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Obtaining copper concentrate
during iron ore processing

A.A. Lavrinenko', O.G. Lucinian', I.N. Kuznetsova', V.G. Olennikov?

! Institute of Complex Development of Mineral Resources n.a. Acad. N.V. Melnikov
of the Russian Academy of Sciences
4 Kryukovsky impasse, Moscow, 111020, Russia

2 LLC NPF “Mashgeo”
105 Skuratov str., Tula, 300026, Russia

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

Abstract: The data on the complex processing of iron ore from one of the deposits of the Republic of Kazakhstan, which involves several
operations of wet magnetic separation with re-grinding of raw products and their subsequent refining to produce a conditioned iron concentrate
with 65—66 % iron containing 79—80 % Fe and 2.2—2.5 % Si, are presented. It was found that during the magnetic enrichment of the ore
under study, the copper minerals concentrate in the magnetic separation tailings and the copper content in them increases from 0.093 to
0.2 %. A scheme and reagent system have been developed for the recovery of conditioned copper concentrate from magnetically enriched
tailings. To obtain copper concentrate, magnetic separation tailings are subjected to regrinding in a lime medium to a fineness of 75 %
of the —0.071 mm grade. After two operations of the main copper flotation with the use of water glass, butyl xanthate and frother MIBK,
waste tailings are obtained. The froth product of the first basal flotation is cleaned twice. The result is a copper concentrate containing
15.2 % copper, 26.5 % iron, 17.5 % sulfur, 3.47 % silicon, 1.4 % aluminum and 8.5 % zinc, which corresponds to the KM-7 grade
according to GOST R 52998-2008. Waste tailings contain: copper 0.08 %, iron 20.1 %, sulfur 0.25 %, silicon 16.2 %, aluminum 6.4 %
and zinc 0.045 %. The influence of xanthates with different length and structure of hydrocarbon radical as well as hostaflots and amyl
aeroflots on the process of copper flotation is studied. The high efficiency of butyl xanthate in the flotation of copper minerals has been
confirmed.

Keywords: wet magnetic separation, iron ore, butyl xanthate, aeroflot, Hostaflots, copper concentrate

For citation: Lavrinenko A.A., Lucinian O.G., Kuznetsova I.N., Olennikov V.G. Obtaining copper concentrate during iron ore processing.
Izvestiya. Non-Ferrous Metallurgy. 2023; 29 (1): 5—15. (In Russ.). https://doi.org/10.17073/0021-3438-2023-1-5-15
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MPOJAYKTOB U MOCJIEAYIONYIO0 KX MePEUYUCTKY C TTOJTyUeHUEeM KOHAUIIMOHHOTO XeJIe3HOTO KOHIIEHTpaTa, cojepxaiiero 65—66 % xe-
ne3a nipu ussiedyeHun 79—80 % Fe u 2,2—2,5 % Si. YcTaHOBJIEHO, YTO TPU MATHUTHOM O0OOTAIIEHU U UCCIIEyeMOU PYIbl METHbBIE MU-
HepaJibl KOHLEHTPUPYIOTCS B XBOCTaX MATHUTHOI Cenlapallu U cofepkaHue Meau B Hux noseimaercs ¢ 0,093 1o 0,2 %. PazpaGorana
cXxeMa U peareHTHBIN PeXXUM MOJyYeH I KOHAUIIMOHHOTO0 MEIHOTO KOHIIEHTpaTa U3 XBOCTOB MAarHUTHOTO oboraiieHus. s monyyde-
HUSI METHOTO KOHIIEHTpaTa XBOCTHl MATHUTHO cernapaliuy MoJBepralTcs J0M3MeIbYCHU 0 B U3BECTKOBOI cpefe 10 KpymHocTu 75 %
kyacca —0,071 mm. [Tocse nByXx onepanuii OCHOBHOUM MeaHOM (JIOTALMK C TPUMEHEHUEM XU KO0 CTeKJia, OyTUIOBOr0 KCAaHTOreHara
u BcrnieHuBareass MUBK nosiyyatoT oTBajibHble XBOCTBI. [IeHHBII MPOMYKT NMEepBOi OCHOBHOI (hJIOTALIMU ABaX/bl MEPEUMUIIACTC.
B pesynbraTe mosyuaeTcsi MEIHbBI KOHLIEHTpPAT ¢ coaepxaHuem, %: 15,2 Cu, 26,5 Fe, 17,5 S, 3,47 Si, 1,4 Al u 8,5 Zn, KOoTOpPBIii COOT-
BercTrByeT Mapke KM-7 (TOCT P 52998-2008). OtBanbHbie XBOCTH comepxkar, %: 0,08 Cu, 20,1 Fe, 0,25 S, 16,2 Si, 6,4 Al u 0,045 Zn.
PaccmoTpeHo BausiHMe Ha Mpolecc MeAHOU (GIoTalMKU KCAHTOTEHATOB C PA3JIUMYHON MJIIMHOI U CTPOEHUEM YTJIeBOAOPOAHOIO pa-
nukasna, a Takxe XoctadJoToB U aMuyoBoro aspodiora. [MoaTBepxkaeHa Beicokast 3G GeKTUBHOCTb OYTUIIOBOIO KCaHTOTeHaTa Mnpu
daoTauuKu MeIHBIX MUHEPAJIOB.

KnoueBbie cioBa: MOKpasi MArHUTHAs cemapanus, Keje3Hasi pyaa, OyTUIOBBIM KCaHTOTeHaT, adpodioT, XocTadaoThl, MEAHbIN KOH-
LIEHTpaT

Jna uuruposanus: Jlaspunenko A.A., JlycunsH O.I., Ky3neuosa U.H., Onennuxos B.T. [TonyyeHue MeagHOro KOHUEHTpaTa pu obora-
IEHWU XeJIe3HBIX Y. M3eecmus 8y306. llgemnas memannypeus. 2023; 29 (1): 5—15. https://doi.org/10.17073/0021-3438-2023-1-5-15

Introduction
The industry’s increasing demand for nonferrous AL i, 1.36 g/t | SR 0.25
metals has made it increasingly important to involve Al 1.96 J\\F: I 0.31
poor or'es and e.nrlchment talllrlgs. n co.mprehenswe [ ©F: TR 1.51 V4 | UUTUR 0.087
processing of minerals. The practice of iron ore en-
CU. i, 0.093 S, 3.46

richment shows that the tailings of iron ore enrichment
plants often contain significant amounts of nonferrous | S 44.60 N T 7.2
metal minerals. The content of these constituents is usu-

ally less than in the ores of the same name, and the use- It can be seen that of the precious metals silver is

fulness of their extraction is not always apparent.

The processing of raw materials with an unbalanced
content of valuable components is usually carried out
according to combined schemes involving enrichment
and metallurgical methods [1—3]. The preparation of
mineral raw materials for enrichement plays an impor-

present in the sample — about 1.4 g/t.

Using X-ray phase analysis on X-ray diffractometer
X’Pert PRO MPD (PANanytical, Netherlands) the fol-
lowing mineral composition of the ore sample, wt.% was
established:

i ] Y Magnetite .........cocooiviiiiiiiiiics 56.19
tant role [4—6], and often requires finer grinding in )
. . . . Hematite.......oooovieiiiiiieeeeeeecieeee e 3.3
comparison with the initial ore raw materials for break- .
ing down the aggregates [7]. ChalCOPYTIIte.....cceevvuveeeeirieeeeciieeeeireeeeens 0.62

Development of rational enrichement schemes and Pyrite coeeeee 6.19
effective choice of reagent regime in flotation of pre- CRIOTIEE ettt 0.95
pared (previously grinded) raw materials (enrichment MiCA .eeiiiiiiieeeeeee e 0.14
tailings) makes it possible to include prOdPCts with l.lrl— Feldspar........cooovecciiieiieeeeecieeeee e 4.9
balanced content of valuable components in processing

ASDESTOS .oeiieeeeiiiiiiiee e 0.71
[8—12].

The objective of this work was to develop a technol- Sphalerite ........ocoovviiiiiiiiiiiie 1.9
ogy to recover not only iron ore concentrate but also AmPhibole.......coovvieiieiiiiiieieeieeieen 8.06
copper concentrate from current magnetic enrichment PYTOXeNe ....ovvvvviiiiiiccceeceeeeee e 4.74
tailings. QUATLZ oo 6.42

. Carbonate........eeeeevviereeiiiieeeiieee e 1.1
Objects and research methods .
0] 1a Lo £ 2.77

Studies were conducted on an ore sample with a con- Others: gypsum, talc, apatite,
tent of 44.6 % iron and 0.093 % copper. The composition polymineral aggregates ...............vvvvvvvnnn. 2.01
of the main elements of the ore is given below, %: TOtAl ..t 100

6
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Optical and mineralogical analysis showed that the minerals (Fig. 1). Secondary minerals are hematite, py-
main ore mineral is magnetite, which is noted both in rite, feldspar, quartz, pyroxene, amphibole, and epidote.
the form of grains and aggregates with rock-forming The ore also contains sphalerite, carbonate, chlorite,

Fig. 1. Optical and mineralogical analysis results.

a — magnetite grains fragments, some grains are subject to hematization, reflected light, nicoli are parallel;

b — magnetite, hematized to various degrees, and hematite grains fragments, reflected light, nicoli are parallel; ¢ — magnetite and hematite
grains fragments, reflected light, nicoli are parallel; d — magnetite and chalcopyrite aggregation, reflected light, nicoli are parallel;

e — magnetite with hematite and pyrite aggregation, back-scattered electrons image; f — magnetite with quartz and clinochlorite aggregation,
back-scattered electrons image

Puc. 1. Pe3ynbraThl ONTUKO-MUHEPAJIOTMIECKOTO aHaIn3a

a — dbparMeHThI 3epeH MarHeTUTa, HEKOTOPbIE 3epHA MOIBEPKEHBI TeMAaTUTU3ALIUU, OTPAXKEHHBIIN CBET, HUKOJIM MapajiebHbL;

b — dparMeHTHI 3epeH MarHeTuTa, B pa3IMyHON CTeNEH!U MOABEPKEHHbIE TeMaTUTU3ALIMU, U TeMaTUTa, OTPAXKEHHBII CBET,

HMKOJIY MapajulesibHbl; ¢ — GparMeHThl 3epeH MarHeTUTa U reMaTuTa, OTPaXKEHHbII CBET, HUKOJIU NapasliebHbl;

d — cpOCTOK MarHeTHTa U XaJIbKOTIMPUTA, OTPAKEHHBIN CBET, HUKOJIV MapaJlieIbHBI; € — CPOCTOK MarHeTUTa ¢ FeMaTHUTOM Y IIUPUTOM,
1300paxeHne B 00paTHO-PaCCESTHHBIX AJIEKTPOHAX; f— CPOCTOK MarHEeTUTa C KBapLieM U KIIMHOXJIOPOM, N300paxeHe

B 0OpaTHO-PACCESTHHBIX DJIEKTPOHAX
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and asbestos. The rest of the minerals are represented in
a landmark quantity.

The study of the composition of the sample material
has shown that the basic processing of the ore is asso-
ciated with the technology of extraction of ferrous mi-
nerals. Further it is useful to extract copper from the
magnetically enriched tailings, which requires solving
some schematic problems.

In the laboratory technological study, the ore was
grinded in a jaw grinder SChKD 150x200, then the
grinder KID-100 was used. Ore grinding was carried out
in a roller ball mill with a volume of 1 L. The PBSZ-22
magnetic separator with two drums with variable rota-
tional speed and constant magnetic induction of 0.15
and 0.25 T was used for dry magnetic separation at dif-
ferent magnetic field strengths.

