + Mg, RE, + GdMg,

aMg + LPSO_14H + Mg, RE; + Mg,,Y,

aMg + LPSO_14H + Mg, RE,

Y, wt.%

Gd, wt.%

GEWZ522K

aMg + LPSO_14H

t=530°C

oMg + LPSO_18R

Y, wt%

Fig. 3. Isothermal sections of the (wt.%) Mg—2Nd—0.5Zn—Y—Gd phase diagram at 20 °C (a) and 530 °C (b)

Puc. 3. M3orepMuyeckue ceueHUsI AUarpaMMbl COCTOSTHMS ciiaBa (Mac.%) Mg—2Nd—0,5Zn—Y—-Gd
npu remmnepatypax 20 °C () u 530 °C (b)
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Y—Gd (wt.%) alloy at room temperature (20 °C) and at
530 °C, which is approximately 20 °C lower than the soli-
dus temperature of the alloy (as shown in Fig. 2). In this
calculation, zinc (0.5 %) was taken into account, and for
the sake of clarity, zirconium was omitted. Notably, at
t =530 °C, the alloy exhibits a nearly single-phase equi-
librium structure, with only a minimal presence of the
LPSO phase. Despite our investigation of the as cast al-
loy’s microstructure, the lamellar structure typically as-
sociated with LPSO was not observed. It is highly likely
that this structure is either entirely absent or present in
extremely low quantities.

Before proceeding with heat treatment, it is es-
sential to confirm that the alloy does not form low
melting point structural components or phases during
non-equilibrium solidification. To assess this, solid-
ification was calculated for the (wt.%) Mg—5.5Gd—
2.0Nd—2.0Y—0.4Zn—0.6Zr alloy. This calculation
employed slightly higher amounts of alloying elements
to ensure the detection of potential non-equilibrium
solidus temperature. As depicted in Fig. 4, the calcu-
lation employing the Scheil—Gulliver model reveals
a non-equilibrium solidus at # = 520 °C. Neverthe-
less, the quantity of non-equilibrium phases formed
at this temperature is negligible. To prevent the melt-
ing of the non-equilibrium eutectic, it is advisable
to gradually reach the heat treatment temperature of
530 °C, allowing sufficient time for the dissolution of
the non-equilibrium eutectic within aMg.

At room temperature, the alloy exhibits equilibrium
between the Mgy REs and GdMgs phases with the Mg
solid solution, possibly accompanied by a negligible
presence of LPSO. Consequently, the alloy possesses the
potential for heat treatment induced strengthening. This
can be achieved by solution heat treatment at a temper-
ature slightly below the solidus temperature, such as at
t =530 °C, followed by rapid quenching and subsequent
aging. During aging, hardening particles enriched with
REs are released, taking advantage of the known pro-
pensity of Gd alloys for artificial aging [10; 13]. Utilizing
the polythermal section of the phase diagram obtained
(refer to Fig. 2), it becomes possible to determine the
appropriate aging temperature for the alloy within the
temperature ranging from 200 to 250 °C. This tempe-
rature range corresponds to the region where hardening
particles containing REs will precipitate from the oMg
supersaturated solution. Furthermore, the selection of
the aging temperature took into consideration the an-
ticipated maximum operating temperature of the cast
component.

The alloy sample underwent a high-temperature so-
lid solution heat treatment at r = 530 °C for 8 h, fol-

t,°C
750
— 1
------ 2
700 -~
650 -
""""" S 1=520°C
600
550 4 L+ oaMg+ GdMg;
L+ aMg + Mg, RE; + GdMg;
L + oMg + Mg, RE; + LPSO + GdMg; i)
L+ oMg + Mg, RE; + LPSO + GdMg; + Mg,, Y
500 T T T 1 1

0 0.2 0.4 0.6
Mole fraction of solid phase

0.8 1.0

Fig. 4. Results of calculation of the solid phase

fraction dependence on temperature

for the Mg—5.5Gd—2.0Nd—2.0Y—0.4Zn—0.6Zr alloy

at non-equilibrium solidification as per the Schell—Gulliver
model (I) and for equilibrium solidification conditions (2)

Puc. 4. Pe3ynbrarhsl pacyeTa 3aBUCUMOCTH KOJTMYECTBA
TBepaoit hasbl OT TeMIepaTyphl IJst crijiaBa (Mac.%)
Mg—5,5Gd—2,0Nd—2,0Y-0,4Zn—0,6Zr

MpY HEPaBHOBECHOW KpUCTAIIU3ALIUYN

no moaenu lleitna—I'ynnusepa (1)

U 17151 PABHOBECHBIX YCJIOBU I KpUCTaIu3auu (2)

lowed by quenching in hot water and subsequent aging
at temperatures of ¢t = 200 and 250 °C. The duration
of the high-temperature solid solution heat treatment
was determined based on the microstructure of the
samples. Sufficient time was allowed for the dissolu-
tion of all eutectic intermetallic phases situated at the
boundaries of Mg dendrites. Figure 5 illustrates the
resulting structure of the alloy after heat treatment,
including solution heat treatment at ¢ = 530 °C for
8 hours with water quenching, followed by aging at
t = 250 °C for 9 h. Notably, all intermetallic phases
present in the as cast structure along the «Mg dendrite
boundaries have completely dissolved. Compact inclu-
sions of the zirconium phase can be observed within
the Mg grains. Consequently, the alloy structure after
heat treatment can be deemed single-phase. However,
upon closer examination, micro-particles of the har-
dening phase can be observed, which formed as a result
of the decomposition of the «Mg supersaturated solid
solution during aging (Fig. 5, b). The largest and most
distinct particles are prominently distributed around
the zirconium inclusions.
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The selection of the aging regime for the GEWZ522K
alloy was based on the aim of achieving high mechani-
cal properties after aging. During the aging process of
alloys containing Gd and Y, hardening precipitates are
sequentially formed as the aMg supersaturated solid
solution decomposes. This progression includes stages
such as Mg supersaturated solid solution — metasta-
ble B” (D019) — metastable }* (cbco — base-centered
orthorhombic lattice) — metastable B; (fcc — face cen-
tered cubic lattice) — stable B (fcc) [21; 22]. Importantly,
the most significant hardening is accomplished by par-
ticles whose crystal lattice exhibits coherence or partial
coherence with the lattice of the Mg magnesium so-
lid solution. Therefore, the maximum hardening occurs
when the highest number of such particles is released.
Since these particles are metastable, they gradually tran-
sition to a stable form and the hardening effect dimi-
nishes over time, a phenomenon known as the overaging
effect. To determine the necessary aging duration for the
alloy, samples after quenching were subjected to regu-
lar hardness measurements while being kept at the aging
temperature. Hardness is directly related to the strength
of the magnesium alloy: higher hardness corresponds to
greater alloy strength. Consequently, the point at which
maximum hardness is attained signifies optimal alloy
hardening, and the time required to reach this hardness
level represents the ideal aging duration at the given tem-
perature.

Figure 6 illustrates the relationship between the
hardness of the solution heat treated alloy and ag-
ing time at temperatures of 1 = 200 and 250 °C, with
measurements conducted at 3-hour intervals. The
results indicate that at ¢t = 250 °C, maximum hard-
ness is achieved after approximately 8 to 10 h of
aging, with a decrease in hardness observed after T =
= 12 h. In the case of aging at r = 200 °C, maximum
hardness is reached during a holding period of T =
= 15+18 h. These values for aging duration can be
considered optimal for this alloy. The gradual precipi-
tation in the supersaturated solid solution through-
out the alloy aging process leads to a reduction in the
concentration of alloying component atoms in mag-
nesium. Consequently, this results in an increase in
the electrical conductivity of the alloys during aging.
Therefore, the change in electrical conductivity effec-
tively correlates with the alteration in sample hardness
during heat treatment and can serve as an additional
indicator of the progress of the alloy aging process.

Tensile tests were conducted on the alloy after heat
treatment, as depicted in Fig. 7. The results clearly
demonstrate the alloy’s impressive mechanical proper-
ties when compared to casting alloys commonly utilized
in the native industry (according to GOST 2856-79).
Regardless of the heat treatment process, the ultimate
tensile strength (UTS) of the alloy consistently exceeded
300 MPa. Specifically, for the alloy aged at r = 250 °C,

Fig. 5. Microstructure of the alloy after heat treatment (after solid solution treatment at # = 530 °C for 8 h with quenching,

followed by aging at r =250 °C for 9 h)
a — OM, etched; b — SEM

Puc. 5. MukpocTpyKTypa ciijiaBa Imocjie TepMuueckoil 06paboTKM (3aKajKa IocJie OTKKMIa Ha TBEPAbI pacTBOP
npu = 530 °C B TeyeHue § 4 ¢ nmocieayoimum crapeHuem npu ¢ = 250 °C B TeyeHue 9 u)

a — OM, tpaBneHo; b — COM
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Fig. 6. Changes in hardness (a) and electrical conductivity (b) of the alloy during aging at t =200 °C () and 250 °C (2)

The values for the as-cast state are given for comparison (3)

Puc. 6. i3amenenue TBepaoctu (a) 1 asekTporpoBogHocTH (b) crinasa B mportiecce ctapenus mpu ¢ = 200 °C (1) u 250 °C (2)

J171s1 cpaBHEHUSI JaHbl 3HAUEHUSI [U1sI IUTOTO COCTOsIHUS (3)

UTS = 325£11 MPa, at =200 °C, UTS = 324+4 MPa.
These results are notable for magnesium alloys, surpass-
ing the performance standards set by GOST 2856-79.
The yield strength of the alloy after heat treatment
also remained high, with values of 227£6.5 MPa and
185+21 MPa observed for alloys subjected to aging at
t=250and 200 °C, respectively. In terms of elongation
at fraction (El), the studied samples that underwent ag-
ing at r = 250 and 200 °C exhibited values of 4.7+1.6 %
and 3.3£0.4%, respectively. Consequently, the alloy
aged at r = 250 °C achieved the most favorable me-
chanical properties. It is worth noting that aging at t =
= 200 °C did not yield similarly high mechanical pro-
perties within a reasonable time frame. The relative-
ly wide confidence limits observed for the El values
of the studied alloys are attributed to the presence of
oxide films, primarily comprised of Y and Gd. These
films serve to protect the alloy from atmospheric con-
tact and may also be introduced into the melt, ulti-
mately remaining in the casting. This factor should be
considered when developing production technologies,
particularly when employing fluxfree melting methods
that omit fluxes for melt treatment.

The study evaluating the corrosion behavior of the
alloy in a NaCl solution was conducted to assess the
corrosion resistance of this new material. Five sam-
ples were tested under identical conditions. As shown
in Fig. 8, a, the samples exhibited very similar behavior
during the tests. The calculated corrosion rate for the

Strength, MPa El, %
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Fig. 7. Mechanical properties of the alloy after heat treatment

1 — solid solution treatment at 530 °C for 8 h + quenching + aging at
250 °C for 9 h; 2 — solid solution treatment at 530 °C for 8§ h +
+ quenching + aging at 200 °C for 16 h

Puc. 7. MexaHnuueckue CBOMCTBa CIljlaBa

rnocJjie TepMruIeCckoit 00paboTku

1 — orxur Ha TBepablit pactBop (530 °C, 8 u) + 3akanka +

+ crapenue (250 °C, 9 1); 2 — oxur Ha TBepbIit pactBop (530 °C, 8 u) +
+ 3akanka + crapenue (200 °C, 16 1)

GEWZ522K alloy was determined to be 7.5£0.4 mm/
year, which is higher than that of the commercial alloy
MLI10 (approximately 2.5 mm/year) under similar test
conditions [23]. This difference in corrosion rates may
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be attributed to the abundance of hardening particles
released within the magnesium solid solution during
the aging process, which act as cathodes in relation to
it. Consequently, numerous microgalvanic pairs are
formed, intensifying galvanic corrosion [23; 24]. In
Fig. 8, b, the cross-section of a sample after corrosion
tests is presented. It can be observed that the most sig-
nificant areas of corrosion damage in the alloy are lo-
cated in regions where intermetallic phases and zirco-
nium precipitates (indicated by white dots) accumulate.
This suggests that their presence in the alloy structure
exacerbates corrosion. Notably, the MLI0 commer-
cial alloy contains up to 2.8 wt.% of Nd, whereas the
studied GEWZ522K alloy contains a sum of 8.5 wt.%
REs. This threefold increase in the total RE content in
the studied alloy led to a corresponding threefold in-
crease in the corrosion rate compared to the ML10 al-
loy. This observation confirms the notion of an almost
linear correlation between the galvanic corrosion rate of
heat-treated alloys with REs and Zr and the total con-
tent of REs and Zr [23]. Consequently, an increase in
the corrosion rate in RE-rich alloys is an unavoidable
trade-off for enhancing the alloy’s mechanical pro-
perties. The introduction of elements that form a more
robust layer of corrosion products on the alloy’s surface
in corrosive environments could potentially reduce the
corrosion rate, but further research is necessary to ex-
plore this avenue.
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The propensity of the cast magnesium alloy to ig-
nite in the presence of air is of paramount importance.
The addition of yttrium and gadolinium was expected
to raise the ignition temperature of the alloy under ex-
amination. Flammability tests were conducted on the
alloy samples. The methodology employed in this study
allowed for some degree of simulation of actual con-
ditions in which magnesium parts might ignite, as the
alloy samples were consistently exposed to air blowing
over their surface. The results indicated that the alloy
resisted ignition until it reached complete melting, at
which point the surface oxide film broke. As shown in
Fig. 9, under the conditions of sample heating to a tem-
perature of 625 °C, isolated ignition centers appeared,
accompanied by significant deviations in the tempera-
ture curve, indicating substantial heat release. This be-
havior stemmed from variations in the geometry of the
samples and the disruption of the protective oxide film
on their surface. The presence of yttrium and gadolini-
um in the alloy led to the formation of a relatively dense
surface oxide film that protected the alloy from oxida-
tion [25; 26]. When the samples melted and underwent
changes in geometry, the existing oxide film on the
alloy’s surface lost continuity and failed to regenerate
under the experimental conditions, resulting in the
emergence of ignition centers. Therefore, it can be con-
cluded that the alloy demonstrates notable resistance to
ignition, at least until complete melting occurs.

oaM
A = Corrosion products
Oxide film
A~
500 um

Fig. 8. Dependence of hydrogen evolution on the corrosion test time of alloy samples in 3 wt.% NaCl aqueous solution at room
temperature for 48 h (the dashed line shows the averaged dependence) (a) and cross-section of the sample after corrosion tests (b)

Puc. 8. 3aBUCHMMOCTD BblJI€JIEHU S BOAOPOIA OT BpEMEHU KOPPO3MOHHBIX UCITBITAHU I 00pa31Li0B CcIlJlaBa B BOAHOM PacTBOpe
3 mac.% NaCl npu KOMHATHOI TeMIlepaType B TedeHue 48 4 (I TpuxoBasi JTMHMS — YCpelHeHHast 3aBUCUMOCTb) (a)
M MoTiepevyHoe ceueHue oopasiia mocjie KOppo3ruOHHbBIX UCTIbITAaHU (b)
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Fig. 9. Ignition test for the GEWZ522K alloy in air
at =600 °C (1), 625 °C (2), 650 °C (3)

Puc. 9. Vicnieitanue Ha Bosropanue aist criaBa GEWZ522K
Ha Bozayxe rnpu = 600 °C (1), 625 °C (2), 650 °C (3)

Conclusions

1. The structure of the GEWZ522K casting al-
loy comprises ooMg-based solid solution dendrites and
eutectic intermetallic phases situated between these
dendritic branches. Furthermore, the alloy’s structure
features small zirconium precipitates formed as soon
as the alloy’s temperature drops below the liquidus. Si-
multaneously, the alloy exhibits an equilibrium freezing
range of approximately 120 °C, which is shorter than
that of most commercial casting magnesium alloys as
per GOST 2856-79. The alloy’s structure includes two
types of intermetallics containing rare earth elements
(REs): Mgy REs, primarily composed of a mixture of
Nd and Y, and GdMgs, which predominantly contains
gadolinium.

2. The optimal solution heat treatment temper-
ature for the alloy to reach single phase structure
has been determined as 530%5 °C. At this tempera-
ture, nearly all phases except Zr completely dissolve
in oMg. The duration of solution heat treatment de-
pends on the thickness of the casting and typically lasts
around 8—10 h. Subsequent to quenching, the alloy
can undergo aging, during which metastable and sta-
ble hardening particles containing REs are formed.
However, calculations for a completely non-equilibri-
um solidification, following the Scheil—Gulliver mo-
del, suggest a non-equilibrium solidus temperature of

520 °C. This should be taken into consideration when
designing the heat treatment regime to prevent melting
of the non-equilibrium eutectic.

3. The alloy experiences significant strengthen-
ing through heat treatment in the T6 mode. The best
strengthening results are achieved at an aging tempera-
ture of 250 °C. Under these conditions, the alloy exhibits
a high yield strength of YS = 227£6.5 MPa, with a elon-
gation at fracture of E1 = 4.7£1.6 %. The tensile strength
of the alloy remains around UTS ~ 325 MPa, regard-
less of the aging temperature. The alloy’s hardness after
aging is approximately 110 HB.

4. Post-heat treatment, the alloy’s structure is pri-
marily single-phase, representing a solid solution with
microscopic strengthening particles formed through
aging. Clusters of such particles, which are larger in
size, are notably observed around the primary Zr crys-
tals. The LPSO phase, predicted by calculations, has not
been detected in significant quantities within the alloy
structure.

5. The corrosion rate of the alloy post-heat treatment
exceeds that of the commercial MLI10 alloy, produced
and tested under similar conditions. This difference is
attributed to the threefold increase in the total RE con-
tent in the studied alloy compared to ML10, resulting in
a larger number of cathode particles formed during alloy
aging and exhibiting a greater total surface area. These
particles form microgalvanic pairs with the magnesi-
um-based solid solution, leading to galvanic corrosion
in the electrolyte medium.

6. Under continuous air exposure to the specimen’s
surface, ignition centers emerge at temperatures of 7 =
= 625 °C. In this scenario, yttrium and gadolinium
within the alloy are consumed in the formation of a
dense oxide film on the metal surface.
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Influence of various titanium-containing additives
on the modification efficiency

of aluminum—silicon eutectic alloy

A.D. Shlyaptseva, I.A. Petrov, A.P. Ryakhovskiy

Moscow Aviation Institute (National Research University)
4 Volokolamskoe Highway, Moscow, 125993, Russia

P4 Anastasiya D. Shlyaptseva (shlyaptsevaad@mai.ru)

Abstract: This study investigates the impact of titanium addition to the eutectic silumin AK12 melt, considering various methods of addition.
The research results encompass the sole introduction of titanium (at a calculated amount of 0.1 wt.%) through different forms/methods, such as
the Al1—4%Ti ligature, TiO, oxide, K, TiFg salt, and Ti sponge. Additionally, the study explores the combined addition of titanium and a standard
flux (comprising 62.5 % NaCl + 12.5 % KCI1 + 25 % NaF). The research involved qualitative and quantitative analyses of macro- and micro-
structures, spectral analysis data, and mechanical properties (tensile strength and relative elongation) of the alloys. The findings highlight that
titanium has a positive influence on the structure of eutectic silumin, with the most effective results achieved when combined with the standard
flux. However, the efficiency of silumin modification with titanium varies depending on the method of addition. Specifically, the introduction
of titanium in the form of K, TiF fluoride salt, Al-4%Ti ligature, and titanium sponge positively affected macro grain refinement, reduced the
spacing between the secondary dendrite arms of the solid solution (a.-Al), and enhanced the dispersion of eutectic silicon. The most promising
approach for complex silumin modification involves the joint introduction of titanium-containing substances and a sodium salt-based flux. This
combination has a multifaceted impact on the silumin structure, leading to the simultaneous modification of various structural components in
aluminum-—silicon alloys. Depending on the type of titanium-containing substance, when processed alongside flux, the alloy achieves a relative
elongation ranging from 9.7 % to 11.1 %, exceeding the same parameter for the unmodified alloy by more than 4 times and surpassing the sodi-
um-modified alloy's relative elongation by 17—37 %. Furthermore, the ultimate strength reaches levels of 171—193 M Pa, representing a 22—38 %
improvement compared to the unmodified alloy and a 721 % increase compared to the sodium-modified alloy.

Keywords: cast aluminum alloys, titanium, sodium, complex modification, eutectic silicon, solid solution, macro- and microstructure, spectral
analysis.

For citation: Shlyaptseva A.D., Petrov I.A., Ryakhovskiy A.P. Influence of various titanium-containing additives on the modification efficiency
of aluminum-—silicon eutectic alloy. Izvestiya. Non-Ferrous Metallurgy. 2023;29(5):47—56. https://doi.org/10.17073/0021-3438-2023-5-47-56

Bausinue pa3anyHbIX THTAHCOJAEPKAIMMNX J00aBOK
HA 3P (PEeKTUBHOCTb MOAU(DPUIMPOBAHUS
3BTEKTHYECKOI0 CIIABA CUCTEMbI ATIOMUHUA—KPEMHUH

AJL. Ilnganuesa, U.A. Ilerpos, A.Il. PaxoBckuii

MocKOBCKHiT ABUAIMOHHBI MHCTUTYT (HAIMOHAJIbHDII HCCJIEI0BATENbCKHIl YHUBEPCHTET)
125993, Poccus, r. MockBa, Bonokonamckoe mocce, 4

>4 Anacracus Imutpuesna Llnanuesa (shlyaptsevaad@mai.ru)

AnHorauus: M3yueHo BIMsIHME TUTaHA, B 3aBUCUMOCTH OT CMIOC00a ero BBOAA B pacrijiaB, Ha CTPYKTYPY U MEXaHMYECKUE CBOWCTBA 3B-
TekTraeckoro cunymuua AK12. [puBeneHbl pe3yibTaThl UCCIEAOBAHMI KaK MTPU ONMHOYHOM BBEICHU Y TUTaHA (pacueTHOE COepXKaHWe
Ti — 0,1 mac.%) paznuuHbiMu cioco6amu (uratypoit Al—4%Ti, okcunom TiO,, conbio K, TiFg, Ti-ry6Koit), Tak ¥ py COBMECTHbBIX 10-
6aBKax TUTaHa U cTaHgapTHOro durroca (62,5 % NaCl + 12,5 % KCI1 + 25 % NaF). MccnenoBaHus OCyIIECTBISLIN ITYTEM Ka4eCTBEHHOTO
U KOJIMYECTBEHHOT0 aHaIn3a MaKpo- 1 MUKPOCTPYKTYP CIJIABOB, JAHHBIX CIIEKTPATbHOTO aHATN3a U MEXaHUUECKUX CBOMCTB (mpeeia

© 2023 1. A.D. Shlyaptseva, I.A. Petrov, A.P. Ryakhovskiy
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MPOYHOCTHU Ha Pa3pbiB U OTHOCUTEJIBHOIO YAJIMHEHUsI). YCTAHOBJIEHO, YTO TUTAH OKa3blBaeT BJAUSIHUE HA CTPYKTYPY IBTEKTUUECKOTO
cuiyMuHa U Hanbosee d3h(GeKTUBEH MPU COBMECTHOM BBEACHUM CO CTaHAAPTHBIM (iatocoMm. [Ipu atom 3cddbekTuBHOCTH MOaUDULIN-
pOBaHUsI CUJIYMHUHOB TUTAHOM 3aBUCHUT OT CIocoba ero BBona B pacijaB. OTMeueHO MOJIOXKUTETbHOE BIUSHUE TUTAHA, BBEICHHOTO C
nomouibio propucroii conu K,TiFg, nuraryper Al—4%Ti u TuTaHOBO# r'yOKH, HAa U3MEJIbYEHME MaKPO3EPHA, YMEHBIIEHUE PACCTOSHUS
MeXIy BeTBSIMU JICHAPUTOB BTOPOTO MOPSITKA TBEPAOro pacTBopa (o-Al), a TakXe Ha TUCIEPTUPOBAHUE IBTEKTUUECKOTO KPEMHUS.
Haubosee nepcrneKTUBHBIM CIIOCOOOM KOMIJIEKCHOTO MOAU(ULIMPOBAHUS CUJIYMUHOB SIBJSIETCSI COBMECTHOE BBEIEHUE TUTAHCOIEP-
JKallnX BelecTB 1 hJioca Ha OCHOBE coJieil HaTpusi. Takue cOCTaBbl OKa3bIBalOT KOMILJIEKCHOE BIUSIHUE Ha CTPYKTYPY CUIyMUHA, 3a-
KJIoYalomeecs: B OMHOBPEMEHHOM MOIMMUIIMPOBAHUY PA3TIMIHBIX CTPYKTYPHBIX COCTABISIONINX aTIOMUHUEBO-KPEMHUEBBIX CIIJIABOB.
B 3aBucuMMOCTHU OT BuJa TUTAHCOAEPXKALIETO BEIIECTBA IPU COBMECTHOI 00paboTKe ¢ (PII0COM OTHOCUTENbHOE yAJIMHEHUE CIlJIaBa 10-
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Introduction

Aluminum—silicon alloys find widespread appli-
cations in various industries such as aircraft and auto-
motive due to their suitability for producing intricate
castings. Their excellent casting properties enable the
creation of complex, thin-walled, and impermeable
castings. However, a disadvantage of these silumin al-
loys is their relatively low mechanical properties in sand
casting, primarily attributed to the development of a
coarse microstructure in the alloy. It is worth noting that
Al-Si cast alloys are typically used for sand casting only
in a modified form [1; 2].