To simulate a continuous process of wet magnet-
ic separation, we used a system consisting of a wet
magnetic separator MMS-0.1 PM and a pump. The
magnetic induction of the drum separator is 0.15 T.
The rotation speed of the magnetic system and the
pump power are regulated. The flotation tests were
performed in the FM2M laboratory flotation ma-
chine with a chamber volume of 150—500 cm’. Va-
rious xanthates (butyl, isobutyl, amyl, isoamyl), Hos-
taflots, amyl aeroflot, lime, liquid glass, MIBK were
used. Hostaflots contained major components such
as LIB E, sodium salt of Dithiophosphoric acid O,0-
diisobutyl; Hostaflot 3403, Sodium O,O-diisobutyl
dithiophosphate; Hostaflot X-23, O-ethyl-N-isopro-
pyl thionocarbamate; Hostaflot X 231, O-N-isopropyl
thiocarbamate.

Operational determination of useful constituent
content was performed using Olympus X-5000 X-ray
fluorescence analyzer (USA) and balance determina-
tion was performed using ARL Advants X-ray fluores-
cence spectrometer (ThermoFisher Scientific, Switzer-
land).

Technological study

The main technological studies on the ore with the
aim of developing an optimal scheme and technology of
its enrichment were carried out in two directions: dry
and wet magnetic separation and copper flotation from
magnetically enriched tailings.

The scheme of laboratory tests for obtaining iron
concentrate included: grinding of the initial ore to a size
of —2+0 mm, two operations (base and control) of dry
magnetic separation, the concentrates of which were
combined. The coarseness of the combined concentrate
was 8 % of the —0.071 mm grade. The grinding of the

concentrate to a content of 63 % of the —0.071 mm grade
and its dry magnetic separation make it possible to in-
crease the quality of the iron concentrate from 52.8 % to
57.3 %, while the iron yield in the concentrate remains
constantly high at 82—83 %.

Further investigations to improve the quality of the
concentrate were carried out involving the wet magnetic
enrichment process. As a result, an optimal technologi-
cal scheme for the recovery of iron ore concentrate with
wet magnetic separation of grinded combined concen-
trate was developed (Fig. 2).

Preparation of the studied ore with grinding of the
combined dry concentrate to the content of 63 % of the
—0.071 mm grade and subsequent wet magnetic sepa-
ration according to the proposed scheme allows to ob-
tain an iron ore concentrate containing in %: 65.4 Fe,
0.01 Cu, 0.42 S, 2.7 Si, 0.95 Al. Zinc was not detected in
the iron concentrate.

For the elaboration of the final scheme of ore pro-
cessing with the definition of enrichment regimes and
parameters, studies have been carried out that allow
defining the possibility and expediency of flotation
processing of the tailings obtained after wet magnetic
separation. Magnetic separation tailings have the fol-
lowing composition, %: 0.2 Cu, 0.14 Zn, 3.5 S, 21.0 Fe,
8.9 Al, 13.4 Si. Analysis has shown that the copper
content in the magnetic separation effluents increas-

Primary product
(-2+0 mm)

|

Dry magnetic separation

}

Control separation

Concentrate 1 Concentrate 2 l
Combined Tailings 1
concentrate

Grinding
(63 % grade —0,071 mm)
Wet magnetic separation
Iron Tailings 2
concentrate

Fig. 2. Scheme of obtaining iron ore concentrate
with wet magnetic separation

Puc. 2. Cxema rosy4eHu s XeJie30pyTHOr0 KOHLIEHTpaTa
C MOKPOI MarHUTHOW cenaparuen



13BeCTng By30B. LIBETHOS METAAAYPIUS o 2023 o T.29 « N21e C.5-15

AaspuHeHko A.A., AycuHgH O.I., KyaHevuosa V.H. n pp. [ToAyYeHne MeAHOTO KOHLEHTPATA NP OB0TALLLEHNUM XEAE3HBIX PYA

es by more than 2 times and may be of economic in-
terest.

The flotation experiments to determine the flotation
and reagent regimes basic scheme were carried out ac-
cording to a scheme that included the following opera-
tions: re-grinding of the combined magnetic separation
tailings (dry and wet); the first base copper flotation
with addition of lime carbonate, liquid glass, collector
and foaming agent. In the second base flotation, 40 % of
the reagents were fed from their consumption in the first
main flotation.

Previously, tailings flotation with magnetic sepa-
ration without re-grinding (50 % grade —0.071 mm)
was carried out using butyl xanthate as collector at a
consumption rate of 40 g/t in the first and 16 g/t in
the second basic operation and foaming agent MIBK
at consumption rates of 40 and 16 g/t, respectively,
with a copper recovery rate in the common concen-
trate of 77 %. Grinding to a particle size of 75 % grade
—0.071 mm grade increased the copper recovery rate
to 83.3 %. The further increase of the fineness de-
gree up to 95 % grade —0.071 mm did not lead to sig-
nificant changes in the technological parameters of
flotation. Therefore, in further flotation studies, the
grinding mode was adopted up to a size of 75 % grade
—0.071 mm.

The effect of the collector consumption rate on
the flotation results for a total process time of 6 min
is shown in Fig. 3. From the data presented, when the
butyl xanthate consumption rate is increased up to
40 g/t, the copper extraction into concentrate reaches
88.3 % with a concentrate recovery of about 31 %.
A further increase in the collector consumption rate
does not have a significant impact on the flotation per-
formance. The low copper content in a concentrate is
connected with a high pyrite yield caused by its flota-
tion activity.

Lime carbonate Ca(OH), was used for pyrite de-
pression. The possibility of its delivery to different
points of the technological process was studied. Intro-
duction of the reagent in the flotation pulp did not lead
to satisfactory results of flotation. The results of the
study of the effect of lime in the grinding process on
the results of flotation are shown in Fig. 4. Xanthates
consumption rate during flotation was 40 g/t. MIBK
was used as a foaming agent and its consumption rate
was 40 g/t. From the data shown in Fig. 4, it can be seen
that the addition of lime carbonate during grinding can
increase the quality of the concentrate. The optimum
consumption rate for lime carbonate was 9 kg/t ore —
in this case, the copper content in the concentrate was
0.93 % and the extraction was 85 %. The increase in

Cu content
in concentrate, %

Concentrate yield,
Cu recovery into concentrate, %
100

80+

607

40-

A

204

0 T T T 0

Consumption of xanthate, g/t

Fig. 3. Butyl xanthate consumption rate influence
on concentrate yield (1), copper recovery (2)
and its concentrate content (3) (5 = 6 min)

Puc. 3. Bausinue pacxoma 0yTUI0BOro KCaHTOreHaTa
Ha BbIXOJ KOHLIeHTpaTa (1), u3BjaeueHue Meaun
B KOHLIEHTpAT (2) 1 ee conepxanue B HeM (3) (Tg, = 6 M1H)

Cu content
in concentrate, %

Concentrate yield,
Cu recovery into concentrate, %

100 1.0
80 - 3 0.8
'y
601 0.6
40 - 2 0.4
204 . R 0.2
P L —— " ’
: . 0
0 5 10 15

Lime consumption, kg/t

Fig. 4. Ca(OH), at grinding consumption rate influence
on yield concentrate (1), copper recovery rate (2) and its
content in concentrate (3) at flotation with butyl xanthate

Puc. 4. Bnusinue pacxona Ca(OH), npu usmenpbueHnn
Ha BBIXOJ KOHIIeHTpaTa (I), u3BjieyeHrEe Mean

B KOHIIEHTpAT (2) U ee coaepxkaHue B HeM (3)

npu yrotaruu 6y TUIIOBBIM KCAHTOT€HATOM

lime carbonate consumption leads to a decrease in cop-
per extraction and its content in the concentrate. Thus,
it can be seen that the alkaline environment created by
the carbonate of lime further promotes the separation of
the copper from the iron oxide [13].

The study of the influence of liquid glass on the de-
pression of rock minerals was carried out with the con-
sumption rates for xanthate — 40 g/t, lime — 800 g/t
and MIBK — 40 g/t. The increase of liquid glass con-
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sumption rate to 800 g/t results in a 2 % decrease of a
concentrate recovery rate (from 17.1 to 15.3 %), also
a 2 % decrease of copper recovery rate (from 71.8 to
69.6 %), but its content in a concentrate remains almost
the same. At the same time, aluminum extraction de-
creases by 5 %, silicon extraction — by 6—7 %.

Fig. 5 shows the kinetics of copper sulfide flotation.
It can be seen that after the 1st minute of flotation, the
copper content in the concentrate is 3.5 % and the reco-
very rate is 73 %. During the first 3 minutes of flotation,
83 % of the copper is extracted, but the copper content in
the combined concentrate decreases significantly. Thus,
the time of the first basal flotation — 1 min, the second
basal flotation — 2 min was accepted.

The results of the tests carried out with the applica-
tion of xanthates with different length of hydrocarbon
radical and structure in flotation for 1 min are shown
in Fig. 6. The comparison of butyl and amyl xanthate
shows that amyl has a stronger collecting power, which
can be explained by the large size of the hydrocarbon
radical. But in this case the quality of the concentrate
decreases. The authors [14] used quantum chemical
calculations to show that amyl xanthate binds more
strongly to a mineral surface containing copper ions
compared to other xanthates.

When comparing butyl and isobutyl as well as amyl
and isoamyl xanthates, it was found that the isomeri-
zation of the hydrocarbon radical leads to a deterio-
ration of the collection properties. This is consistent
with the data from the paper [15] that the authors ap-
plied to pyrite: “Radical isomerization of hydrocar-
bons reduces the flotation activity of pyrite due to

Cu content
in concentrate, %

Concentrate yield,
Cu recovery into concentrate, %

100 0.8
3
\
80 - -0.7
- 0.6
60 2
0.5
401
1 5 0.4
201 //_"/_‘_0.3
0 T T T T T 0.2
1 2 3 4 5 14, min

Fig. 5. Flotation with butyl xanthate kinetics

1 — concentrate yield, 2 — Cu content in concentrate,

3 — copper recovery in concentrate

Puc. 5. KuneTtuka aortauuu OyTHUIOBBIM KCAHTOI€HATOM

1 — BBIXOI KOHIIEHTpaTa, 2 — conepxanue Cu B KOHIIEHTpaTe,
3 — u3BneyeHUe Meau B KOHLIEHTPAT

10

Cu content
in concentrate, %

Cu recovery
into concentrate, %

75 o 4
>
A
3
]
70 -3
—_ _ &
. T B
65 3 - 2
7
7
//'/
2w~
60 T T T 1
0 20 40 60 80

Collector consumption, g/t

Fig. 6. Various xanthates and their consumption rate
influence on copper extraction and its content
in the concentrate

1, I’ — butyl xanthate; 2, 2" — isobutyl xanthate;
3, 3’ — isoamyl xanthate; 4, 4’ — amyl xanthate
Solid curves — content, dashed curves — extraction

Puc. 6. Biusinue pa3iMyHbIX KCAHTOI€HATOB
M UX pacxoja Ha U3BJIeUeHUE MEIU B KOHILIEHTpAT
M ee colepKaHue B HEM

1, 1’ — GyTUJIOBBII KCaHTOreHaT; 2, 2° — U300y TUIIOBBIIA;
3, 3" — u3oaMWIoBbIi; 4, 4" — aMUJIOBBII
CIUTOIIHbIE KPUBBIE — COAEPKAHUE, IITPUXOBIE — U3BIICUCHUE

the lower susceptibility of the collector to oxidation”.
Comparing straight and branched chain compounds,
the authors [16] concluded that branched chain xan-
thates higher homologues are less effective. Fig. 6
data shows that the most effective collector is butyl
xanthate at a consumption rate of 40 g/t. When using
it, the highest copper content in the concentrate is
achieved.