In order to enhance modification, surfactants like
sodium and strontium are introduced into the melt of
pre-eutectic and eutectic silumins [1; 2]. These mo-
difying additives have the effect of refining eutectic si-
licon particles, causing them to adopt a globular shape
during crystallization. Consequently, the mechanical
properties of the alloy, especially its relative elongation,
improve.

For refining the grains in the solid aluminum-based
(o-Al) solution, crystal-nucleating elements such as
Ti, Zr, and Sc are added to the melt of deformable and
foundry aluminum alloys, including silumins [1; 3; 4].
Notably, the efficiency of grain refinement in defor-
mable alloys differs from that in pre-eutectic silumins.
This discrepancy is due to the known fact that increased
silicon content in the alloy reduces the degree of grain
refinement [5].

Among the various modifiers for o-Al in alumi-
num-based alloys, titanium is recognized as one of the
most effective, particularly for pre-eutectic alloys with
silicon content less than 7 % [1]. When introduced into
the melt in the range of 0.05—0.15 %, titanium leads to
the formation of additional TiAl; crystallization centers
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resulting in the refinement of o.-Al solid solution grains
and significant improvements in the casting and me-
chanical properties of the alloys [1; 6].

However, the existing scientific and technical lite-
rature provides contradictory information regarding
the modifying impact of titanium (up to 0.2 wt.%) on
pre-cutectic (containing more than 7 % Si) and eutectic
silumins. It is generally believed that the modification
of such alloys with titanium should not yield significant
structural refinement, as titanium primarily modifies
a-Al dendrites, while the key structural component de-
termining the complex mechanical properties of silu-
mins is the silicon eutectic [7; §8].

Moreover, as demonstrated in [3; 9—11], a substan-
tial amount of silicon (7—13 wt.%) diminishes the grain
refinement efficacy of titanium-modified casting Al—Si
alloys. This phenomenon can be explained by the for-
mation and growth of TiAlSi intermetallides, such as
(ALSi);Ti and (ALSi), Ti, in the melt. Consequently, the
number of TiAl; particles, which act as crystallization
centers, decreases.

Nonetheless, there is a discernible beneficial im-
pact of titanium on the structure of both pre- and
eutectic silumins, as documented in [12—17]. For in-
stance, in [12], the influence of titanium introduced
through the A1—5Ti alloy on the structure and me-
chanical properties of the A1—10%Si alloy was investi-
gated. The study revealed that the addition of 0.5 wt.%
Al—5Ti contributes to the refinement of dendrites
(o-Al) and leads to a maximum increase in the solid
solution fraction across thin sections. Consequently,
the tensile strength and relative elongation of the alloy
increase by 9 % and 49 %, respectively, compared to
the unmodified alloy.
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In [13; 14], the favorable impact of titanium intro-
duced via A1—10%Ti and A1—5%Ti—1%B alloys, com-
bined with strontium, on grain (c.-Al) refinement in the
Al—7%Si—Mg alloy was demonstrated. Comprehensive
treatment of the melt with titanium and strontium am-
plifies the degree of refinement of eutectic silicon par-
ticles compared to using Sr alone. As described in [2],
this effect arises because the silicon eutectic undergoes
a modified transformation; being a solidified phase, it
crystallizes within the restricted space between dendrite
arms, and the spacing between them decreases under the
influence of the modifier (titanium).

Titanium also synergizes effectively with eutectic si-
licon modifiers like sodium [17], strontium [13; 14; 18],
barium [19; 20], and more. Consequently, titanium-con-
taining additives, such as the K,TiF salt and titanium
dioxide TiO, are components of certain complex mo-
difying fluxes for silumins, exerting influence on various
structural components of the alloys [19; 20].

The objective of the research was to examine the im-
pact of titanium on the structure and properties of eutec-
tic silumin, contingent on the method of its introduction
into the melt. Various introduction methods were stud-
ied, including the use of the AI—4%Ti alloy; titanium
sponge; K,TiF salt; and titanium dioxide TiO,. Addi-
tionally, we investigated the effects of titanium-contain-
ing additives when introduced in combination with a
standard flux for modifying the eutectic in silumins with
the following composition, %: 62.5NaCl + 12.5KCI +
+ 25NakF.

Materials and methods of research

Silumin of eutectic composition AK12, whose che-
mical composition was as follows (wt.%) according to
the spectral analysis data, was chosen as a model alloy:

Al Base [ 5 SO 0.0031
) 11.53 n ... 0.0092
(O} RN 0.0021 |\Y [ IR 0.0026
Mg 0.0006 Fe o 0.358
Mn...... 0.0026

Titanium-containing additives were utilized for the
modification of silumins. These additives included the
following: titanium dioxide TiO, (TU 6-10-1356-73),
the Al1—4%Ti ligature (GOST 11739.20-99), the K, TiFg
salt (TU 20.13.62-023-69886968-2017), titanium sponge
of TG-90 grade (GOST 17746-79), as well as stand-
ard flux 62.5 % NaCl (GOST 4233-77) + 12.5 % KCl
(GOST 4568-95) + 25 % NaF (GOST 4463-76) [21].

The quantity of introduced Ti additives was determined
based on a calculation aiming for a titanium content
of 0.1 wt.%. When introducing titanium sponge, an al-
lowance of 5 % for carbon monoxide was considered,
and the standard flux was added at a rate of 1.5 % of the
melting mass.

Before melting, fluoride and chloride salts (NaF,
KCl, NaCl, K,TiFg) and titanium dioxide powder un-
derwent a drying process at # = 150+200 °C for 2 h to
eliminate moisture.

Experimental melting was conducted within an elec-
tric resistance furnace, and each experiment was re-
peated 3 times.

The treatment of the melt with the A1—4%Ti ligature
and titanium sponge occurred at = 740 and 800 °C, re-
spectively. After mixing, dissolution, and holding, the
melt underwent degassing with argon.

Complex treatment involving the Al—4%Ti ligature
and standard flux, as well as with titanium sponge and
standard flux, was performed sequentially. Initially, the
melt was treated with the ligature at r = 740 °C, and the
sponge applied at £ = 800 °C. Afte mixing and holding,
standard flux was introduced at # = 740 °C.

When the melt was treated with the K, TiFg salt, stand-
ard flux and titanium dioxide TiO,, the melt was pre-de-
gassed with argon, and then additives were poured on the
melt surface at = 750, 740 and 780 °C, respectively.

Complex treatment involving standard flux and the
K,TiFg salt was executed sequentially. First, the melt
was treated with standard flux at r = 740 °C, and then,
after mixing and holding, the K,TiFg salt was intro-
duced at # = 750 °C. Complex treatment with titanium
dioxide and standard flux was performed concurrently
at =780 °C.

After the treatment with additives, the melt was al-
lowed to stand for 15 min, and slag was removed from
the surface. Samples for mechanical tests were cast into
a sand—clay mold at =710 °C.

The determination of mechanical properties (tensile
strength and relative elongation) was conducted using
the Instron 5982 testing system (USA).

For the evaluation of the macro- and microstructure
of the AK12 alloy samples, thin sections were prepared
according using established methods. Thin macro sec-
tions were etched with the 10 % copper chloride solution
and clarified in concentrated nitric acid.

Micrographical investigations were carried out
using an all-purpose Olympus GX51 research micro-
scope (Olympus Corp., Japan) equipped with the Image-
Pro image analyzer (Instron, USA).

The dispersion capacity of the eutectic was assessed
by measuring the average length of silicon particles
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within (751)- The average grain size (d) was determined
using the random secant method, calculated as the ratio
of the secant length to the number of secant intersections
with grain boundaries. In order to analyze the distribu-
tion of solid solution dendrites across the thin section
area, the secondary dendrite arm spacing (SDAS) was
determined (Xz) [22]. In order to ensure the accuracy of
the analysis, a minimum of 50 measurements were con-
ducted, and the resulting values were averaged. Statisti-
cal analysis of the research results for both the average
length of silicon particles and the average grain size was
carried out using Statistica 10 software.

The chemical (elementary) composition of the tested
samples was examined utilizing a Q4 TASMAN-170
spark optical emission spectrometer (Bruker Quantron
GmbH, Germany).

Results and discussion

The research results demonstrate that the introduc-
tion of titanium through titanium-containing additives
significantly impacts the properties and structure of the
AKI12 alloy (Fig. 1).

An enhancement in the mechanical properties of the
alloy and the refinement of its structural components are
observed with the introduction of all compounds, except
when titanium dioxide is introduced alone, and no tita-
nium transition into the alloy occurs (Fig. 1, e).

For single introductions of titanium sponge, liga-
ture, and salt, there is a noticeable increase in mechan-
ical properties compared to the initial alloy: the relative
elongation (8) increases by 2.5, 2.2 and 3.1 times, re-
spectively, while the ultimate strength (o) increases by
24,19, and 25 %, respectively.

Based on the spectral analysis data (Fig. 1, ¢), it is
evident that when each of the considered titanium-con-
taining additives is used, a high degree of assimilation of
the modifying element by the melt occurs: the titanium
yield from the ligature is 100 %, and the yield from the
salt and sponge is 80 %.

The improvement in the mechanical properties of
the alloy is a result of structural modification. According
to qualitative (Fig. 2) and quantitative (Fig. 1, d—f)
structural analysis data, the modification of the AK12
alloy through titanium-containing additives primarily
leads to a reduction in the spacing between the secondary
dendrite arms (Xz) of the aluminum-based (o-Al) solid
solution (Fig. 1, e).

As a consequence of this modification, the dendrites
acquire a more compact morphology. Compared to
the original alloy, Xz decreases by a factor of 1.5—2.0
(Fig. 2, ¢2, d2, e2). Titanium also promotes macro-grain
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refinement, resulting in a reduction of more than 5 times
(Fig. 1, d; Fig. 2, ¢3, d3, e3).

Nonetheless, titanium introduced via the ligature,
titanium sponge, and K, TiFg salt not only influences the
solid solution (o-Al) dendrites and macro-grain but also
leads to a reduction in the average size of silicon within
the eutectic (Fig. 2, cl, d1, el). Compared to the original
alloy, the average silicon size is reduced by a factor of
1.5, 2.5, and 3.5, respectively (Fig. 1, f). Modification
with titanium-containing substances refines the o-Al
dendrites, narrows the inter-dendrite spacing, and
subdivides the eutectic into micro-volumes situated
within the inter-arm spaces. The eutectic solidifies
within a more confined space between dendrite arms,
and the silicon refinement occurs due to the restriction of
its growth within these micro-volumes. This hypothesis
aligns with findings in [23; 24].

The K,TiFg salt plays a significant role in refining
the eutectic compared to other titanium-containing
additives. Itispresumed that thisheightened effectiveness
is due to the additional influence of potassium, which is
present in the salt and acts as a eutectic surfactant [25].
The additional impact of the sponge on the refinement of
eutectic silicon is likely a result of the extended holding
time of the alloy (>30 min) at elevated temperatures
(>780 °C) [26].

In order to investigate the combined effect of
titanium addition, it was introduced simultaneously
with a sodium and potassium salt-based flux. The
standard Na-containing flux is commonly used for
eutectic modification in silumins [1; 2]. According to
the adsorption theory of modification, sodium, as a
surfactant, adsorbs onto the surface of growing silicon
crystals, slowing their growth. This process leads to the
formation of a finely modified structure within the alloy
under supercooled conditions.

The relative elongation of the AK12 alloy, modified
with the Na-containing flux, exceeds that of all
previously studied titanium-containing additives,
reaching a value of 8.1 %, which is 3 times higher than
without modification. The flux has a modifying effect
on eutectic silicon (Fig. 3, al) but does not influence the
SDAS and macro grain diameter (Fig. 3, a2, a3).

The concurrent introduction of flux and titanium-
containing additives, such as titanium dioxide TiO,,
ligature, and K,TiFg salt, results in an even more
significant improvement in properties. In comparison
to treatment with sodium-containing flux, & was found
to be higher by 36 %, 37 %, and 20 %, and G, by 10 %,
7 %, and 21 %, respectively. The combination of titanium
sponge with flux also enhances properties but to a lesser
extent, with d being higher by 17 % and G, by 7.5 %.
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The increased mechanical properties of the alloy
are attributed to the structural refinement, especially
of the dendrites of the solid solution (a-Al) (Fig. 3, b2,
c2, d2, e2), and the macrostructure (Fig. 3, b3, c3,
d3, e3). Consequently, the addition of titanium-con-
taining additives to the flux has minimal impact on

3, %
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Ti, wt.%
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0.15-
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Ay pm
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the degree of eutectic silicon refinement (Fig. 3, b1, cl,
dl, el). When modified with sodium and titanium, as
well as sodium alone, the eutectic silicon takes on a
globular, highly refined form (compared to the original
alloy, the average length of silicon particles decreases
by 10—20 times). The inclusion of Ti-containing
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Fig. 1. The influence of different titanium introduction methods on the mechanical properties and structural parameters

of the AK12 alloy

a — relative elongation; b — tensile strength; ¢ — titanium content in the alloy according to spectral analysis data;

d — average diameter of the macro grain; e — average secondary dendrite arm spacing; f— average length of eutectic silicon particles
Puc. 1. BiusgHue crioco60B BBOa TUTAaHA HA MEXaHMYECKME CBOMCTBA U TTapaMeTPhI CTPYKTYphI criytaBa AK12

@ — OTHOCUTECJIbHOC Y/IJTMHCHUE, b— Npeacja NMpoOYHOCTU Ha pa3pbiB; ¢ — COACPKAHUEC TUTaHaA B CILJIaBE, MO IaHHBIM CIICKTPAJIbHOTO aHaJIn3a,
d— CPeIHUI JUaMeTp MaKpPO3€PHA; € — CPEHEE PACCTOSIHUE MEXIY JEHIPUTHBIMUA OCSIMU BTOPOTO HOpH,I[Ka;f— CpeaHAA ITMHA YaCTUILL
OBTEKTUYECCKOIo KPEMHUsI
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Fig. 2. The influence of different
titanium introduction methods
on the micro- and macrostructure
of the AK12 alloy

al—a3 — initial alloy;

b1—b3 — treated with titanium

dioxide TiO,;

cl—c3 — treated with ligature;

dI1—d3 — treated with sponge;

el—e3 — treated with K, TiFg salt

Puc. 2. Biusaue cnoco6os
BBOJA TUTAHA Ha MUKPO-

1 MaKpPOCTPYKTYPY

cruaBa AK12

al—a3 — VCXOMHBIN CIUIAB;

bI1—b3 — o6pabOTaHHBII AMOKCUIOM
tutaHa TiOy;

c¢I—c3 — nurarypoii;

d1—d3 — ryokoii;

el—e3 — conbio K, TiFg
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e e
b A

Fig. 3. The influence of different
titanium introduction methods
combined with flux

on the micro- and macrostructure
of the AK12 alloy

al—a3 — treated with flux;

b1—b3 — treated with titanium
dioxide TiO, and flux;

cl—c3 — treated with ligature with flux;
d1—d3 —treated with sponge and flux;
el—e3 — treated with K, TiFg salt

and flux

Puc. 3. Biusinue cnoco6oB
BBOJIAa TUTAHA COBMECTHO

¢ (p1rocOM HAa MUKPO-

1 MaKpOCTPYKTYpY

criaBa AK12

al—a3 — obpaboTaHHBII (DIIOCOM;
b1—-b3 — nuokcunom turana TiO,
u arocom;

cl—c3 — nuratypoii u diocom;
d1—d3 — Tyokoii u dmocom;
el—e3 — conbto K, TiFg u hmocom
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additives in the sodium flux reduces the dendrite arm
spacing by 1.3—1.9 times (Fig. 1, e), the macro grain
diameter by 2—4 times (Fig. 1, d), and subsequently
improves the alloy’s properties.

The standard flux enhances the yield of titanium
from titanium dioxide, increasing it from 0 to 14 % in
the melt. This effect can be explained by the fact that
the fluoride—chloride flux reduces interfacial tension
and improves the wetting of solid oxide particles by the
melt [27; 28]. Additionally, titanium dioxide dissolves in
fluoride salts, leading to aluminothermal reduction of
titanium dioxide to titanium in the silumin melt and,
consequently, enhanced assimilation of titanium by the
melt [17].

Undoubtedly, a significant benefit of modifying
silumins with titanium is the sustained duration of the
modifying effect. Previous studies have shown that
titanium introduced with K,TiF¢ [20] and TiO, [19], at
a content of 0.05—0.15 % depending on the composition
of complex fluxes, maintains its modifying effect for up
to 5 hours and through several remeltings.

Conclusion

1. The positive impact of using titanium for the
modification of eutectic silumin has been conclusively
demonstrated. Titanium, at levels of 0.05—0.1 wt.%,
has a favorable effect on the structure and mechanical
properties of the AK12 alloy. However, the extent of these
properties and the degree of structural modification
depend on the method of titanium introduction. When
introduced without flux, the use of the K,TiFg salt for
introduction is the most effective.

2. The positive influence of titanium, introduced
with the K,TiFg salt, Al—4%Ti ligature, and Ti sponge,
has been observed in terms of macro grain refinement,
the reduction of spacing between secondary dendritic
arms in the o-solid solution, and the dispersion of
eutectic silicon within the AK12 alloy.

3. The most effective method of introducing titanium
into the silumin melt is through joint introduction with
titanium-containing substances and a sodium salt-
based flux, at a rate of 0.1 % Ti and 1.5 % flux relative
to the melting mass. This combination has a complex
effect on the silumin structure, involving simultaneous
macro grain refinement, the reduction of spacing
between secondary dendritic arms of the solid solution
(a-Al) facilitated by titanium, and the refinement and
enrichment of silicon in the eutectic with sodium. As a
result, the modified AK12 alloy, when cast into a sand—
clay mold, achieves a relative elongation of 9.5—11.1 %
and an ultimate strength is 171—193 MPa.
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Abstract: The study employed high-temperature X-ray diffraction, quantitative phase analysis, and tensile mechanical property measure-
ments to investigate the relationship between thermal coefficient of linear expansion (TCLE) and phase composition, along with the aver-
age yield strengths and Young's moduli of Al—Cu—Li alloys in three different sheet orientations: 1441, V-1461, V-1469, V-1480, and V-148]1.
The copper content within the solid solution and the mass fractions of the T;(Al,CuLi) and &§(Al;Li) phases were determined using an
innovative technique based on measuring the lattice distance of the o solid solution, Vegard's law, and balance equations for the elemental
and phase compositions of the alloys. It was observed that as the lithium-to-copper ratio in the alloys increased from 0.32 to 1.12, the
proportion of the §(Al;Li) phase increases from 6.3—8.4 wt.% in V-1481, V-1480 and V-1469 alloys to 16.0—17.3 wt.% in 1441 and V-1461
alloys, accompanied by a decrease in the T;(Al,CuLi) phase from 5 to 1 wt.%. This led to an increase in the Young's modulus from 75 to
77 GPa due to higher overall proportion of intermetallic compounds and a reduction in yield strength from 509 to 367 MPa due to the
decrease in the T phase. This decrease in yield strength resulted from the fact that the hardening effect of the T; phase was 3—4 times
greater than that of the & phase, and this couldn't be offset by an increase in the total intermetallic compound proportion. The observed
increase in Young's modulus indicated that the elastic properties of the intermetallic phases were similar, and the rise in the total fraction
of intermetallic compounds compensated for the decrease in the T phase. Furthermore, it was demonstrated that TCLE, as measured
based on the thermal expansion of the solid solution, also depended on the characteristics of the intermetallic phases present in the alloy.
This expanded the potential interpretations of TCLE measurement results.

Keywords: Al—Cu—Li alloys, quantitative phase analysis, high temperature radiography, TCLE, Young's modulus, yield strength.
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AnHOTanusa: MeTonamMu BBICOKOTEMIIEpAaTypPHOU peHTreHorpaduu, KOTUIeCTBEHHOTO (a30BOro aHain3a U U3MEePEeHUsI MEXaHUUECKUX
CBOICTB MPU PACTSXKEHUU OMNPEAEIsIIN KOPPEIsSUUOHHbIE COOTHOLIEHUSI XapaKTepUCTUK TePMUUYECKOTro KoahdulineHTa JuHEHHOTro
pacunpenus (TKJIP) u ¢azoBoro cocraBa ¢ ycpeHEHHbBIMUY 3HAYEHUSIMU 110 3-M HarpaBJIeHUSIM B JIMCTAX MPEAESIOB TEKYUECTU U MOLY-
neit FOHTra cnimaBoB cuctembl Al—Cu—Li: 1441, B-1461, B-1469, B-1480 u B-1481. ConepxxaHue Meny B TBEPIOM PACTBOPE U MACCOBBIE IOJIH
da3 T(Al,CuLi) u §(Al;Li) oleHMBa U ¢ MOMOLIBIO OPUTHHATBLHON METOAMKM, OCHOBAaHHOI Ha U3MEPEHUH MEPHUOaa PEIIETKH OL-TBEeP-
JIOTO pacTBopa, 3akoHe Berapaa m ypaBHeHusix 6ajsaHca 2JeMEHTHOro M (a30BOro cocTaBoB criaBoB. [loka3aHo, YTO ¢ yBeJIUUYEHUEM
OTHOILEHUs JUTHUSI K Meau B crutaBax ot 0,32 o 1,12 nosbitaercst noist §'(AlsLi)-dassr ot 6,3—8,4 mac.% B crinaBax B-1481, B-1480 n
B-1469 no 16,0—17,3 mac.% B crinaBax 1441 u B-1461 3a cuet cHuxenust konnuectsa Ti(Al,CuLi)-dasst ot 5 1o 1 mac.%. OTo npuBoaUT K
yBeauueHuio Mmonysst FOura ot 75 no 77 I'Tla u3-3a Bo3pactaHusi cyMMapHOU AOJY MHTEPMETATUI0B U K CHUKEHUIO TIpefiesia TeKYUeCTu
o1 509 1o 367 MIla n3-3a ymenblieHus koaudecta Tj-da3sbl, mockoibKy addext ynpounenust Ti-dasbl B 3—4 pa3a npeBOCXOAUT YIIPOU-
HeHUe OT BbIeJeHUsT &'-(ha3bl, YTO HE MOXET ObITh CKOMITEHCHPOBAHO MOBBIIEHUMEM CYMMAapHOU 10J1 MHTepMeTainaoB. ToT hakT, uTo
MonyJib FOHTa TpU 9TOM yBETUUUBAETCS, CBUACTEIBCTBYET O TOM, UTO YIIPYTHE CBOMCTBA MHTEPMETAJITUIHBIX (ha3 6JIM3KHU U BO3pacTaHue
CyMMapHOI1 1011 NHTEPMETAJIIN0B KOMIIEHCUPYET CHUXKeHMe KonnuecTBa Tj-¢assl. [Tokazano, uto BennunHa TKJIP, namepennas Ha
OCHOBaHMM TEPMUUECKOTO paCLIUPEHU s TBEPIOTO PacTBOPA, 3aBUCUT TaKXKe OT XapaKTePUCTUK MPUCYTCTBYIOIIUX B CIIJIaBe MHTepMeTal-
JIMIHBIX (ha3, YTO pacIMpsieT BO3MOXHOCTH MHTepIpeTauu pe3yabratoB uamMeperus TKJIIP.