Thiophosphates, thiophosphinates, thiocarbama-
tes etc. are widely used to increase the flotation ef-
ficiency. These reagents are used for various sulfides
in combination with xanthates and independently
[17—23]. Our flotation studies with different collec-
tors (Fig. 7) have shown that amyl aeroflot and Hos-
taflots have weaker collection properties compared
to xanthates. Of the Hostaflots used, Hostaflot X-231
showed the strongest collection characteristics — at a
consumption rate of 40 g/t copper, the extraction rate
in concentrate was 54 % with an increase in grade in
concentrate up to 3.6 %. Stronger collecting properties
in comparison with Hostaflot were revealed in amyl
aeroflot. The maximum copper content of 3.3 % at
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0 Cu recovery into concentrate, %

a
./-0\0—0 1
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0. ./././.3
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4
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7
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0 50 100

Collector consumption, g/t

Cu content in concentrate, %
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/ :
1 2
- 4
2_
5
3
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Collector consumption, g/t

Fig. 7. Various collectors and their consumption rate influence on copper recovery (a) and its content (b) in a concentrate
1 — butyl xanthate, 2 — Aeroflot, 3—7 — Hostaflot: 3 — 3403, 4 — LIB, 5§ — X-023, 6 — X-231, 7— 10093

Puc. 7. BiusiHue pazanuHbIX coOMpaTesieil M X pacxoia Ha U3BJeUEHUE MEIU B KOHIIEHTPAT (@)

U ee conepxkaHue B HeM (b)

1 — 6ytuioBblii KcaHToreHar, 2 — Aspodiort, 3—7 — Hostaflot: 3 — 3403, 4 — LIB, 5 — X-023, 6 — X-231, 7— 10093

extraction rate of 63.8 % was reached at the aeroflot
consumption rate of 40 g/t. By increasing the aeroflot
consumption rate, the extraction can be increased, but
the quality of the concentrate decreases. At a similar
consumption rate (40 g/t) of butyl xanthate, the cop-
per extraction in the concentrate was 73 % at a content
of 3.5 %.

In order to improve the efficiency of copper flo-
tation, studies were carried out using a combination
of xanthates with amyl aeroflot, as these collectors
demonstrated the strongest collecting properties (see
Fig. 7). Using one aeroflot reduced the copper recov-
ery by 9 % and its content by 0.2 % (Fig. 8). A compa-
rison of the results of flotation with one xanthogenate,
one aeroflot and their combination shows that flota-
tion with only one xanthogenate is preferable. There-
fore, the further ore studying was carried out with use
of butyl xanthate as collector at its consumption rate
of 40 g/t.

Based on the flotation results after determining the
optimum reagent consumption, flotation studies were
carried out to improve the quality of the copper concen-
trate using post-purification procedures according to
the scheme shown in Fig. 9. At that, the following rea-
gent regime parameters were chosen:

— the first basal flotation: liquid glass — 800 g/t,
butyl xanthate and MIBK — 40 g/t each, pH before
flotation — 11.7, CaOy., — 0.47 g/L, flotation time —
1 min;

Concentrate yield, Cu content
Cu recovery into concentrate, % in concentrate, %
80 3.6

0\.\‘\‘_2\‘

60 4 L35

404 L 3.4
3

20 - 3.3
R . ]

T — T — T — T 3.2

0 20 40 60 80 100

Aeroflot percentage, %

Fig. 8. Amyl aeroflot in a mixture with xanthate influence
on concentrate yield (1), copper extraction (2) and its content
in concentrate (3)

Puc. 8. Biusinue amuioBoro aspodJora
B CMECH C KCAHTOT€HATOM Ha BbIXOJ KOoHlleHTpaTa (1),
W3BJIEUCHUE MENT B KOHIIEHTPAT (2) U ee comepxkaHue B HeM (3)

1
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Balance indicators of investigated ore enrichment

BanancoBble moKa3aTeu 06oraileHus UCCaeayeMOM Py bl

Content, % Extraction, %
Product name Output, %
Fe Cu Fe Cu
Iron concentrate 54.60 65.4 0.01 80.0 5.9
Copper concentrate 0.33 26.5 15.2 0.2 54.0
Final tailings 45.07 20.0 0.08 19.8 40.1
Primary ore 100.00 44.7 0.093 100.0 100.0

— the second basal flotation: reagent consumption
rate — 40 % of the consumption during the first basal
flotation, pH before flotation — 11.5, CaOy,.. — 0.35 g/L,
flotation time — 2 min;

— the recleaning flotation (Ist and 2nd): lime car-
bonate — 330 g/t, CaOy,.. — 0.14 g/L, flotation time —
15s.

The size of the magnetic separation tailings after
regrinding with lime carbonate (9 kg/t) was 75 % grade
—0.071 mm. The basal and control flotations resulted
in final tailings. The froth product of the basal flota-

Magnetic separation tailings

Ca(OH), —

Regrirrlding

First copper
flotation (1)

)

First
recleaning (15"")

Second copper
flotation (2")

Second

recleaning (15"")

o ]

Copper
concentrate

Final tailings

Fig. 9. Scheme of obtaining copper concentrate
from magnetic separation tailings of iron ore

Puc. 9. Cxema nmony4yeHu st MEITHOTO KOHIIEHTpaTa
13 XBOCTOB MAarHUTHOM cenapauuu
JKeJIe3HOU pyabl

12

tion was processed twice. The first recleaning tailings
and the control flotation froth product were returned
to the basal copper flotation and the chamber prod-
uct of the second recleaning was fed to the first re-
cleaning. The froth product of the second recleaning
was copper concentrate with copper content of 15.2 %
(KM-7 grade according to GOST R 52998-2008,
group A32).

Thus, the scheme (Fig. 9) and the reagent regime of
the flotation cycle for obtaining copper concentrate and
tailings were developed according to the results of flota-
tion of magnetic separation tailings of iron-containing
ore. Copper concentrate contains %: 15.2 Cu, 26.5 Fe,
17.5°S, 3.47 Si, 1.4 Al and 8.5 Zn, which corresponds to
KM-7 grade (GOST R 52998-2008, group A32). The
final tailings have the following content of main com-
ponents %: 0.08 Cu, 20.1 Fe, 0.25 S, 16.2 Si, 6.4 Al and
0.045 Zn.

Balance indicators of investigated ore enrichment
are shown in the table.

Conclusion

1. The use of wet magnetic separation in deep
grinding of iron ore allows obtaining iron ore concen-
trates with iron content of 65—66 % with its extrac-
tion of 79—80 %. Thus, the Si content does not exceed
2.2—2.5%.

2. During magnetic enrichment of the ore un-
der study, copper minerals concentrate in the tailings
and the copper content in them increases from 0.093
t0 0.2 %.

3. The application of the flotation method for the
enrichment of magnetically separated tailings with their
pre-grinding and the use of butyl xanthate makes it pos-
sible to obtain a conditioned copper concentrate of the
quality KM-7 with a copper content of 15.2 %. The high
efficiency of butyl xanthate in flotation of copper min-
erals is confirmed.
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Abstract: When processing sulfide copper-zinc concentrates at copper smelters, sulfide-arsenic cakes are formed, which are subject to disposal.
To solve the global environmental problem of arsenic in the metallurgical and mining industries, it must be reliably concentrated and fixed in
technological flows with subsequent waste disposal. The fusion of arsenic cake with elemental sulfur leads to the formation of vitreous sulfides,
which are less toxic in comparison with dispersed powdered cake, homogeneous and compact in shape. The fusion product is represented by
non-stoichiometric arsenic sulfide, similar in composition to As,Ss. The high chemical stability of glassy arsenic sulfides is confirmed by the
results of leaching by TCLP method. The fusion products have 100 times lower solubility compared to the initial cake. Achieving the solubility
of arsenic in the alloy below the threshold concentration (5 mg/dm?) makes it possible to recommend the disposal of arsenic cake by fusing
it with elemental sulfur. The fusion products belong to non-hazardous waste and are suitable for long-term storage. The composition and
structure of cake fusions with iron powder have been studied. New compounds of variable composition were identified in the fused samples:
arsenides and sulfides of iron, arsenic sulfides and arsenopyrites. Studies have shown that the products of fusion with iron have a solubility
10—15 times lower than the arsenic compounds in the initial cake but above the threshold concentration as per TCLP method. Therefore, fusion
with iron cannot be recommended for practical use for the disposal of arsenic cakes.
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Annoramus: [1pu mepepaboTke CyTbMUIHBIX MEIHO-IITMHKOBBIX KOHIIEHTPATOB Ha MENETJIAaBUIBHBIX 3aBOaX 00pa3yroTcst CyabpuIHO-
MBIIIbSIKOBUCTBIE KEKHU, MOJIeKAlINe YTUuau3anuu. st penreHus riiodaabHON 3KOJIOTMYECKON MPOOIEMbl MBIIIbSIKA B METAJIITYP-
TUYECKOI U TOPHOMOOBIBAIOIIEH OTPACISX MPOMBIIIIEHHOCTA OH HOJIKeH ObITh HAaJeXHO CKOHIEHTPUPOBAH M MMMOOUIN30BaH B
TEXHOJOTUYECKHX MOTOKAX C MOCIEAYIOUNM yaadeHrueM 0Txon0B. CriiaBieHne MBI bsIKOBUCTOTO KeKa C 9JIEMEHTHOI Cepoii MpUBO-
IUT K 00pa30BaHUIO CTEKJIOBUIHBIX CYJIb(PUI0B, KOTOPbIE MEHEE TOKCUYHBI B CPABHEHH U C TMCTIEPCHBIM MOPOIIKOOOPa3HBIM KEKOM,
OTHOPOJAHBI U 00J1afal0T KOMIaKTHOU hopmoii. [TpoayKT crijiaBieHUs PEACTABIEH HECTEXUOMETPUYECKUM CYIb(MDUIOM MBIIIbSIKA,
O6JIM3KMM 1O cocTaBy K As,Ss. Bbicokas xuMuyeckast yCTOMYMBOCTb CTEKJI000pa3HbIX CylIb(HUA0B MbILIbsSIKA MOATBEPXKIaeTCs pe-
3yJibTaTaMu BbilejgauuBaHus no meronuke TCLP. ITpoaykThsl criiaBieHus: umeroT B 100 pa3 MEHbIIYI0 paCTBOPUMOCTD 10 CpaBHe-
HUIO C HCXOZHBIM KeKOM. JJOCTHIKEHHE PACTBOPMMOCTH MBIIIbSIKA B CIIJIABE HUXE IIOPOrOBOil KOHLEHTPALMK (5 MI/IM’) MO3BOJISIET
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PEKOMEHI0BaTh YTUIM3ALMIO MbILIbSIKOBUCTOIO K€Ka CIIOCOOOM CIJIaBJIeHUS €ro ¢ 3JieMeHTHOM cepoii. [IponyKThl crniiaBieHUst OT-
HOCSITCSI K HEOMAaCHBIM OTXOJaM W MPHUTOIHBI IJIsI TIUTEIbHOTO XpaHeHUs1. MI3yuyeHBbl cOCTaB M CTPYKTypa CIJIaBOB KeKa C XKeJe3-
HBIM MTOPOIIKOM. B criyiaBeHHBIX 00pa3iiax BbIsIBJICHBI HOBbIE COCIMHEHU S IEPEeMEHHOTO COCTaBa: apCeHUIbI U CYyIb(MUIbI XKeye3a,
cylbMUIBI MBIIIbSIKA U apCEHOMUPUTHI. MccnenoBaHus mokKa3alu, YTO MPOAYKTHI CIIJIABICHUS C KeJe30M 00J1alaloT paCTBOPUMO-
cThio B 10—15 pa3 MeHbIIel, YeM cOeNMHEHUST MBITIIbSIKA B ICXOTHOM KEKe, HO BBIIIIEC TOPOTOBOI KOHIIeHTpanuu 1mo metoauke TCLP.
[TosTOoMYy criTaBieHUE C XKeJIe30M He MOXET ObITh PEKOMEH/IOBAHO K MPAKTUYECKOMY MCTIOJIb30BAHUIO JJIsl YTUIU3AIMU MBIIIbSIKO-
BUCTBIX KEKOB.
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Introduction

When processing sulfide copper-zinc concentrates
at copper smelters, sulfide-arsenic cakes, being sub-
ject to disposal, are formed. To solve the global envi-
ronmental problem of arsenic in the metallurgical and
mining industries, it must be reliably concentrated and
fixed in technological flows with subsequent waste dis-
posal. A combination of cost-effective and selective
physicochemical treatment methods such as ion ex-
change, leaching, precipitation, filtration and adsorp-
tion, along with biological methods, can constitute a
safe alternative for the removal of arsenic from liquid
and solid products to be purified. [1]. Arsenic immobi-
lization stage can be performed by hydrometallurgical
and pyrometallurgical methods. The initial stage of ar-
senic fixation is the oxidation of As(I1I) both to remove
arsenic and to stabilize its final residues. Commonly,
As(V) is precipitated using hydrometallurgical pro-
cesses consisting of neutralization with lime, precipi-
tation of sulfides, coprecipitation of arsenic with iron
ions, including scorodite FeAsO,4-2H,0O. In pyrometal-
lurgical methods, arsenic and sulfur are captured using
a fixing agent such as calcium and iron salts to obtain a
stable residue. [2].

The separation of arsenic from solid-phase is pos-
sible through pressure oxidation leaching process
(2.5 mol/dm® NaOH, p(0y) = 0.5 MPa, t = 120 °C,
L:S=4,1=3h)and AsOf‘ arsenate reduction to
AsOj arsenite with sulfur dioxide by ~93 % (pH = 4,
t = 30 °C, O(S0,) = 60 cm®/min, T = 2.5 h) [3].
The leaching of As,O3 by 89 % with 100 g/dm? Na,S
solution is possible at L : S = 6, ¢ = 80 °C along with
its precipitation from Fe,(SO,)3;, when 99.93 % of ar-
senic is removed in the form of amorphous ferric ar-
senate at pH = 4.8, Fe3+/As molar ratio = 5 and

H,0, /As = 4 [4]. Studies performed at the interface
of precipitate and water suggest that the removal of As
from the surface and deep layers is associated with the
adsorption of As(V) by Fe oxides and the formation of
a precipitate, and/or adsorption by Fe sulfides, respec-
tively [5]. Arsenic adsorbed on hydrated ferric oxide
(HFO) can redissolve as a result of the bioreactivated
reductive dissolution of HFO at almost neutral pH with
the corresponding oxidation of organic matter [6].
Calcium arsenates are also unstable and subject to
transformation. When neutralizing CaO with different
Ca/As ratios at pH = 7+12 in the presence of atmos-
pheric CO,, the various types of crystalline calcium
arsenate, which determine the stability of Ca3(AsOy),,
are formed. When pH values increase from 8 to 10—12,
the solubility of arsenic increases [7].

When sulfating hematite-rich calcines (56—62 %
Fe,053) with sulfuric acid, ferric sulfate solution
(13.4 g/dm?® Fe and 2.3 g/dm> As) was obtained and
used for the precipitation of arsenic by ~99.8 % from
waste waters (from 1,583.4 to 5.3 mg/dm?> of As). Ar-
senic carriers were ferric (aluminum) or calcium arse-
nate/arsenites (up to 72.8 % of As), as well as ferric oxy-
hydroxides [8]. Amorphous rather than crystalline ar-
senic trisulfide (As,S;) was unstable under alkaline and
oxidizing conditions. The release of arsenic in the form
of arsenite, which is subsequently oxidized to arsenate,
and sulfur in the form of thiosulfate with a transition to
sulfate by oxidation and disproportionation, increases
upon the increase of pH, dissolved oxygen concentration
and temperature [9].

Arsenic leaching from Zn—Pb mine tailings in-
creased to a greater extent under acidic rather than al-
kaline ones, growing with an increase in the L : S ra-
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tio and duration of contact of the tailings with water,
reaching a maximum for the samples with particle sizes
of 500—600 and 150—250 pm [10]. Acid leaching com-
bined with pressure oxidation was used to release
98.2 % of arsenic from lead plant fumes (100 g/dm3
H,SOy4, p(O,) =2.5MPa, r=170°C,L:S=10,t=2.5h,
® = 500 r/min) [11]. Injection of calcium-based adsor-
bent into flue gases can ensure high arsenic removal ef-
ficiency. Further development of advanced adsorbents
that are inexpensive, separable and suitable for recycling
as well as resistant to high-temperature sintering and de-
activation caused by the competitive adsorption of acid
gases, having a large specific surface area, is to be the
main focus of the future research [12].

Arsenate (2 mg/dm?) is sorbed by ~85 % from aque-
ous solutions on 0.3 g/dm*® CuFe,0, within 90 min at
pH = 7 [13]. Hydroxyl-Eggshell (ES-OH), being in-
expensive chemical compound, removes arsenic from
aqueous solutions in less than 15 min with a description
of the process by a pseudo-second order model and a
maximum As adsorption in 529 mg/dm3 according to
the Langmuir isotherm. The mechanism of As remov-
al by means of ES-OH is caused by the precipitation of
vladimirite Cas(HAsO,),(AsOy4),"5H,0, which is fol-
lowed by weak electrostatic interactions between precip-
itate and arsenate ions [14].

The pyrometallurgical roasting method is used for
the treatment of dust with the addition of sulfuric acid
and bitumen, for the reduction of As(V) and the oxi-
dation of arsenic sulfides (consumption H,SO, = 0.2+
+0.3 g/g, 5 % of carbon, t = 300+400 °C, Tt = 2+3 h).
About 98 % As was fumed, As content in the residue de-
creased to 0.57 %. The arsenic was eventually extracted
as As,05 with high purity of ~99.1 % [15].

The physical and chemical weathering of arse-
nic-rich industrial wastes can mobilize and disperse
contaminated sediments in residential areas surround-
ing the industrial areas, putting humans at risk of
chronic arsenic exposure. Arsenic content in mercury
mine deposits (fraction < 250 um) is 114—678 mg/kg
[16]. The highest bioavailability of As (19—32 %) was
established for the fraction of fine particles (< 53 pm),
represented mainly by crystalline (30—73 %) and
amorphous (9—59 %) Fe/Al oxyhydroxides [17]. The
metabolic activity of microorganisms was the main
reason for the transformation and mobilization of arse-
nic in the composition of wastes in landfills. Arsenate
is reduced to arsenite and additionally methylated to
mono- (MMA) and dimethylarsine (DMA) that de-
creases the total content of arsenic during the waste
disposal process, but facilitates its release into the liq-
uid phase in the form of arsenite, MMA and DMA [18].

18

The deposits in the pond for the discharge of metal-
lurgical production wastes were studied. The content
of water-soluble arsenic compounds, HCI and NaOH,
was determined. It was established that the oxidation of
As(III) and the processes of sorption and precipitation
of As(V) proceed upon dissolution. The content of wa-
ter-soluble As does not exceed 7.4 % of the total As in
precipitates, As(I1I) is below 7.4 % of the extracted As
content. The bulk of arsenic compounds (~78 % As) is
dissolved in 2 M HCl, As(V) is ~94 % of the extracted
arsenic [19].

Two different additives, namely a combination of
calcite and ferric sulfate (CC + Fe(III)) and a by-pro-
duct obtained from the processing of aluminum salt slags
(BP—AIO,), were used to stabilize As. Upon leaching,
a decrease in the concentration of dissolved As by 95—
98 and 52—79 % respectively was noted, which is ac-
ceptable for mine waste storage in controlled landfills.
[20]. In order to stabilize arsenic-calcium residue (ACR)
formed during the treatment of wastewater containing
As during a year, it is treated with FeSO,—H,SO,.
Leaching results in the decrease of As concentration
from 162 to 1.2 mg/dm>. The dissolution of As is stabi-
lized by the formation of stable complexes Fe—O—As
(FeAsO,4 xFe(OH);) [21]. The surface of nanosilica
(~18 nm) was modified with a silane coupling agent con-
taining a mercapto group and iron (II) salt to obtain
an organic-inorganic hybrid containing —S—Fe—S
(RNS-SFE) functional group. At a dosage of 3.0 wt.%
RNS-SFE, it can immobilize bioavailable Pb, Cd and
As by 97.1 %, 85.0 % and 80.1 %, respectively. Ele-
ments form insoluble compounds of mercaptometals
(—S—Pb—S— and —S—Cd—S—) and less soluble fer-
ric arsenate (Fe;(AsOy),, FeAsOy,), precipitating on
the surface of nanosilica particles. Immobilized pro-
ducts Pb, Cd and As exhibit good resistance to acid
leaching [22].

Notwithstanding previously performed studies,
there remains a need for the development of new, rel-
atively inexpensive and efficient ways to immobilize
arsenic contained in intermediate products and in-
dustrial waste. The purpose of this paper is to justify
a method for the thermal treatment of sulfide-arsenic
cakes with elemental sulphur and iron so as to reduce
the solubility of arsenic in long-term storage and dis-
posal conditions.

Methods and materials

The chemical composition of initial materials and
reaction products was determined by atomic emis-
sion spectroscopy by means of Spectroflame Modula S
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spectrometer (Spectro Analytical Instruments GmbH,
Germany). X-ray spectral microanalysis (XSMA) of the
samples was performed on EVO 40 XVP scanning elec-
tron microscope (Carl Zeiss, Germany) and INCA Ener-
gy 350 X-max 80 energy-dispersive X-ray spectrometer
(Oxford Instruments, UK). X-ray phase analysis (XPA)
of the formed products was performed on Dron 2.0 dif-
fractometer (“Burevestnik” Research and Production
Enterprise, St. Petersburg) with UVD-2000 high-tem-
perature attachment (CuKk,, radiation, graphite mono-
chromator, Bragg—Brentano focusing), angle interval
of 20 = 15.0+80.0°, film step of 0.02°, exposure time of
2 s). ICDD PDF-4 database was used to interpret radi-
ographs [23].

Waste toxicity was characterized using Toxicity
Characteristic Leaching Procedure (TCLP) [24, 25]
developed by the US Environmental Protection Agen-
cy (EPA). The aforementioned method is based on the
leaching of a solid sample under conditions simulat-
ing its presence in dumps. Leaching was performed on
an agitator platform in sodium acetate buffer solution
(pH = 4.93) with the ratio of S : L = 1 : 20, the agitation
speed of 30 r/min and temperature of 25 °C for 18 h. Af-
ter filtration in the solution, the concentration of arsenic
was determined and compared with the table present-
ed by EPA, containing maximum concentrations of the
toxic substance. The current TCLP threshold concen-
tration of arsenic is 5 mg/dm>.

The object of the study was sulfide-arsenic cake of
sulfuric acid production of the following composition,
%: 55.3 As; 33.6 S; 2.58 Pb; 0.58 Zn; 0.18 Sb; 0.18 Se;
0.16 Cd; 0.097 Cu; 0.064 Fe; 0.034 Si; 0.21 Na available
from “SUMZ”, OJSC (Revda city, the Sverdlovsk Re-
gion) [26]. The experiments were performed by fusing
a mixture of sulfide-arsenic cake with the addition of
elemental sulfur and iron. Pyrrhotite mineral (a piece),
fused iron (a piece) and reduced iron powder were used
as an iron-containing material. Charge fusion equip-
ment: resistance furnace with graphite carbon heater
(Tamman furnace), SNOL tube furnace and muffle
furnace. Fuse mode: temperature 370—500 °C, time
0.25—2.0 h. To maintain inert atmosphere in the fur-
nace, argon or nitrogen was supplied onto the charge
surface at a flow rate of ~2 dm?3/h. The consumption of
elemental sulfur was 5—50 %, and the consumption of
iron (powder) was 50—200 % of the cake weight. The
mixture was thoroughly mixed and placed in a por-
celain crucible with a lid, which was placed into the
preheated furnace. After heating the charge to a prede-
termined temperature and keeping it for a controlled
period of time, the furnace was turned off, cooled,
and the crucible was taken out. The products were

weighed, ground to a particle size of less than 1 mm,
analyzed by X-ray phase analysis, electron microscopy
and X-ray spectral microanalysis, and the solubility of
As in water and buffer solution was determined using
TCLP method.