Karouessie cioBa: criaBel Al—Cu—Li, KomnyecTBeHHBIN (ha30BbIii aHAIMU3, BBICOKOTeMIlepaTypHas peHTreHorpacdust, TKJIP, Moxynb
IOHra, npenes TeKy4ecTH.
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Introduction

The thermal coefficient of linear expansion cant concern, potentially leading to inconsistent defor-

(TCLE) is a critical characteristic for both structural
and functional materials. A mismatch in TCLE between
phases or components can result in product failure
during thermal cycling. Additionally, in materials with
non-cubic lattices, TCLE anisotropy becomes a signifi-

58

mation in grains of different orientations, even within
single-phase alloys. Experimental determination of
TCLE through high-temperature X-ray imaging, as op-
posed to dilatometry, offers the advantage of measuring
TCLE in various phases within multiphase systems [1],
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as well as in thin surface layers and coatings [2]. However,
when it comes to structural materials, research pre-
dominantly focuses on determining TCLE values
using the dilatometric method, primarily to address
component compatibility issues in composite mate-
rials.

It is worth noting that many articles in the field of
materials science often use the term “thermal expan-
sion” instead of TCLE, emphasizing the physical as-
pects rather than solely the engineering considerations
of these effects. Several studies in this domain delve into
the unique category of modern materials character-
ized by negative (negative thermal expansion — NTE)
or small positive (low positive thermal expansion —
PTE) thermal expansion [3—5]. This phenomenon
is achieved due to the strong anisotropy of interato-
mic bonding forces, causing TCLE to be negative along
some crystallographic directions and positive along
others. Consequently, the volumetric TCLE within a
certain temperature range is considered as zero ther-
mal expansion (<1'10’6 K1), This effect has been ob-
served in materials such as CrB, [3], Hf} goTag 59Fe; 5
[4], NbjsW3044 [5].

This effect is most pronounced in graphite, where
the combination of negative TCLE values within the
plane of the basis and high positive TCLE values along
the “c” axis results in significant stress at the interfaces
of crystallites with different orientations during thermal
cycling. This stress leads to premature material failure.
To address this issue, the use of isotropic, isostatically
molded graphite has been proposed [6]. Furthermore,
research has shown that TCLE anisotropy can be mi-
tigated by utilizing nanographite in the form of carbon
nanowalls [7].

In another study [8], the influence of temperature
ranging from 25 to 1150 °C on the phase and structur-
al state of NiCrAlY coatings obtained through plasma
sputtering was investigated using high-temperature
X-ray diffraction. This research provided insights in-
to the conditions of metallic and intermetallic phases
(y-Ni, y-NizAl, B-NiAl and a-Cr), but also on the ox-
idation of the coating, including the formation of ther-
mally growing oxides (TGO).

In [9], an innovative approach was proposed to en-
hance the fracture toughness of a-Al,O; ceramics. This
involved creating a layered composite with alternating
textureless and textured layers, each characterized by
different TCLE values. The authors attributed the im-
proved fracture resistance of the layered composite to
the stress state controlled by the TCLE gradient, which
holds promise for enhancing the plastic characteristics
of ceramics.

For efficient cooling systems with high heat dis-
sipation capacity, a W—Cu composite was developed
[10]. This composite combines the high thermal con-
ductivity of Cu with a reduced TCLE (~10-10~% K"
due to the presence of W. This reduction in TCLE
makes it compatible with the TCLE of electronic com-
ponents. High-temperature synchrotron radiation was
employed to determine TCLE, including the anisot-
ropy of TCLE, of tetragonal lattice anatase nanopar-
ticles doped with Al, In, In + Cr, and Ag + Cr [11].
Additionally, first-principles TCLE calculations were
performed, showing good agreement with experimen-
tal data for Cu (isotropic case) and AIN (anisotropic
case) [12].

Unfortunately, there is limited literature fo-
cusing on the use of thermal expansion for metallur-
gical purposes. While magnesium alloys offer several
advantages, their high TCLE (26-10’6 K1), restricts
their use in electronics. Consequently, research is ac-
tively exploring alloying elements that can reduce the
TCLE of magnesium [13—15]. For example, a study
demonstrated that the addition of 4 wt.% Si reduces
the TCLE of pure Mg from 26-107% to 17.98-1076 K~
due to the formation of the Mg,Si phase with a low
TCLE value of 7,5:107° K=, In the case of VNS9-Sh
TRIP steel, research [16] revealed a decomposition
of approximately 40 % of austenite within a surface
layer of about 5 um, resulting in significant compres-
sive stresses. To understand these processes in thin
layers, determining TCLE values of o and y phases in
TRIP steel under different thermomechanical condi-
tions is crucial [17].

A promising approach for analyzing multiphase sys-
tems is demonstrated in a study [1], where TCLE measu-
rements of solid solutions, silicon, and six intermetallic
phases in foundry alloys such as Al—9.5Si—5.1Cu—
0.5Fe, Al—12.5Si—3.9Cu—2.8Ni—0.7Mg—0.4Mn,
Al1—9.6Si—4.4Ni—0.5Fe, Al—9.5Si—2.5Mn—0.5Fe¢
were conducted using high-temperature X-ray radio-
graphy (from room temperature to 400 °C). Impor-
tantly, the alloy compositions were carefully selec-
ted to ensure distinct diffraction from intermetallic
compounds, enabling the determination of TCLE
values along different crystallographic axes of tetrag-
onal Al,Cu, monoclinic AlgFeNi, hexagonal Al;Ni,,
orthorhombic AI3;Ni, and trigonal Al;CuyNi. This
allowed for the identification of correlations not
only related to the mismatch between TCLE values
of intermetallic compounds and the matrix but also
to their anisotropy. The results from this study [1]
highlight that TCLE compatibility issues are rele-
vant not only for substrate coatings and composite
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components but also for solid solutions and interme-
tallic particles. Moreover, investigating the relation-
ships between TCLE values and the mechanical and
service properties of alloys and coatings is of great
importance.

Al—Li alloys are extensively utilized in aerospace
applications owing to their unique blend of low density,
necessary strength, and exceptionally high elastic mo-
dulus values in comparison to other aluminum al-
loys [18]. Currently, research is advancing in the di-
rection of developing a new generation of materials for
aircraft construction: laminated aluminous-glass plas-
tics (SIALs) based on the Al—Cu—Li system. This in-
novation is projected to enhance the elastic modulus by
8—10 % while reducing the density of SIALs by 5—7 %
[19; 20]. Nevertheless, optimizing alloy compositions
to achieve maximum strength or elastic properties en-
counters methodological challenges in estimating elastic
properties. In this context, exploring correlations be-
tween the elastic moduli and TCLE values of Al—Cu—Li
alloys holds promise.

This paper examines the relationships between
TCLE characteristics and the properties of Al—Cu—Li
alloys. Such investigations can broaden the applicability
of the TCLE measurement method concerning the study
and prediction of the structural phase state and proper-
ties of these materials.

1. Materials and methods
1.1. Materials

The materials employed in this study comprised
sheets of Al—Cu—Li alloys with thicknesses ranging
from 1 to 3 mm. Specifically, the alloys examined in-
cluded 1441, V-1461, V-1469, V-1480, and V-1481 va-
riants. Table 1 provides the composition details of the pri-
mary alloying elements (Cu and Li). These sheets were
manufactured through rolling processes at OAO “KUMZ”
(Kamensk—Uralsky). Subsequently, they underwent a
series of heat treatments, including: hardening via coo-
ling in cold water, straightening, and artificial ageing
with either, two, or three stages. Al—Li alloy samples
were tested using a Zwick/Roell KAPPA 50DS test-
ing machine (Germany) equipped with a force sensor
of accuracy class 0.5 and a makroXtens strain gauge
(Zwick Roell, Germany) with a 50 mm design length.
The testing procedure began with a motion speed of
2 mm/min in the elastic segment, which was subse-
quently increased to 5 mm/min once the yield strength
was determined. Tensile mechanical properties at
room temperature were determined according to State
Standards GOST 1497 and GOST 11701, and Young’s
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modulus was calculated using regression analysis on a
linear segment.

1.2. Methods

X-ray diffraction patterns were recorded using an
XRD-600 X-ray diffractometer (Shimadzu, Japan) with
a HA-1001 high-temperature attachment in an atmos-
pheric environment. Copper radiation was employed
with B filtering, and data were collected in the angular
range 20 = 20+60° at temperatures of 20, 100, 150, 200,
300, 400, 500 °C.

In order to determine the lattice period (a) for the
reflection (hkl) of a crystal with a cubic lattice at each
recording temperature (#;), the following formula was
applied:

a, =[M/(2sin 6)]m. I

The TCLE values (0g9_s09) Were calculated for
the temperature range of 100—500 °C by the least
squares method by determining the slope of the
straight line in the corresponding coordinates a, — ¢,
(Fig. 1). ’

2. Results and discussion

Figure 2 illustrates X-ray diffraction patterns for
five alloys within the Al—Cu—Li system, each distin-
guished by variations in their Cu and Li content.

These X-ray diffraction patterns exclusively display
reflections from the FCC « solid solution. Neverthe-

a, 10, nm

o

4.11

4.104

4.09

4.08 4

4.07

4.06
100

200 300 400 500 ¢, °C
Fig. 1. Lattice distance as a function of X-ray temperature
for the (111) reflection of the V-1469 alloy

Puc. 1. 3aBUCUMOCTb ITEPUOIA PELICTKH OT TEMIIEPATY PbI
PEHTIeHOBCKOM cheMKH aJist pediekca (111) criiaBa B-1469
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less, the relative intensities of these reflections differ
across the various alloys. This discrepancy in reflec-
tion intensities hints at differences in textures, which
play a vital role in explaining the inherent anisotropy of
properties characteristic of alloys within this alloying
system.

By calculating the lattice periods of the o solid solu-
tion based on the position of the reflections in the X-ray

diffraction patterns, it becomes possible to estimate the
copper content within the solid solution and the mass
fractions of the T;(Al,CuLi) and &'(Al;Li) phases. This
estimation is carried out using an innovative technique,
as described in [21]. The method relies on measuring the
lattice period of an « solid solution, applying Vegard’s
law, and employing balance equations for the elemental
and phase compositions of these alloys. The calculation
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equations for alloys of the Al—Cu—Li system are as fol-
lows:

Wy =[(X0 - XXX - X X&) -

1

- X XxE (Y -xh]/

(X =X )00 & X & X0 - X XY -X X E) -
~ XX 8 (X - X D) -100,

100X¢, - X&W, &)

T ’
X Cu

T

Wy =100 — W, — Wr,,

where X%, X, X{, represent the concentrations of Al,
Cu and Li in the alloy, respectively, wt.%; W, WTI, Wy
denote the content of the o, T and & phases, respec-
: . T, T T §  yd
tively, wt.%; X 41, XCus XTis X Xy X1 Xan X1
represent the concentrations of Al, Cu and Li in the a,
T, and & phases, respectively.
§  y& T T T
The values of X7;, X3, X}, Xd,, X} are calcu-
lated based on the stoichiometry of the T,(Al,CuLi) and

&'(Al;Li) phases.

0
Y aq —ay — 0,010, Xy, (Aa/AX)yy,
Cu — s
(Aa/AX)¢,

O,OIWGX?V[g (Aa/AX)$yg is the change in the lattice con-
stant due to presence of magnesium in the solid solu-
tion, A; (Aa/AX) ¢, represents the change of the lattice
constant by 1 wt.% Cu, A/wt.%.

Figure 3 provides graphical representations of the
dependencies of mass fractions of intermetallic phases
for two of the five alloys, specifically 1441 and V-1480.
These dependencies reveal a clear trend: as the ratio of
lithium content to copper content in the alloy increas-
es, the fraction of the & phase markedly rises, while the
fraction of the ternary phase decreases. Table 1 compiles
the quantities of intermetallic phases, calculated using
Eq. (2), further confirming this pattern.

The ratio X{; /X%, increases from 0.32 in the V-1480
alloy to 1.12 in the 1441 alloy. This increase in this ra-
tio results in a higher fraction of the &§(Al;Li) phase,
ranging from 6.3 to 17.3 wt.%, while reducing the pro-
portion of the T,(Al,CuLi) phase from 5 to 1 wt.%.
Consequently, the total amount of intermetallic phases
increases because the & phase (6.3—17.3 wt.%) signi-
ficantly outweighs the T, phase (1—5 wt.%) in quan-
tity. It is noteworthy that the total amount of interme-
tallic phases in these alloys is notably greater than in
other aluminum alloys. Only in the V-1481 alloy, with
a low lithium content of 1 wt.%, does the total amount
of intermetallic phases fall below 10 wt.% (7.5 wt.%). In
the remaining four alloys, the quantity of intermetallic
compounds ranges from 11.7 to 18.5 wt.%. This obser-
vation accounts for the fact that alloys containing li-
thium exhibit the highest Young’s modulus among alu-
minum alloys.

Another notable characteristic of these alloys is the
significantly more pronounced anisotropy in mechani-
cal properties when compared to other aluminum alloys.
Interestingly, the crystallographic texture in alloys con-

We, Wy, wt.% . W, Wy, wt%
20 a b
| H\w. 10
16
— 8 7
12 -
6 -
8 - 4 .
4 - T, phase 5.
O'M.I/.I/T O T T T T T T T T T
4.045 4.047 3 4.049 4.051 4.042 4.044 4.046 . 4.048 4.050
a,, A a,, A

o’

o’

Fig. 3. Fractions of T; and & phases as a function of the lattice period of the oi-Al-solid solution in Al-Cu—Li alloys

a—alloy 1441 (1.6Cu—1.8Li); b — V-1480 (3.8Cu—1.2Li)

Puc. 3. 3aBucumoctu Konnuectsa T; u §’-da3 oT nepuosa peleTKu o-TBepaoro pacteopa Al

B crutaBax cucteMbl Al—Cu—Li
a — crnas 1441 (1,6Cu—1,8Li); b — B-1480 (3,8Cu—1,2Li)
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Table 1. Primary alloying elements (Cu and Li), wt.%, and content of T; and & phases, wt.%,

within Al-Cu—Li alloys

Ta6muma 1. KonudecTBo 0OCHOBHBIX Jierupytomux aneMerToB (Cu u Li), mac.%,
n conepxanue T ;- n &’-das, mac.%, B cruiaBax cucteMsl Al—Cu—Li

Alloy . i s Wr, Wy W, + Wy
V-1480 3.8 1.2 0.32 5.0 6.7 11.7
V-1481 3.0 1.0 0.33 1.2 6.3 7.5
V-1469 3.8 1.3 0.34 4.6 8.4 13.0
V-1461 2.9 1.8 0.62 2.5 16.0 18.5

1441 1.6 1.8 1.12 1.0 17.3 18.3

Table 2. Primary alloying elements (Cu and Li), TCLE (o)), Young’s modulus (E) and yield strength (o)
within Al—Cu—Li alloys
Tabnuua 2. KonnuecTBo 0CHOBHBIX Jierupytomux aiemeHToB (Cu u Li), Benmuunsl TKJIP (o), Mmomyns FOura (E)
U npejiesia TEKY4ecTu (O ;) B cruiaBax cucrembl Al—Cu—Li

Alloy X, wt.% X9, wt.% X4, /x%, o106, K~! E, GPa 60,2, MPa
V-1480 3.8 1.2 0.32 26.2 75.3 509.2
V-1481 3.0 1.0 0.33 26.0 75.1 478.8
V-1469 3.8 1.3 0.34 25.1 74.5 509.2
V-1461 2.9 1.8 0.62 23.6 76.5 468.3

1441 1.6 1.8 1.12 22.8 77.3 366.7

taining lithium is practically indistinguishable from that
in other aluminum alloys. It is possible that intermetal-
lic phases play a role in contributing to this anisotropy
effect. Investigating the anisotropy of these alloys is a
distinct endeavor and will be the focus of our upcoming
study. The current research aims to establish correlations
between chemical and phase compositions, mechanical
properties, and thermal expansion in lithium-contain-
ing alloys. Given the complexity of accounting for an-
isotropy, we opted to average the mechanical properties
using a well-known formula for estimating the Lankford
coefficient, which is averaged for sheet materials:

Xavg = (XL + XT + 2&5“)/41 (3)

where X = E, 6, Gy 5, O are in the longitudinal rolling
direction (L), transversal direction (T), and at an angle
of 45°.

Figure 4, which illustrates the anisotropy of mechan-
ical properties, showcases the results of testing in three
directions for the V-1480 alloy sheet. The mechanically
averaged properties, calculated using Eq. (3), are pre-
sented in Table. 2.

The increase in the X{, /X%, ratio from 0.32 in alloy
V-1480 to 1.12 in alloy 1441 is accompanied by a rise in
Young’s modulus and a decline in yield strength of these

alloys (Fig. 5, a). However, the underlying reasons for
these changes differ. The increase in Young’s modulus
is attributed to a rise in the overall proportion of inter-
metallic compounds, progressing from 7.5—13.0 wt.%
in V-1481, V-1480, and V-1469 alloys to 18.3—18.5 wt.%
in 1441 and V-1461 alloys (see Table 1). Conversely, the
quantity of the T, phase decreases, contributing to a
reduction in yield strength (Fig. 5, b). This decrease in
yield strength occurs because, as demonstrated in [21],
the hardening effect caused by the T phase is 3—4 times
greater than the hardening effect resulting from & phase
separation. Consequently, the decrease in the amount of
the T, phase in 1441 and V-1461 alloys cannot be ade-
quately offset by a significant increase in the overall pro-
portion of intermetallic compounds in these alloys. The
fact that Young’s modulus increases while yield strength
decreases indicates that the elastic properties of the in-
termetallic phases are comparable, and the overall in-
crease in the fraction of intermetallic compounds com-
pensates for the decrease in the T, phase content.
Figure 6 displays the composite X-ray diffraction
images of the (200) planes of the o Al solid solution for
alloys 1441 and V-1469. These images were acquired
through imaging at temperatures of 20, 100, 200, 300,
400, and 500 °C. These images were then used to cal-
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Fig. 4. Mechanical properties (3, 6, 5, 6,, £) of V-1480 alloy sheets in the longitudinal rolling direction (L),

transverse direction (T) and at a 45°angle
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Fig. 5. Young's modulus and yield strength as functions of the ratio of lithium to copper concentration (X ?_i /X %u) (a),
and yield strength as a function of the amount of T;-phase (b) in Al-Cu—Li alloys

Puc. 5. 3aBucumoctu Mmoxnyns KOHra u mpenena TeKy4ecTH OT C

OOTHOIICHM S KOHIEHTPALIUI TUTUS U MEI (XOU /XOCU) (a)

1 3aBUCUMOCTbD IIpeJieia TeKyuecTu oT koanuectsa Ti-da3sbl (b) B crinaBax cuctembl Al—Cu—Li

culate the TCLE, with the resulting values (o)) pro-
vided in Table 2.

The rise in the X, /X%, ratio from alloy V-1481
to alloy 1441 coincides with an increase in Young’s
modulus and a decrease in TCLE (Fig. 7). This pat-
tern would be expected for a single-phase alloy, as
an increase in Young’s modulus typically signifies an
augmentation in interatomic bonding forces, which, in
turn, should lead to a reduction in TCLE. However, in
the case of alloys containing lithium, the heightened
Young’s modulus is attributed to the substantial pres-
ence of intermetallic phases, which possess a higher
Young’s modulus than the solid solution. Consequent-
ly, the decrease in TCLE value may not be directly
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attributed to this factor. This is because the TCLE
measurement pertains solely to the solid solution and
not to the TCLE of the solid solution combined with
intermetallic compounds, as is the case with Young’s
modulus measurements.

Therefore, the variation in TCLE in Al—Cu—Li al-
loys suggests that TCLE values, measured based on the
thermal expansion of the atoms within the solid solu-
tion, exhibit a dependency on the intermetallic parti-
cles present within the solid solution. This dependency’s
presence should result in a violation of the additivity rule
when averaging TCLE for composites and multiphase
alloys comprising components with significantly dif-
ferent elastic properties. The most well-known models
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Fig. 6. Combined reflections (200) of the o Al solid solution, obtained by X-ray photography of alloys 1441 (a) and V-1469 (b)

at different temperatures

Puc. 6. CoBmemennbie pedexcer (200) oi-TBepaoro pactBopa Al, moslydeHHbIe peHTTeHOBCKOU cheMKOii criiaBoB 1441 (a)

u B-1469 (b) mpu pa3InyHBIX TEMIIEpaTypax
for such averaging are the Kerner model (Eq. 4) and the
Turner model (Eq. 5):

a=a, —(0, —o,)x

K,(3K, +4G, )V,

X “)
Km(3Kp+4Gm)+4(Kp—Km)GmVP
o K V +o0 K,V
mxm"m T Epphp
= , ®)
Kme+Kpr

where K= E/[3(1 — 2v)] represents the volumetric mod-
ulus, G = E/[2(1 + v)] denotes the shear modulus, V,
and V), represent the volumetric fractions of the matrix
and the second phase, respectively. These models were
employed in [13] during studies involving the influ-
ence of Si on TCLE of Mg—Si—Ca alloys. The results
demonstrated that the experimental TCLE values align
with the calculations within the framework of the Kerner
model. These findings underscore the complex nature of
the interaction between the matrix and the second phase
during thermal expansion.