Results and discussion

The results of our studies of the microstructure
and phase composition of the sulfide-arsenic cake
were previously described in detail [26]. According to
XRF results, the cake is represented by X-ray amor-
phous dispersed arsenic sulfide (As,S3), lead sulfate
(PbSO,) and arsenic oxide (As,03) reflections were
detected. The microanalysis of cake particles showed
their heterogeneity both in structure and composi-
tion. According to XSMA data, individual sulfates and
sulfides of lead and zinc were found in the cake. The
phases characterizing aggregates of complex compo-
sition containing iron and lead sulfides, arsenic, zinc,
copper, silicon oxide, etc. were detected at the points
of local probing. A significant part of the aggregates
contains non-stoichiometric arsenic sulfides of As,S,
type, where x = 3.1+3.8, with small inclusions of arse-
nic and copper oxides.

Testing the cake for solubility exhibits that the con-
tent of acid-soluble arsenic forms is 19166 mg/kg, and
the content of water-soluble arsenic forms is 132 mg/kg.
The cake leaching in water/buffer solution (under
TCLP method) indicated that the liquid phase contains
(mg/dm?) 170/334 As; 1200/1240 S; 150/180 Zn;
3.1/0.4 Pb. The data obtained are many times higher
than threshold concentrations of arsenic.

For the purpose of preselecting the cake processing
mode, the thermodynamic modeling (TDM) of phase
transformations upon cake heating was performed.
The calculations were made per 100 kg of the weight
of the working medium containing (%) 90 As,Ss,
8.7 PbSO,4 and 1.3 CuS, with a composition approxi-
mating that of the arsenic cake base. The TDM re-
sults indicate a significant effect of temperature on the
phase composition. The transformation of the initial
compounds occurs, the metal occurrence form chang-
es. In particular, most As,S; is transformed into oth-
er sulfides and arsenic oxide. When the temperature
of 370—380 °C is reached, the most significant of the
formed phases are as follows: AsS, PbS, CuS, As,S;,
As,S,. Sulfur is distributed among metal compounds,
copper and arsenic are found in the lower sulfides of
the same denomination. In the temperature range of
25-500 °C, a sequential transformation of As,S; into
AsS, As,S,, Asy)O3, As, AsyS, occurs. The increase in
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the amount of As,O5 can be explained by the following
interaction:

As,S; +2,25PbS0O, = As,0; + 2.25PbS + 3S0,.

The phase formation when heating the working me-
dium in a mixture with elemental sulfur was evaluated
with the addition of sulfur in the amounts of 5, 50 and
200 %. Upon the heat treatment of the charge, some
part of sulfur transforms into the gas phase, and the
other part reacts with arsenic sulfide at a temperature of
120—150 °C:

ASzS3 +2S = ASZSS‘

A decrease in the amount of As,S;, the appearance
and growth of the proportion of other sulfides, AsS,
As,S, are observed during the charge heating. An in-
crease in the amount of added elemental sulfur from 5
to 50 % almost does not change the pattern, and when
it is added in the amount of up to 200 %, the transition
of sulfur into the gas phase increases and the amount of
newly formed arsenic sulfides decreases. The results of
thermodynamic prediction revealed that the optimal ad-
dition of elemental sulfur is 5—10 % minimum , which
allows to quantitatively bind arsenic into a poorly soluble
non-toxic compound.

Heat treatment of the system consisting of a charge
with iron revealed that iron reacts with arsenic sulfide
resulting in the formation of secondary sulfides. Some
of the possible interactions are as follows:

As,S; + 2Fe = Fe,S; + As,,
As,S; + 3Fe = 3FeS + As,,
As,S; + 2Fe = 2FeS + AsS + As,
As,S; + Fe = FeAs, + 1.5S,,

As,S; + 3Fe = 2FeAsS + FeS.

The number of Fe,S;, FeS,, FeAs compounds de-
creases at the predicted cake processing temperatures of
400—450 °C. FeAs,, FeS, and AsS compounds quanti-
tatively increase by the indicated temperatures, non-sto-
ichiometric sulfide Fe, g77S and arsenopyrite FeAsS are
formed as well. According to TDM results, the optimal
addition of iron (~14 wt.%) results in the transition of ar-
senic-containing cake phases into such mineral forms as
arsenides and arsenopyrites that correspond to the cri-
teria of chemical inertness. Technological experiments
on the heat treatment of a mixture of cake with additives
revealed that the cake transforms into a compact glassy
state after being fused with sulfur at a temperature of
420 °C (Fig. 1).

According to the performed calculations, it can be
assumed that with an increase in the amount of added
sulfur upon fusion, the form of arsenic changes from in-
itial As,S; to As,Ss and As,S,, which is consistent with
the results of thermodynamic analysis and XSMA. At
the points of local probing (Fig. 2, Table 1), the phases of
non-stoichiometric arsenic sulfide As,S4 ¢ and lead sul-
fate, including its non-stoichiometric composition, were
detected.

Testing of fusions for toxicity by TCLP method
(Table 2) revealed that a small addition of sulfur (5 %)
reduces the solubility of arsenic by an order of magni-
tude, and an increase in sulfur to 20 % reduces the solu-
bility of arsenic below the threshold concentration (3.7—
3.3 mg/dm3), which allows to perform the disposal of fu-
sions without special measures.

Preliminary experiments ensured the establish-
ment of a temperature of 400—440 °C for the fusion of
sulfide-arsenic cake with iron allowing to prevent loss-
es with fumes. The heat treatment with iron presented
in different variants was performed at a temperature of
400 °C for 2 h. The iron/cake ratio was 0.6/1.0, but a lay-
er of iron was added to the surface of the reaction mix-

Fig. 1. The view of the cake before (@) and after (b) the fusion with sulfur

Puc. 1. Bun xexa 1o (a) u mocsie (b) crutaBiaeHus ¢ cepoit
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Table 1. The composition of the phases of the sample after fusion of the cake with 20 % S (as per Fig. 2)
Ta6auna 1. CocraB da3 o6pasiia mocje cruiaBiaeHus keka ¢ 20 % S (1o puc. 2)

Composition, wt.%
Point No. Phase composition
As S (0] Pb Zn
1 50.87 49.13 — — — As,S46
2 48.98 50.52 — — 0.5 Asy)S4 6
3 — 11.98 20.79 67.23 — PbSO,
4 — 12.84 14.97 71.55 0.64 PbS,,0, 4
5 50.55 49.45 — — - AsyS4 6
6 22.19 28.48 — 49.33 — PbAs; ,S5¢

ture (300 % of the mixture) in the experiment with iron
powder.

Upon the heat treatment of cake mixed with iron
sulfide Fe;Sg (pyrrhotite), the phases of non-stoichio-
metric sulfide Fe;S,, where x = 8.7; 9.0; 9.5, were iden-
tified at the interface with the latter (Table 3). The sat-
uration of initial Fe,;Sg with sulfur can be observed. The
following interaction might occur:

ASZS?, + F%Sg = ASzSz + FC7S9.

The chemical composition of the phases at the points
of probing was determined by XSMA of the cake surface
after heat treatment with molten iron (Table 4)

Such compounds of variable composition as sulfides
of lead, iron and arsenic, oxysulfides of iron and sul-
fur, arsenopyrites FeAsSz, etc. were found in the fusion
products.

Experiments for the fusion of cake with iron pow-
der were performed with its consumption from 50 to
200 % of the cake mass (Tables 5, 6). The obtained

Fig. 2. The microstructure of cake fusion

Puc. 2. MukpocTpyKTypa crjiaBa Keka

fusions were subjected to a toxicity test. With iron
consumption of ~60+80 %, the solubility of arsenic
in the buffer solution decreases by an order of mag-
nitude compared to the initial cake, but its concen-
tration in the solution remains high and significantly
exceeds the threshold.

Table 2. The results of leaching of samples
after fusion with sulfur

Tabmmira 2. Pe3yabTaThl BEIIIETaYNBaHUS 00Pa3IoB
TOCJIe CIIIAaBJICHUS C Cepoit

Concentration in solution,
Sulfur addition, mg/dm?>
%
As S

0 70.0 117.0
5 7.2 51.2
20 3.7 52.9
40 3.6 54.7
50 33 52.1

Table 3. The composition of fusion phases
at the interface with iron sulfide

Ta6auua 3. CocTtaB (a3 crjiaBa Ha rpaHULEe
¢ cyJbGUIOM Xele3a

Phase S, % Fe, % Phase composition
1 41.6 58.4 Fe;Sg 5
2 42.19 57.81 Fe;Sg
3 43.53 56.47 Fe;Sg 5
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Table 4. The chemical composition (%) of the phases of cake fusion with iron

Tabnuna 4. Xumuueckuii coctas (%) (a3 criaBa Keka ¢ Xejie30M

Phase S Cu Fe As Pb (0) Phase composition
1 22.63 - — 19.45 43.3 8.51 PbAsS;0;
FeAsS
2 23.47 - 7.37 9.86 53.85 — PbS
3 29.77 - 70.23 - — — FeS
4 22.88 1.58 9.81 14.42 23.79 16 PbFeO,
5 24.96 4.2 4.78 14.31 — 27.9 AsS,4O¢

Table 5. The results of cake fusion with iron powder

Tabauua 5. Pe3ynbTaThl o CIJIaBJIEHUIO K€Ka C TTOPOIIKOBBIM KeJIe30M

e LGRS As eoneaimiicmn Fraction after leaching, wt.%
consumption, % of weight, % in solution, mg/dm? As S
0 4.9 110 - -
80 8.2 38 47.35 40.5
120 6.6 76 49.66 39.1
170 3.9 90 47.30 38.5
200 9.6 81 51.00 37.1

Such compounds of variable composition as
sulfides of lead and iron of Fe, S, type, where x = 1+2.
y = 1+3; arsenic sulfides As,,S,, where m and n vary
from 1 to 4, oxysulfides of iron and sulfur of FeS,04
and FeS;05 type, as well as the ones of arsenic and
sulfur As,S,0s; arsenates Fe,As,, where p and g vary
withih 1—2; arsenopyrites FeAsS,, where z = 1+4,
were identified in the products of cake fusion with iron
powder. An oxygen compound FeAsO,, being one of
the most stable arsenic compounds, was identified as
well. It was established that the composition of the
fusion products varies over a wide range. The possibi-
lity of binding arsenic into poorly soluble compounds
(arsenopyrites, FeAsOs3. FeAsOy,, etc.) in autoclaving
processes is known. The formation of poorly soluble
compounds in the process of cake fusion with iron can
facilitate reducing its solubility and transfer the cake
from the category of hazardous wastes to the category
of non-hazardous ones.

Conclusion

The fusion of arsenic cake with elemental sulfur re-
sults in the formation of vitreous sulfides, which are less
toxic compared to dispersed powder cake, homogene-
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Table 6. Chemical composition (%) at the points
of probing of cake fusion with iron powder
(according to XSMA data)

Tabauua 6. Xumuueckuii cocras (%)
B TOYKAaX 30HAMPOBAHUS CIIJIaBa KEKA C TOPOLIKOM
xene3a (1mo nanHueiM PCMA)

1;321} 0 S Fe Pb As
1 6.46 2135 4858 1239 5.86
2 2856 1310 519  7.61  33.48
3 10.16 2048 5395 241 1154
4 1193 2606  52.65  — 8.46

ous and compact in shape. The fusion product is in the
form of a non-stoichiometric arsenic sulfide, being close
in composition to As,Ss. The high chemical stability
of vitreous arsenic sulfides is confirmed by the results
of leaching by TCLP method. The fusion products are
100 times less soluble than the initial cake. Obtaining
the solubility of arsenic in the fusion below the threshold
concentration (5 mg/dm?) makes it possible to recom-
mend the disposal of arsenic cake by transforming ar-
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senic into poorly soluble compounds through its fusion
with elemental sulfur. The fusion products are classified
as non-hazardous wastes and are suitable for long-term
storage.

The composition and structure of cake fusions with
iron were studied. Such new compounds of variable
composition as arsenides and iron sulfides, arsenic
sulfides and arsenopyrites, etc. are found in the fused
products. Experiments on cake fusion with iron re-
vealed the possibility of transforming arsenic into poor-
ly soluble compounds (arsenides and arsenopyrites),
which results in a decrease in the fusion solubility and
toxicity. Under the experimental conditions, a decrease
in the solubility of the fusion products by 10—15 times
with respect to the initial cake with the test concen-
tration of arsenic in the solution above the threshold,
was obtained. At the completed stage, iron-containing
reagents cannot be recommended for the technology of
disposal of arsenic cake by transforming arsenic into
poorly soluble compounds.
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Investigation of Pobeda furnace bubbling zone physics
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Abstract: Hydro-gas regularities of liquid combined blowing by gas were studied using cold modeling method at Archimedes criterion
for lateral Ar; = 12+120 and bottom blowing Ar, = 5+60 simulating Pobeda bubbling unit. The blowing was performed simultaneously
by bottom lance vertically fixed in centre of reactor and by the lateral lance which was attached at an angle 5° to the horizontal axis. The
quantitative estimation of instantaneous and average circulation velocities (V,,) of liquid flow elements in different bath areas, depending
on the location of blowing zone and Archimedes criterion, was performed. The liquid motion trajectory was determined. A vortex zone
was revealed near the liquid surface and the reactor shell, where instantaneous velocity of the liquid flow elements changes from 69.9 to
181.1 mm/s and V,, = 123.8 mm/s. The circulation flows fade in the bulk of liquid and V,, decreases from 123.8 to 47.0 and 54.1 mm/s. It
was shown that, in general, circulation velocity depends on the blowing intensity and appears to be higher for the zone of overlapping of
lateral and bottom streams. The dynamic blowing conditions, which ensure the direct contact of lateral and bottom jets leading to their
interflow and increased spatter formation, were identified. The characteristics of 3 types of surface oscillations for interface phases “pure
liquid — gas-liquid layer”, as well as the estimation of the lateral and bottom blowing impact on the type of oscillation were provided. It
has been noted that the introduction of the bottom blowing (Ar, = 5) causes the wave-like motion of liquid (the 2nd type) along with the
transverse oscillations of the Ist type, and at higher values of Ar, = 25 the angular oscillations of the 3rd type develop. It has been shown
that the presence of a lateral jet at the combined blowing decreases angles of bath swinging to 8—12° to horizontal axis. For the estimation
of oscillation intensity, Aty = (/) nax — (1) min Value, which means the difference between maximum (/) ,,,, and minimum (4;) ,;,, height of
liquid for the full-wave oscillations (t), was introduced. The height of liquid (/) was plotted as a function of t, Ar, Ary, Ah; was determined
on the basis of obtained graph values, which varied upon modeling over the range of 7.7—69.5 mm. The relation between the liquid circu-
lation velocity and the oscillation value (A#;) was established for different bath zones and dynamic conditions of the blowing. The impact
of all oscillations types on potential erosive lining wear of Pobeda bubbling unit and the completeness of adoption of charging material
nearby the bath surface was investigated.

Keywords: combined blowing, lateral lance, bottom lance, Archimedes criterion, Pobeda melting unit, liquid circulation, instantaneous
circulation velocity, average circulation velocity, blowing zone, coordinate, interphase oscillation

For citation: Bulatov K.V., Zhukov V.P., Bratygin E.V., Tomilov N.A., Menshchikov V.A. Investigation of Pobeda furnace bubbling zone
physics using cold modeling method. Part 3. The hydro-gas dynamics of combined blowing of liquid by gas using bottom and lateral lances.
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AHHOTanusA: MeToI0M X0JIOJHOTO MOJIEIMPOBAH NS B MHTEpBaiaX BeJIMUMH KpUTepus Apxumena 175 6okoBoro (Arg = 12+120) 1 10HHOTO
(Ar, = 5+60) 1yThsl NPMMEHUTENLHO K YCIOBMAM paboThl 6ap60TakHOTO MiaBuabHOro arperata «[lodena» (ITATI) uccienopansl ruapora-
30MHAMUYECKHE 3aKOHOMEPHOCTU KOMOMHUPOBAHHOM POy BKU XKMAKOCTH Ta3oM. [1poyBKYy OCyIIeCTBIISIIM OTHOBPEMEHHO TOHHOMU
dbypmoii, ycTaHOBIEHHO! BEpTUKAJIBHO 110 LIEHTPY PeakTopa, U 00KOBOI, pacmooKeHHOM MO YTJIOM 5° K TOpPU30HTa bHOM ocu. [IpoBe-
JieHa KOJMYeCTBeHHAs OLEHKA MTHOBEHHOM 1 cpeiHeit (V) cKopocTei LMPKYJISILMK 3IEMEHTOB MOTOKA XKMAKOCTH Ha Pa3HbIX y4acT-
Kax BAHHBI B 3aBUCMOCTH OT MECTOHAXOXICHU I 30HBI TPOAYBKY 1 KpuTepres Apxumena. OmpesesieHa TPAeKTOPHU ST IBUXKEH M KU IKO-
ctu. B6M3m moBepXHOCTH XUIKOCTH 1 KOPITyca peakTopa oOHapykKeHa BUXpeBasi 30Ha, I7Ie MTHOBEHHAas! CKOPOCTb ABUKEHU ST 3JIEMEHTA
MOTOKA XUAKOCTHU u3MeHsieTcs1 ot 69,9 1o 183,1 mm/c u Vep=123,8 Mm/c. B oObeMe KMAKOCTH LMPK YIS LIMOHHBIE TOTOKHU 3aTyXatoT, U V;,
yMeHbiaeTcs ot 123,8 10 47,0 u 54,1 mm/c. [TokazaHo, 4TO B 00LIEM CiIydyae CKOPOCTb LIMPKYJISILIMY 3aBUCUT OT MHTEHCUBHOCTH MPOLY B-
KM Ha (pypMax U CTAaHOBUTCS BBIILE JJISI 00JIACTH HAJTOXEHMsT OOKOBOI 1 OHHOI cTpyil. OnipenesieHbl AMHAMUYeCK1e YCIOBUSI TPOAYB-
KM, 0b6ecTiednBalollie HEIOCPEICTBEHHBIII KOHTaKT OOKOBOTO M IOHHOTO (haKeJIoB, TPUBOASIINI K CIMSTHUIO TOTOKOB U MTOBBILLIEHHOMY
O6pbI3roobpazoBaHuio. [IpuBeneHa xapakTepucTuka 3 BUIOB KOJeOaHU I MOBEPXHOCTH pa3aena a3 «uucTast XUIKOCTb — Ta30XKUIKOCT-
HBIi1 CJI0II» 1 JaHa OLleHKA BIUSIHU I 0KOBOTO U JOHHOTO 1y Thsl HA Pa3HOBUAHOCTb BOZHUKAIOUIMX KosiebaHuii. OTMeUeHO, UTO BBOJ JOH-
HOTO 1yThsl (Ar, = 5) IPUBOJAMUT, HAPSILY C ONEPEYHBIMU KOJIeOaHUAMM 1-T0 TUIA, K 051 BJIEH U0 BOJTHOOOPA3HOIO JABUKEHU A XU IKOCTU
(2-it Tun), a ipu GoJiee BHICOKMX 3HAYEHUAX ATy = 25 — K YIJIOBBIM KosiebaHusM (3-if tum). [lokazaHo, 4TO npu KOMOMHUPOBAHHON
MPOAYBKe HaIuuure 00KOBOTro (akesa yMEHbIIAET YIJIbl paCKauMBaHUS BAaHHBI K TOPU3OHTY 10 8—12°. I7s1 OlleHKM MHTEHCUBHOCTHU
KosebaHuit BBeaeHa BeanunHa Al = (hy)max — My min, T-€. PA3HOCTb MEXAY MAKCUMANIBHOM (/) 10y 1 MUHUMATBHOM (/1) i, BPICOTOIA
XKUIKOCTH 3a TOJHBIH LMK KoJiebaHuit (). [TocTpoeHbl 3aBUCMMOCTH BBICOTBI XUIKOCTHU (fy) OT T, ATg U AT, HA OCHOBAaHUU KOTOPBIX
OIpeJesIeHbl BeIMYUHBI AZl,, BApbUPYEMbIe TPU MOACIUPOBAHUY B UHTepBase 7,7—69,5 MM. JIJ1s1 pa3inyHbIX 061aCTeil BAHHBI M JUHA-
MMYECKHUX yCIOBUI MPOAYBKHM YCTAHOBJIEHA B3aMMOCBSI3b MEX/Y CKOPOCTBHIO IUPKYISINN XKUAKOCTH U BEIMUYMHOM KonebaHmit (Ahy).
PaccMmoTpeHO BiaMsiHUE BCEX BUIOB KOJeOaHUMIA HA BOBMOXHBIM 9p03uBHBII M3HOC DyTepoBKU [TATl M MOJHOTY YCBOSHU S IIMXTOBBIX
MaTepHrasioB BOJIM3M TTOBEPXHOCTU BAHHBI.

KoueBbie clioBa: KOMOMHUpPOBAaHHAsI TPOAYBKa, 60KoBast pypma, ToHHas ¢ypMa, KpUTEpUil ApXxuMena, MIaBUabHbII arperat «[1oGe-
Na», IAPKYJISIKS KUIKOCTU, MTHOBEHHAsI CKOPOCTDb LIMPKYJISILIUU, CPEIHSISI CKOPOCTh IUPKYJISIIMU, 00J1aCTh MIPOAYBKY, KOOPAUHATHI,
KoJiebaHU s TpaHUIIBI pa3aeia a3

Jna uutupoBanusa: bynaros K.B., 2Kykos B.I1., bparsirun E.B., Tomunos H.A., MenbiinkoB B.A. McciaenoBanue Gusmdeckux sBie-
HUIi1 B 6ap60TaXkHO! 30He MJaBUIbHOrO arperata «[lo6exa» MeTonoM xonoaHoro mMoaenunpoBaHusi. Coobuenue 3. [uaporazonuHamMu-
Ka KOMOMHMPOBAHHOM MPONYBKHU KUAKOCTU ra30M € MOMOLIbIO TOHHOU 1 60KOBOI hypM. Hzsecmus 8y306. Lleemnas memannypeus. 2023;
29 (1): 26—38. (In Russ.). https://doi.org/10.17073/0021-3438-2023-1-26-38

Introduction

Previously, the hydrodynamic patterns of sepa- combined outflow of gas into the liquid through the
rate (lateral and bottom) liquid blowing using a sin- lateral and bottom nozzles. Due to being split, the
gle lance in a gas envelope were studied [1—3]. This combined blowing allows to integrally impact the
paper is aimed at estimating the physics upon the melt with several jets and to influence the physico-
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chemical regularities of metallurgical reactions, re-
spectively.

Currently, the majority of publications are devoted
to autogenous processes, addressing the operation of
units with a submersible vertical lance, as well as va-
rious combinations of bottom or lateral blowing with
top blowing in relation to steelmaking technology
[4—21]. At the same time, each combination of blow-
ing devices is characterized by optimal geometric and
gas-dynamic parameters. In addition, it is known that
the melting productivity of copper sulfide concentrate
in Pobeda melting unit (PMU) depends on the ratio
of bottom and lateral blowing costs [5S]. The geome-
try of the mutual arrangement of the lances and the
direction of the streams in the melt have different ef-
fects on the intensity of the bath mixing. The mathe-
matical description of hydro-gas-dynamics as applied
to bubbling conditions and the solution of a complete
system of differential equations for calculating the true
velocity of currents in two and three directions are of
significant difficulty. Therefore, the melt circulation
velocity was determined experimentally using the cold
modeling method.

Experimental methods

The experiments were carried out using lateral and
bottom lances installed in the reactor of the laboratory
plant as used in previous papers [1—3]. The location of

B Ty

[ RN o

al. .

Fig. 1. The position of lance in relation to the axes
of the cross-section of the reactor with a conditional
coordinate grid

Puc. 1. [TonoxeHue (ypM OTHOCUTEIBHO OCeit
MOMEPEYHOr0 CEYEH U I peaKTopa
C YCJIOBHOUW KOOPJAMHATHOU CETKOM

28

the lances in relation to the axes of the nozzles and the
reactor is shown in Fig. 1. The bottom lance / was ver-
tically fixed in the center of the reactor, and the lateral
lance 2 was attached at an angle of oo = 5° to the hori-
zontal axis. The lances were placed in the same plane of
the cross section of the plant at a distance of # =42 mm
between the centers of the tips of the lateral and bottom
lances. During the modeling, the change in the coordi-
nates of the location of individual particles-indicators 3
in current blowing time t; was monitored, the stream-
lines were drawn, and the liquid circulation velocity was
calculated.