Conclusions

An analysis was conducted to examine the corre-
lation between thermal coefficient of linear expansion
(TCLE) characteristics and phase composition with the
properties of Al—Cu—Li alloys under tensile stress. The
study reveals that an increase in the ratio of lithium to

s 10°, K’ E, GPa
L77.5
25.5- i
] L 76.5
24.5 L
§ L 75.5
23.54 i
L 74.5
225 ' ' ' r . —
02 04 06 08 1.0 12 X,/Xe,

Fig. 7. Dependence of TCLE (o) and Young's modulus (£)
as a function of the ratio of lithium to copper concentration
(XY,/X%,) for Al—Cu—Li alloys

Puc. 7. 3aBucumocts TKIJIP (00) u monynst FOHra (E)

OT COOTHOILIEHU I KOHLUEHTPALMNA TUTUS U MEAU (X%i /XOCu)
11 criaBoB cucteMbl Al—Cu—Li

copper content in the alloys results in a higher propor-
tion of the &(Al;Li) phase, primarily due to a decrease
in the quantity of the T(Al,CuLi) phase. Additionally,
the overall amount of intermetallic phases increases be-
cause the & phase significantly outweighs the T, phase
in quantity. This leads to an increase in Young’s modulus
but a decrease in yield strength and TCLE. The rise in
Young’s modulus is attributed to the increased presence
of intermetallic compounds, while the decline in yield

65



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.5e P.57-68

Ashmarin A.A., Gordeeva M.I., Betsofen S.Ya. et al. Investigation of the effect of phase composition on thermal expansion...

strength is associated with the decreased T phase con-
tent. It’s worth noting that the hardening effect of the
T, phase is 3—4 times greater than that of the & phase,
and a reduction in the T, phase content cannot be fully
compensated by an increase in the overall fraction of in-
termetallic compounds. The fact that Young’s modulus
increases while yield strength decreases indicates that
the elastic properties of the intermetallic phases are sim-
ilar. Consequently, the overall increase in the fraction of
intermetallic compounds compensates for the decrease
in the T; phase content. The study demonstrates that
TCLE, measured based on the thermal expansion of
solid solution atoms, is influenced by the characteris-
tics of the intermetallic phases present in the alloy. This
suggests that TCLE in multiphase alloys and composites
results from a complex interaction among mixture com-
ponents. While this complexity complicates the inter-
pretation of TCLE measurements, it also broadens the
possibilities for interpretations.
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Abstract: In this study, an integrated treatment approach was employed to modify hypereutectic silumin. This method involved electroexplosive
alloying of the surface layer with yttrium oxide powder, followed by irradiation with a pulsed electron beam. The experimental data obtained
demonstrate that this integrated treatment results in the formation of a submicron-nanocrystalline structure characterized by high-speed
cellular crystallization of aluminum within the surface layer. This structure is composed of crystallization cells enriched with aluminum
atoms, indicating the creation of a solid solution based on aluminum. The nanocrystalline layers, formed by silicon particles and yttrium oxide,
are positioned at the cell boundaries. The study reveals that, as a consequence of integrated treatment with an electron beam energy density
of 25 J/cmz, the wear parameter of the modified samples increases by 7.9+0.6-fold, and the friction coefficient decreases by 1.7£0.15-fold
compared to the initial state. Additionally, the microhardness of the modified silumin surface layer increases by 1.5+0.12-fold compared to the
initial state. When the electron beam energy density is elevated to 35 J/cm2, the wear parameter of silumin is enhanced by 2.14+0.21-fold, while
the friction coefficient increases by 1.13%0.1-fold. However, the microhardness decreases by 1.3+0.13-fold, while still surpassing the specified
characteristics of untreated silumin. This investigation postulates that the substantial increase in the wear parameter during integrated
treatment may be attributed to the presence of silicon inclusions in the surface layer that did not dissolve during the modification process.
These inclusions are surrounded by the high-speed cellular crystallization structure mentioned earlier.

Keywords: silumin, electroexplosive alloying, pulsed electron beam, structure, wear parameter.
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9JIEKTPOHHBIM ITyYKoM. [ToJyuyeHHble JTaHHblE CBUAETEIbCTBYIOT O TOM, UTO TaKasi KOMIIJIEKCHas 00paboTKa NPUBOAUT K CO3JaHUI0 MHO-
roha3Hoi CyOMUKPO-HAHOKPUCTAIIIMYECKOM CTPYKTYPhI BBICOKOCKOPOCTHOM STYEMCTONM KPUCTATU3AUY ATIOMUHHUS B TOBEPXHOCTHOM
cioe. O6beM KpHCTaIJIN3allMOHHBIX sSTYeeK 00orallleH aTOMaM1 aJlOMUHUS, YTO CBUJETEIbCTBYET 00 00pa3oBaHUM TBEPAOTro pacTBOpa
Ha OCHOBe aJlloMUHUsI. HaHoKpucTasIMuecKe clior, 00pa3oBaHHbBIE YaCTUIIAMU KPEMHHUSI U OKCUJOM UTTPUSI, PACIIONOXEHBI BIOJb
TpaHWUII siueeK. MccmemoBaHue MOKA3bIBAET, UTO B Pe3yIbTaTe KOMIIJIEKCHON 00pabOTKY MPY MIIOTHOCTH SHEPTUU DJIEKTPOHHOTO MTyuKa
25 ,Zl)l(/CM2 TIPOUCXOJUT yBeJIUUEHUE TTapaMeTpa nu3Hoca MoauduIMpoBaHHBIX 00pa3oB B 7,91+0,6 pa3za u yMmeHbllleHUEe KO3bOUIINEH-
ta TpeHus B 1,710,15 pa3a mo cpaBHEHUIO C CLUITYMUHOM B UCXOMHOM COCTOsIHMU. Kpome TOoro, MUKpOTBEpAOCTh MOAUDUIIMPOBAHHOTO
TakUM 00pa3oM MOBEPXHOCTHOTO CJIOSI CMJIYMUHA BO3pacTaeT M0 CPAaBHEHUIO C UCXOAHBIM cocTossHueM B 1,510,12 pa3a. [loBbimeHue
MJIOTHOCTH 3HEPIUH 3MEKTPOHHOTO MydKa 10 35 JIxk/cM> MPUBOINT K YBEINUEHUIO MapaMeTpa H3Hoca cuayMuHa B 2,1+0,21 pasa, Ko-
sbduumrerta Tpenus B 1,13+0,1 paza u cHukeHUI0 MUKpOTBepaocTu B 1,3+0,13 pa3a, npu 3ToM Bce elie NnpeBbilias 3aJJaHHbIe Xapak-
TEPUCTUKU CUIIYMUHA B UCXOLHOM COCTOSIHMU. B MccienoBaHuy npeamnosaraeTcsi, YTo MHOTOKpaTHOE yBeJIMUYeHHEe MapaMmeTpa U3Hoca
MpY KOMIJIEKCHOI 00paboTKe CBSI3aHO C MPUCYTCTBUEM B MTOBEPXHOCTHOM CJIO€ BKJIIOUEHU I KPEMHUSI, KOTOPbIE HE PACTBOPUJIUCH TPU
MoaubUKaLUH, B OKPYXEHUU BBICOKOCKOPOCTHOMI SIYEUCTOM KPUCTAIU3aALLMOHHOM CTPYKTYPBI.

Kuouessie cjioBa: CUJIyMUH, 2JIEKTPOB3PBIBHOE JIETUPOBAHUE, UMITYTbCHBII 3JIEKTPOHHBIN IMTY4Y0K, CTPYKTYypa, mapaMeTp u3Hoca.
Baaromapuoctu: VccienoBanue BHITIOMHEHO 3a cyeT rpaHTa Poccuiickoro Hayunoro ponga Ne 19-79-10059, https://rscf.ru/project/19-79-10059/
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Introduction

Hypereutectic aluminum-silicon (Al—Si) casting
alloys find extensive applications in the aerospace,
automotive, and general engineering industries. This
popularity is primarily attributed to their excellent
properties, including good castability, wear and cor-
rosion resistance, high strength, low density, good
thermal conductivity, and a low coefficient of thermal
expansion. [1—3]. As a result, hypereutectic AI—Si al-
loys are becoming attractive materials to replace con-
ventional cast iron in engineering applications such
as cylinder blocks, cylinder liners, and pistons. This
substitution aims to promote fuel economy and reduce
vehicle gas emissions [4; 5].

The microstructure of hypereutectic AI—Si alloys
typically includes primary Si crystals and an o-Al and
eutectic Si mixture. As silicon content increases, prima-
ry silicon and elongated eutectic silicon can degrade the
alloy’s performance by disrupting the matrix. Therefore,
modifying hypereutectic AI—Si alloys to alter the mor-
phology and distribution of these silicon phases is vital
for enhancing mechanical and tribological properties
[6; 7]. Furthermore, it’s well-established that exposing
materials to intense pulsed electron beams leads to sig-
nificant changes in their surface structure and proper-
ties [8—11]. The combination of beneficial features in
intense pulsed electron beams is unquestionably the core
for their use in advanced techniques for modifying metal
materials.

In [12—14], the hypereutectic A1—17.5Si alloy un-
derwent treatment with a high-current pulsed electron

70

beam. As a result, the treated surface exhibits different
structural characteristics in various compositions and
distribution zones: a silicon rich zone, an aluminum
enriched zone, and an intermediate zone. The micro-
structure in the silicon-rich zone consists of small,
dispersed, spherical nanosized Si crystals surrounded
by Al cells. The aluminum-rich zone features a cel-
lular microstructure with a cell size of ~100 nm. The
intermediate zone forms at the boundary between two
zones and consists of a eutectic structure. As the num-
ber of pulses increases, the proportion of silicon-rich
zone over the entire upper surface increases, and nu-
merous cellular substructures transform into fine
equiaxed grains. In a similar study [15], irradiation
of hypereutectic silumin with a lower silicon content
(A1—12.6Si) leads to the formation of a fine, equiaxed
grain structure, significantly improving the wear re-
sistance of the alloy (2.5-folds).

In [16], the surface alloying of an aluminum alloy
with molybdenum using a high-current electron beam
was investigated. As a result, it was discovered that after
irradiation, an AlsMo phase with a needle-like structure
appeared in the alloying layer. Numerous structural de-
fects were observed, including craters, various cracks,
dislocation loops, and dislocation walls. Studies of va-
rious irradiation modes have shown that with an increase
in the number of pulses, the density and size of craters
formed on the irradiated surface significantly decrease;
and a noticeable increase in corrosion resistance is also
observed. An international scientific team conducted
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research on the influence of electron beam treatment on
the solubility of Sc in Al and the associated hardening
effects [17].

The high-current pulsed electron beam treatment
of hypereutectic Al—I15Si alloy increases the tensile
strength of the alloy by 41.4 %. This treatment method
appears to be a y approach for enhancing the mecha-
nical properties of hypereutectic alloys within the Al—Si
system [18].

One of the most promising techniques for surface
treatment of metals and alloys is the electron-ion-plas-
ma method, which involves both coating and subse-
quent irradiation with an electron beam. This com-
bination of methods enables not only the application
of thermal effects to the material’s surface but also
alloying of the surface layer [19—21]. Collectively,
these methods for influencing the structure and phase
composition offer the potential to mitigate many of the
shortcomings and extend the service life of machine
parts and mechanisms.

The aim of this study is to investigate and analyze
the patterns governing the formation of the structure
and properties of hypereutectic silumin when subjected
to modification with yttrium oxide particles using an
integrated method that combines electroexplosive al-
loying with subsequent irradiation via a pulsed electron
beam.

Materials and methods

In order to conduct this study at Siberian State
Industrial University (SibSIU, Novokuznetsk), we
produced five samples of silumin with a eutectic
composition, comprising the following elements: Si —
20.28 wt.%, Fe — 1.14 %, Cu — 0.072 %, Mn — 0.015 %,
Ni — 0.006 %, Ti — 0.006 %, Cr — 0.001 %, with the
remainder being aluminum.

The first step of treatment involved electroexplo-
sive alloying of the silumin. This process was carried
out using an EVU 60/10 electric discharge unit at
SibSIU. Aluminum foil served as the material for the
exploding conductors, while Y,0; was employed as
the powder sample. The treatment was conducted un-
der the following conditions: aluminum foil weight —
58.9 mg, Y,053 powder mass — 58.9 mg, discharge vol-
tage — 2.8 kV.

In the second stage, the modified surface of silumin
samples underwent irradiation with a pulsed electron
beam. The irradiation was performed using the SOLO
facility (Institute of High Current Electronics, SB RAS,
Tomsk). The irradiation parameters were as follows: ac-
celerated electron energy — 18 keV, electron beam ener-

gy density — 25 and 35 J/cmz, electron beam pulse dura-
tion — 150 ps, number of current pulses — 3, and pulse
repetition rate — 0.3 s~

The analysis of the irradiated surface’s structure
was conducted using scanning electron microsco-
py with an SEM-515 device (Philips, Netherlands).
The elemental composition of the material’s surface
layer was determined through X-ray spectral micro-
analysis using an EDAX ECON IV microanalyzer, an
attachment to the SEM-515 scanning electron micro-
scope (Philips, Germany). The structural-phase state
of the silumin, depending on the distance to the modi-
fication surface, was investigated using transmission
electron diffraction microscopy of thin foils with a
JEM-2100F device (JEOL, Japan). This technique en-
abled the study of defect substructures, phase compo-
sition, and highly sensitive scanning with an electron
beam, as well as the examination of the foil’s elemen-
tal composition through energy dispersive analysis of
X-ray radiation. The mechanical properties of modi-
fied silumin were assessed at room temperature in
air, including microhardness determination using a
PMT-3 device (JSC LOMO, St. Petersburg) with an
indenter load of 0.5 N. The tribological properties
of the modified silumin were characterized using a
TRIBOtester device, employing the Pin-on-Disc test
method (France). These tests were conducted at room
temperature in air, with an Al,O; ball (diameter:
6 mm) as the indenter, a 5 N load on the indenter,
a sample rotation speed of 25 mm/s, and a friction
path length of 100 m.