The object of research was the hydrodynamics
between the lateral and bottom streams in the con-
ditional area A and beyond the bottom stream in ar-
ea B. During the data processing, the film fragments
allowing to visualize the sequential movement of a
specific indicator within the field of the investigated
areas of the bath were used. The total distance (S) of
the curved path of the indicator was assumed to be the
sum of the absolute values of the lengths of the seg-
ments (5;) by which its center moves at each ith point
of n images:

)

n
S=Y1S]
i=1

In the Cartesian coordinate system, the distance be-
tween points is as follows:

S, =y = x)7 + i =) %)

where i stands for the number of the image in the series;
X;, y; are the indicator coordinates in the ith image; x;,{,
Vit are the coordinates in the next image within the fol-
lowing time: AT = T4 — 7.

Instantaneous (¥;) and average (V,,) values of indica-
tor movement velocity were calculated by the following
equations:

V= S;/A, 3

@)

where At stands for the time interval between the shots,
which is equal to 0.143 s according to the conditions of
the experiment.

The example shown in Fig. 2 illustrates the metho-
dology for determining the trajectory and calculating
the values of V;, V,, for the movement of the indica-
tor mark in the liquid between the lateral and bottom
streams when analyzing 6 fragments of the film record
depicted in Fig. 3. In the coordinate system (Fig. 2),
the horizontal axis X is directed along the bottom noz-
zle section, while the vertical axis Y passes through its

Vav = S/ (nAT)9
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Fig. 2. The current coordinates and the trajectory of the
indicator movement in At = 0.143 s

In brackets the numerator is the length of the segment (5, mm),

the denominator is the instantaneous velocity (¥;, mm/s)

Puc. 2. Texymue KopaMHATHI U TPAEKTOPUS TIEPEMEILICHUST
nHaukKaTopa uepe3 At = 0,143 ¢

B ckobxax uncanrenb — IIMHA oTpe3Ka (S, MM), 3HaMeHaTeIb —
MTHOBEHHasi CKopocTsb (V}, MM/c)

center. A two-dimensional section of the bath with a
symmetry plane in the middle of the section is con-
sidered, assuming that the mixing conditions in other
sections do not affect this velocity field. The current lo-
cation of the particles was also determined using Paint.
net software [1]. When comparing the coordinates in
the image measurement system with real coordinates,
the position of the axes and the scale of the image were
taken into account.

The motion of liquid in the blowing area occurs due
to the translational energy of the gas stream, which is
determined by the magnitude of its momentum. When
using a shell lance, the total momentum of motion (7,
translated to the liquid by annular (iy,) and circular (i)
streams is equal to the sum of these values as per the
principle of conservation of moment [6]:

I = igy + .. o)

According to the experimental conditions [1], the
cross-sectional areas of the annular (fy,) and circular

(fo) nozzles are equal, therefore, the equivalent size of
the annular nozzle is as follows: d. = (4f;, /m)"/?, and
d. = dg, = d.. As the momentum of the stream is gener-
ally determined by the following equation:

i = py0lfy, (6)

where p, stands for gas density, kg/m3, o, stands for
the velocity of gas outflow from the nozzle, m/s, and f;
stands for the cross-sectional area of the nozzle, m?, and
the Archimedes criterion is determined under the fol-
lowing equation:

2
Ar= P @ ’
p,gdy,

™

where d, stands for the nozzle diameter, m, we obtain
the following expression, taking into account expression

):
Ar, = Arg, + Ar, &)

where Ar; stands for total Archimedes criterion; Arg,,
Ar, stand for its values of gas outflow from the shell and
the central nozzle, respectively.

The additive nature of equations (5), (8) indicates
the possibility of modeling of physics in the investigated
areas of the bath using only one cylindrical nozzle for
blowing with gas supply at a value of Ar, equivalent to the
values of Arg,, Ar.

The liquid was treated by the lateral and bottom
streams at a blowing flow rate through a circular nozzle
corresponding to Ar; = 12+120 and Ary, = 5+60 Archi-
medes criteria for the lateral and bottom gas injection.
The latter are in the range of Ar; values of equation (8)
and correspond to the dynamic conditions of the pre-
viously performed cold molding with separate gas sup-
ply to the annulus and the central cavity of the lance
[1-3].

Modeling results and discussion

Fig. 4 represents a diagram of motion of the liquid in
the laboratory reactor with an inner radius R = 135 mm,

Fig. 3. The film record of the indicator successive movement (marked by the arrow) in the bubbling area (A)

with the interval of At=10.143 s

Puc. 3. Kunorpamma mocjieioBatebHOTO ABMKEHU ST MHINKATopa (YKa3aH cTpesiKoit) B obaactu 6apboTaxa (A)

cmarom At = 0,143 ¢
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Fig. 4. The scheme of liquid motion and velocity field depending on the blowing conditions and the coordinates

of the bubbling areca

For combined lateral and bottom blowing — curves 1, 4, 6—8& (Ar; = Ar, =

2, 5— only bottom blowing (Ar, = 25)

25) and 3 (Ar = 25, Ary, = 5); 3a — separate lateral blowing (Ar; = 25);

Puc. 4. Cxema JABUXKEHUA KNIKOCTHU U ITOJIE CKOpOCTeﬁ B 3aBUCUMOCTHU OT YC.TIOBI/Iﬁ OpoayBKHU

U KoopAauHAaT obysiacTu 6apboTaxa

J1i1t COBMECTHOTO GOKOBOTO M IOHHOTO J1yThsl — KpuBble 1, 4, 6—8 (Arg =

Ary = 25) u 3 (Arg = 25, Ar; = 5);

3a — otnenbHas 60koBas ponyBKa (Arg = 25); 2, 5 — TONbKO IOHHas NpoayBKa (Ar, = 25)

and shows V;, V,, values for each velocity vector at the
corresponding coordinate point.

As it follows from the data in Fig. 4, the geometry
of the streamlines and the value of the liquid circu-
lation velocity depend on the blowing conditions and
the coordinates of the flow points in the bath. A vortex
zone 22.0 mm wide and 37.9 mm high, being limited by
the extreme values of x (79.9—101.9 mm) and y (80.6—
118.5 mm) and remote from the inner surface of the re-
actor shell at a distance of 27 mm (curve 5) is formed
near the liquid surface and the shell. At this point, the
instantaneous velocity of the liquid flow element var-
ies from 69.9 to 183.1 mm/s with an average velocity
of 123.8 mm/s. The circulation flows fade in the bulk
of liquid, resulting in V,, decreasing from 123.8 (cur-
ve 5) to 47.0 and 54.1 mm/s (curves 6 and 7, respective-
ly). The difference in velocities can be explained by the
wave nature of the oscillations of the gas-liquid system
on the surface due to the factors of hydrodynamic in-
stability of the bulk of liquid due to the pulsating mode
of gas outflow [1, 2]. Approaching the reaction zone to
the blowing jet results in increasing V; values from 70.2
to 81.9 mmy/s (curves 4, &) and, on the contrary, de-
creasing them from 76.4 to 30.2 as well as from 46.3
to 26.2 mm/s (curves 7 and 6). A further increase in
velocity to 42.6 and 83.4 mm/s occurs due to the dis-
placement of the flow towards the surface of the reac-

30

tor shell, which also constitutes the reason for motion
trajectory changes (curves 5—7).

Blowing area A, where the lateral and bottom jets
produce a combined impact on the liquid, is of par-
ticular interest. The comparison of V; values for com-
parable coordinates in A and B areas reveals a higher
circulation velocity under the combined impact of the
jets on the liquid, for instance, 86.0 mm/s (curve /) and
81.9 mm/s (curve §). Curve / is shown more precisely in
Fig. 2, from which it can be seen that upon approaching
the zone of impact of the lateral stream, the direction
of the flow changes at the point with (—42.0; 55.7 mm)
coordinates (the dashed line indicates a hypothetically
possible continuation of the motion trajectory), the in-
stantaneous velocity increases from 9.5 to 15.9 mm/s
(see Fig. 4). Note that even at a lower blowing intensi-
ty (curve 3), V; and V,, values are 105.8 and 92.9 mm/s,
which is significantly higher than similar values in most
areas of the considered velocity field. In the liquid cir-
culation zone created only by the lateral jet (curve 3a),
value V,, = 77.4 mm/s appears to be higher than the cor-
responding value of 54.1 mmy/s (curve 7) in the bottom
stream area. Upon that, the instantaneous velocity de-
veloped by the liquid at the same distance from the re-
actor shell is 91.4 mm/s at the lateral blowing and it is
30.2 mm/s near the bottom jet. This can be explained
by additional swirling of the liquid flow in the near-wall
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area due to the introduction of the blowing at an angle of
swinging to horizontal axis (Fig. 1).

The scheme of liquid flows at higher values of Ar-
chimedes criterion is shown in Fig. 5, from which it fol-
lows that the previously revealed regularities of liquid
motion are generally retained. Upon that, the circula-
tion velocity in the considered areas of the bath (4, B)
increases, for instance, according to the data shown in
Fig. 4, V,, value is 52.9 and 92.9 mm/s in area 4, 47.0 and
54.1 mm/s in area B, whereas at high Ar values (Fig. 5)
V,, increases up to 121.3 and 112.0 mm/s, respectively.
Upon comparing the trajectories of motion of liquid el-
ements (curves 2 and 3 in Fig. 5), it can be seen that at

comparable coordinates of points (—43.3; 72.3 and 42.2;
78.5) V; value is higher for the area of the combined im-
pact of the streams (153.4 mm/s) than in the vicinity of
the bottom jet (90.9 mm/s).

The intensity of circulation motions in the liquid is
related to the energy impact of the streams on the cor-
responding areas of the liquid and is determined by Ar-
chimedes dynamic criterion at the nozzle outlet [12].
Therefore, the circulation velocity increases upon an
increase in Ar value, which is particularly noticeable
in the overlapping area of lateral and bottom streams
(area A). The geometric dimensions of this zone depend
on the range of the lateral jet and the width of the bottom

Y, mm

120
105

90
(153.4)
(V,,=121.3)

757 (433;72.3)@

60 - (89.2)
2

45 1
(159.0)

30

154

0 -7

(90.9)

(42.2; 78A5)A\4/A 3

(63.6)

(V,,= 112.0)
e

(138.0)
(160.3)

1
—-120

Fig. 5. Streamlines and the field of liquid motion velocities depending on Ar criterion

1,4,5 — Ar; = Ar, = 60; 2, 3 — Ar; = 120; Ar, = 60

Puc. 5. JIuHuu TOKa 1 MoJie CKOPOCTEi NBUXKECHM S XKMIKOCTH B 3aBUCUMOCTH OT KPUTEPUs AT

1,4,5— Arg = Ar; = 60; 2, 3 — Arg = 120; Ar, = 60

Fig. 6. The film fragments of the reaction zone depending on the size of the jet and Archimedes criterion upon reaching

the extreme limits of the lateral stream range
a,b — Ar = Ar, = 60; ¢, d — Ar; = 120; Ar, = 60
a, ¢ — minimum lateral stream range; b, d — the maximum one

Puc. 6. KunodparMeHThI peaKIIMOHHOW 30HBI B 3aBUCUMOCTH

OT pa3MepoB (akena u KpuTepus Apxumena

MPU JOCTUKEHU U 9KCTPEMAaTbHBIX TPAHULL 1aIbHOOOIHOCTY GOKOBOM CTPY U

a,b— Arg = Ar, = 60; ¢, d — Arg = 120; Ar, = 60

a, ¢ — MUHUMaJIbHas JaTbHOOOMHOCTh OOKOBOII CTpyH; b, d — MaKcUMaTbHasI
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jet, which are constantly changing due to the pulsation
of the streams.