Results and discussion

The studies conducted included the irradiation of
silumin samples doped using the electroexplosive me-
thod. The samples were exposed to a pulsed electron
beam with an energy density of 25 J/cmz. A signifi-
cant reduction in the wear parameter of the modified
samples by 7.9140.6-fold and the friction coefficient by
1.7£0.15-fold was observed compared to the cast silumin
in its original state. The microhardness of the surface
layer of the silumin modified in this manner showed a
relatively small increase: 1.5+0.12-fold. However, an
increase in the energy density of the electron beam to
35 J/cm? resulted in a 2.1£0.21-fold increase in the si-
lumin wear parameter and a 1.13+0.1-fold increase
in the friction coefficient. Additionally, there was a
1.3+0.13-fold decrease in microhardness compared to
the characteristics of silumin modified at an electron
beam energy density of 25 J/cm2 while still exceeding the
characteristics of the original silumin state.
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It is evident that the mechanical and tribological
characteristics of silumin are determined by the state of
the structure of the modified surface layer. Figure 1 dis-
plays electron microscopic images of the silumin surface
structure in its initial state, illustrating the presence of
numerous faceted inclusions (dark-colored particles),
needle-shaped inclusions, and inclusions resembling
Chinese hieroglyphs.

It is widely recognized that faceted inclusions are
silicon particles (the dark-colored particles), while hie-
roglyphic inclusions and needle inclusions consist of
complex compounds (the light-colored particles) formed
by aluminum, iron, copper, manganese, and silicon
atoms [22].

In a previous study [23], focusing on silumins with
eutectic composition, it was demonstrated that inte-
grated treatment combining electroexplosive alloying
with yttrium oxide and subsequent irradiation with a
pulsed electron beam (at 40 J/cmz, 200 ps pulse dura-
tion, and 3 pulses) results in the formation of a surface
layer up to 150 um thick. This layer exhibits a high-
speed cellular crystallization structure, with cell vo-
lumes ranging between 400—800 nm and being com-
prised of an aluminum-based solid solution. These
cells are separated by interlayers up to 100 nm thick,
which are composed of silicon and intermetallic com-
pounds with complex elemental compositions. This
observed modification of silumin leads to a 3.5-fold
increase in wear resistance, a 1.3-fold decrease in the
coefficient of friction, and a 1.2-fold increase in mi-
crohardness compared to the original material. It can
be hypothesized that the patterns of structural and
property evolution previously established for silumin
of eutectic composition, as described in [19], will al-

so be observed in silumin with a hypereutectic com-
position. Indeed, the studies conducted in this work
revealed the formation of a high-speed cellular crys-
tallization structure during integrated treatment of
hypereutectic silumin (Fig. 2).

X-ray microanalysis of the foils, as shown in Fig. 3,
revealed that the cell volume is enriched with alumi-
num atoms, while the interlayers situated along the
cell boundaries are predominantly enriched with si-
licon and yttrium atoms. Additionally, atoms of oxy-
gen, iron, titanium, and nickel were detected in small
quantities within the studied layer. These elements are
considered impurities in the material under investiga-
tion.

A distinctive feature of the structure of hyper-
eutectic silumin, which has undergone integrated
modification, is the presence of silicon inclusions in
the surface layer that did not dissolve during high-
energy treatment. When the surface modified by the
electroexplosive method is irradiated with a pulsed
electron beam at an electron beam energy density of
25 J/em?, it results in the formation of a microtwin
structure within the silicon inclusions (Fig. 4, a, c).
At the same time, the silicon inclusions themselves
maintain their faceted shape, which is characteristic of
inclusions in cast silumin. As depicted in Fig. 4, there
is evidence of the formation of silumin layers situated
along the boundaries of aluminum crystallization
cells. These layers exhibit a nanocrystalline structure
with grains measuring 10—15 nm (Fig. 4, ¢). Addition-
ally, the presence of yttrium oxysilicide particles is ob-
served (Fig. 4, d).

Irradiating silumin with a pulsed electron beam at
an electron beam energy density of 35 J/cm2 results in

Fig. 1. Electron microscopic images of the structure of hypereutectic silumin

in the initial state

Puc. 1. DeKTpOHHO-MUKPOCKOITMYECKUE N300pakeH NI CTPYKTYPBI CUTYMWHA 3a9BTEKTUYECKOTO COCTaBa

B UCXOOHOM COCTOSAHUU
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Fig. 2. Electron microscopic image of the structure

of high-speed cellular crystallization formed

in the surface layer of hypereutectic silumin exposed

to electroexplosive alloying by yttrium oxide and subsequent
irradiation by pulsed electron beam at an electron beam
density of 25 J/cm?

Modified surface is indicated by an arrow

Puc. 2. D11eKTpOHHO-MUKPOCKOMUYECKOE U300pakeHne
CTPYKTYPbI BHICOKOCKOPOCTHOW STYEUCTON KPUCTAJIIU3AIIUY,
dopmupytoIIeiics B TOBEPXHOCTHOM CJIO€ CUJIYMUHA
3a9BTEKTUYECKOTO COCTaBa, MOABEPTHYTOTO
9JIEKTPOB3PBIBHOMY JIETUPOBAHUIO OKCUIOM UTTPU ST

U TocyeayouemMy obJy4eH 0 UMITYIbCHBIM
3JIEGKTPOHHBIM IMYYKOM MPU MJIOTHOCTU SHEPTU U

My4Ka 3JeKTPOHOB 25 Z[)K/CMZ

CTpeJsikoit yKazaHa MoBEpXHOCTb MOAMMDUIIMPOBAHUS

1 um — | um

Fig. 3. Electron microscopic image of the structure of the silumin surface layer exposed to integrated treatment (25 J/cmz) (a),
and images of foil segment a, acquired in characteristic X-ray irradiation of aluminum (), silicon (c),
and yttrium (d) atoms

Puc. 3. D1eKTpOHHO-MHUKPOCKOTIMYECKOE U300pakeHUEe CTPYKTYPbI TOBEPXHOCTHOTO CJIOSI CUJIYMUHA,
MOIBEPTHYTOTO KOMILJIEKCHOU 0OpadboTke (25 I[)K/CMZ) (a), 1 U300paxeHus1 yyacTka (poJibru a,
MOJIyYEeHHBIC B XapaKTEePUCTUUECKOM PEHTTEHOBCKOM M3JIyYeHU U aTOMOB amioMuHusd (b), KpeMHus (¢), utrpus (d)

73



lzvestiya. Non-Ferrous Metallurgy e 2023 « Vol. 29 « No.5e P.69-78

Shliarova Yu.A., Shlyarov V.V., Zaguliaev D.V. et al. Electron-ion-plasma modification of the surface of silumin of hypereutectic composition

Fig. 4. Electron microscopic image of structure formed in the surface layer of hypereutectic silumin exposed
to electroexplosive alloying by yttrium oxide and subsequent irradiation by pulsed electron beam at an electron beam energy

density of 25 J/cm?

a — light filed; b — electron diffraction pattern; ¢, d — dark fields acquired in reflections [111] Si (¢) and [022] Y,SiO5 (d)

Puc. 4. D1eXTpOHHO-MUKPOCKOMMYECKOE U300paxKeHue CTPYKTYPhI, (POPMUPYIOLIEICS B TOBEPXHOCTHOM CJIOE CUJIYMUHA
3a9BTEKTUYECKOTO COCTaBa, MOABEPTHYTOIO JI€KTPOB3PHIBHOMY JISTHPOBAHUIO OKCUIOM UTTPU ST
M [OCTIEAYIOLIEMY OOJIYIEHIIO MMITYIbCHBIM 2JIEKTPOHHBIM ITYYKOM IIPU IUIOTHOCTH SHEPTHH [TyYKa 3IeKTPOHOB 25 [ /cM?

a — CBEeTIOe 1oJie; b — MUKPO3JIEKTPOHOTpaMMa; ¢, d — TeMHbIe MoJIs1, ostydeHHble B pebiaexcax [111] Si (¢) u [022] Y,SiO5 (d)

the development of a nanocrystalline structure within
the preserved silicon inclusions, with the grains mea-
suring between 9—30 nm. Notably, these inclusions
assume a rounded (globular) shape (Fig. 5). Similar to
the scenario illustrated in Fig. 4, the partial dissolu-
tion of silicon inclusions followed by high-speed crys-
tallization of the surface layer leads to the formation
of a cellular structure. This structure is characterized
by the precipitation of nanosized silicon particles and
yttrium oxysilicides along the boundaries of the cells
(Fig. 5, ¢, d).

The collection of results obtained leads us to infer
that the significant enhancement in the wear resist-
ance of silumin, following integrated treatment, can

74

be attributed, at least in part, to the presence of sili-
con inclusions that did not dissolve during modifica-
tion. surrounded by a structure of high-speed cellular
crystallization in the surface layer. These inclusions
are surrounded by a high-speed cellular crystallization
structure in the surface layer. This effect is observed
not only in comparison to the untreated cast silumin
but also in comparison to eutectic silumin that under-
went a similar modification process.

Conclusions

1. Integrated treatment, which combines elect-
roexplosive alloying with subsequent pulse irradia-
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Fig. 5. Electron microscopic image of the structure formed in the surface layer of hypereutectic silumin exposed
to electroexplosive alloying by yttrium oxide and subsequent irradiation by pulsed electron beam at an electron beam energy

density of 35 J/cm?

a — light filed; b — electron diffraction pattern;

¢, d — dark fields acquired in reflections [111] Si (¢) and [032] Y,Si,0; (d)

Puc. 5. Dy1eKTpOHHO-MUKPOCKOMUYECKOE U300paKeHue CTPYKTYPhl, (DOPMUPYIOLIEICS B IOBEPXHOCTHOM CJIO€ CUJIYyMUHA
3a9BTEKTUYECKOr0O COCTaBa, MOABEPTHYTOTO 3J€KTPOB3PBIBHOMY JIETUPOBAHUIO OKCUIOM UTTPUST
1 MOCJICAYIOLIEMY 0BTy ICHU IO MMITY/TECHBIM 3JIeKTPOHHBIM [Ty YKOM TTPH TIOTHOCTH SHEPTHH MTYYKa SJIEKTPOHOB 35 JIK /cM2

a — CBEeTJIoe 10J1e; b — MUKpPO3JIEKTpOHOTpamMma; ¢, d — TeMHBbIE T0JIs1, TIoJyYeHHbIe B pediekcax

I—[111]Si(e)n2—[220] Si+ [032] Y,Si,07 (d)

tion using an electron beam at an energy density of
25 J/cm?, results in a substantial 7.94£0.6-fold in-
crease in wear parameter of the modified samples
and a 1.7£0.15-fold reduction in the friction coeffi-
cient compared to the initial state of the silumin. Ad-
ditionally, the microhardness of the silumin surface
layer increases by 1.5+0.12-fold relative to its initial
state.

2. Irradiation of samples with an electron beam
energy density of 35 J/cm2 leads to a 2.1+0.21-fold
increase in the silumin wear parameter and a
1.13%+0.1-fold increase in the friction coefficient, along

with a 1.3+0.13-fold decrease in microhardness com-
pared to samples modified at an electron beam energy
density of 25 J/cm?.

3. It is postulated that the substantial increase in
the wear parameter of silumin following integrated
treatment, when compared to both the untreated cast
silumin and eutectic silumin modified in a similar
manner, can be attributed to the presence of silicon
inclusions in the surface layer. These silicon inclu-
sions, which remained intact during modification,
are surrounded by a high-speed cellular crystalliza-
tion structure.
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