Fig. 6 shows the fragments of the reaction zone be-
tween the lateral and bottom jets at the moment of
reaching the minimum (a, ¢) and the maximum (b, d)
range of the lateral stream. It can be seen from the im-
age in Fig. 6 (d) that with the relative constancy of the
geometrical dimensions of the bottom stream due to
Ar, = const, the lateral jet under the conditions of
Ar = 120 is in contact with the bottom stream. Upon
less intensive blowing, a liquid area, being free from the
interaction of streams, is observed (Fig. 6, b) between
the lateral and bottom streams. The comparison of film
fragments (Fig. 6, b and d) also exhibits that the direct
contact of the blowing jets and the merging of their gas
volumes are simultaneously accompanied by increased
spatter formation. Furthermore, a high value of the Ar,
criterion and, accordingly, the length of the bottom
stream can cause the formation of a “breakdown” of
the bath [2], which results in a decrease in the degree of
blowing oxygen uptake and an increase in the removal
of the melt with spatter. According to the blowing mac-
ropattern (Fig. 6, d), such a mode is possible at Ar, =
= 60, Ar; = 120, therefore, it is of interest to estimate
the velocity of circulation flows for variable values of Ar,
and Arj.

The table presents the data on liquid motion ve-
locities in different parts of the bath, linked to the co-
ordinate system (Fig. 4, 5), depending on the values
of Ar,, Arj upon Ary, # Arj.

As a result of the analysis of the data specified in the
table, the closest coordinates of the points were identi-
fied and the corresponding values Ary, Ary, V;, V,, were
determined. Data classification was performed using
“k means” algorithm [22] and “Scikit-learn” standard
cluster library [23]. The lines that characterize the tra-
jectory of the movement of a particular indicator are
marked with a horizontal line in the table. This allows
to estimate the average circulation velocity along the
entire length of the streamline S. The minimum dis-
crepancy between the coordinates of the points was
found in lines 1, 21; 11, 24; 13, 26; 16, 28; 4, 24; &, 26,
where the velocity value is least dependent on the lo-
cation of the flow and is determined by other factors.
The comparison of the table data (lines 11, 24; 13, 26;
16, 28) reveals that an increase in the bottom blowing
intensity at Ar; = const reduces the liquid circulation
velocity. An increase in Arj at Ar, = const causes an
increase in the instantaneous and average velocities
(lines 7, 21). The explanation of the specified regulari-
ties is as follows: In the general case, the mixing of the
bath is performed due to the force impact of circulation
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Liquid circulation velocity upon blowing through
the lateral and bottom nozzles depending
on the location of the flow and Archimedes criteria

CKOpOCTh IUPKYJISIIUY KUIKOCTH ITPU TTPOTYBKE
yepe3 OOKOBOE U IOHHOE COTIa B 3aBUCUMOCTH
OT MECTOITOJIOXEHHUSI TTIOTOKA U KpUTepUeB Apxumena

Archimedes Coordinates, Velocity,
criterion mm mm/s L
A, | Ar X Y Vi Vav
1 2 3 4 5 6 7
—16.5 71.2 80.0 - 1
-21.8 85.4 105.8 92.9 2
-29.5 64.4 135.7 — 3
—254 | 538 79.6 — 4
5 25 =251 25.8 195.6 | 137.0 5
12.4 90.3 58.9 — 6
15.2 83.9 48.3 — 7
18.8 64.3 139.1 — 8
17.4 34.2 210.2 | 114.1 9
-37.8 43.5 82.0 — 10
-30.9 37.0 66.1 - 11
-22.1 37.0 63.0 70.4 12
26.2 34.4 101.2 — 13
95 60 38.6 42.1 102.1 — 14
45.0 46.5 55.1 86.1 15
101.0 | 102.8 50.6 - 16
93.8 80.6 163.0 — 17
95.5 70.0 76.7 — 18
107.9 78.2 104.2 98.6 19
-21.3 61.1 88.1 — 20
—14.4 54.9 64.8 76.4 21
-59.9 359 4.31 - 22
—45.5 29.0 111.2 — 23
—28.7 29.5 117.6 77.7 24
5 60 29.3 59.8 60.3 - 25
18.8 34.8 189.1 — 26
29.5 31.7 78.1 109.2 27
102.4 95.6 143.2 — 28
88.0 99.6 104.0 — 29
96.3 121.0 | 160.1 | 135.8 30

flows and turbulent pulsations on the liquid [6]. Thus,
the observed liquid velocity (V}, V,,) represents the sum
of the circulation (V;) and pulsation (V;) components
of the velocity. Therefore, the different impact of the
lateral and bottom blowing can be caused by the oc-
currence of turbulent pulsations in the gas-liquid two-
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phase flow, the appearance of which causes oscillations
of the bath.

The visualization results (Fig. 7, 8) attest to the fact
that depending on Ar,, Arjand the current blowing
time, 3 main types of oscillations of the phase inter-
face, i.e. gas-liquid and liquid layers of the bath, arise.
The first one includes the vertical displacement of the
horizontal plane of the main bulk of liquid by A, value
(Fig. 7 a, b). The oscillations of the 2nd type form a
wave-like motion of the liquid near the surface of the
bath (Fig. 7, ¢). In this case, Ak is defined as the dif-
ference between the average horizontal lines between
the levels of the main bulks of pure liquid. The oscil-
lations of the 3rd type (Fig. 8, a—c) are characterized

)in

by opposite angles of swinging of the phase interface
to the horizontal axis (for instance, 5°, 8°). This type
of oscillation causes boundary vertical displacements
of the liquid of various sizes Ak, on the inner surface of
the reactor. All these 3 types of oscillation can be seen
on a single film record.

To estimate the impact of each type of blowing on
the overall macropattern of oscillations, the state of
the liquid bath was considered under similar dynamic
conditions of separate blowing for the lateral and bot-
tom streams. Fig. 9 (c) shows the fragments of film re-
cord of liquid bubbling by single nozzles. As per Fig. 9
(a), it can be seen that wave-like oscillations of the 2nd
type, being close to the sinus one with amplitude A, is

(hl)lnax lh]

Fig. 7. Film fragments of transverse (a, b) and wave-like (c) oscillations of the liquid at Ar; = 60, Ary, = 5

Ahy — average change in the liquid level

Puc. 7. KunodparmMeHTbl BUIOB ONEPEYHOrO (a, b) 1 BOJHOOOPA3HOro (¢) KoneOGaHU il XXUAKOCTHU MpH Arg = 60, Ar, = 5

Ahy — cpeliHee U3MEHEHUE YPOBHSI KMIKOCTH

(h])lmx 8°

hy ()i 10°

Fig. 8. The film fragments of successive changes in the averaged line of the interface between the gas-liquid and liquid layers
of the bath depending on the current blowing time (t;) at Ar; = 60, Ar,, = 25

T, s:a—0.143; b — 0.286; ¢ — 0.429

Puc. 8. KunodbparMeHTbI OCI€I0BATEILHOIO U3MEHEHM ST YCPEIHEHHOM IMHUY IPAHUIIBI pa3/eia ra30KuIKOCTHOTO
M KMJIKOTO CJIOEB BAHHBI B 3aBUCMMOCTH OT TEKYIIEr0 BPEMEHU MTPOAYBKH (T;) mpu Arg = 60, Ar; = 25

T, cta—0,143; 5 —0,286; ¢ — 0,429
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hl (hl)mnx

12

Fig. 9. The types of oscillations depending on the type of separate blowing at different values of Archimedes criterion

a — the lateral blowing, Ar; = 60; b, ¢ — the bottom blowing, Ar, = 25; the dashed line indicates the middle line of the phase boundary

Puc. 9. PazHoBuaHOCTY KOJIeOaHU I B 3aBUCUMOCTHU OT BUJla OTAEIbHOM IpoOaAyBKHU

TPY Pa3TUYHBIX 3HAYEHU X KpUTEepU st ApXxruMeaa

a — GokoBas 1poyBKa, Arg = 60; b, ¢ — NoHHas, Ar; = 25; IITPUXOM NOKA3aHa CPEIHs JIMHUS TPAHULIbI paszena ha3

more clearly revealed when the lateral blowing is used.
Stronger bath oscillation with the angles of 12° and 10°
under the 3rd type occurs in the case of bottom blowing
(Fig. 9, b, ¢). Therefore, upon combined blowing, the
partial contribution of each type of blowing impacts the
overall intensity and the type of oscillations of the li-
quid bath in a different way. The moderate introduction
of the bottom blowing (Ar, = 5) causes the wave-like
motion of the liquid (Fig. 7, ¢) along with the oscilla-
tions of the 1st type (see Fig. 7, a, b), and at higher va-
lues Ar, = 25, it causes angular oscillations (Fig. 8).
Upon that, Ak value gradually decreases as the bub-
bling area approaches the geometric center of the re-
actor. In practice, this circumstance means that the
mixing of the bath according to the 3rd type covers the
volume of the melt near the center of the PMU to a les-
ser extent, and is mainly concentrated on the periphery
near the lining of the unit. This can cause additional
erosive wear of the lining in the area of lances. The wavy
oscillations of the 2nd type are characterized by less os-
cillation amplitude and A#, value, therefore, in the near-
wall zone they can exhibit a lesser impact on the lining.
The mixing of the melt in the surface layer due to any os-
cillations contributes to the dissolution and adoption of
charging material by the liquid bath of the unit. A further
increase of the blowing intensity only by a bottom lance
increases the liquid swing angles up to 18—15° (Fig. 10).
The combined blowing reduces the intensity and chang-
es the pattern of angular oscillations of the liquid due
to the lateral jet, reducing the angles of swinging from
18—15° down to 8—10° (Fig. 9, b, c; Fig. 10; Fig. 8, a,
¢). In industrial conditions, this type of oscillations can
cause additional erosion of the PM U lining.

34

The impact of phase interface oscillations on the li-
quid circulation velocity at various points of the reaction
zone and under various blowing conditions was studied.
The value of oscillations was estimated as difference
between maximum and minimum height of the liquid:
Al = (M) max — (A)min for full-wave oscillations ().
The place of control of extreme values of the height of
pure liquid (/) at the current time t; was determined
visually, based on the minimum gas injections. In the
presence of oscillations of the Ist type, A was taken as
the value corresponding to the horizontal line of the liq-
uid (Fig. 7, a, b; Fig. 8, b), in the presence of oscillations
of the 2nd type — at the wave amplitude point (Fig. 7, ¢;
Fig. 9, a), and in the presence of oscillations of the 3rd
type — near the reactor wall, at the point of extremum
(Fig. 8, a, c; Fig. 9, b, ¢).

Fig. 11 presents the results of estimation of 4, values
at the boundary with the gas-liquid layer depending on

18°

15°

Fig. 10. The film fragments when the liquid is blown
by the bottom lance at Ar, = 60

Puc. 10. ®parMeHTH KWHOTPaMMBI
P IIPOYBKE KUIKOCTU JOHHO# (hypmoit mpu Aty = 60
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h,, mm 4 (0.994; 137.0)
(0.436; 129.5) '
| (0.286; 122.1)
110
80
50 T T 1 T T
0 0.2 0.4 0.6 0.8 1.0

Fig. 11. The height of the liquid layer depending on the current time of the combined blowing and Archimedes criterion
1—Ar =60, Ar, = 5; 2 — Ar = Ar, = 25; 3 — Ar; = 120, Ar, = 60; 4 — Ar; = 25, Ar, = 5; 5 — Ar; = 60, Ary, = 25; 6 — Ar; = Ar, = 60

Puc. 11. BricoTa ¢J10s1 XXUAKOCTHU B 3aBUCUMOCTH OT TEKYILIEr0 BpeMeHU KOMOMHMPOBAHHOM ITPOAYBKU U KpUTEPUs Apxumeaa
1—Arg =60, Ar, = 5; 2 — Arg = Ar; = 25; 3 — Arg = 120, Ar, = 60; 4 — Arg = 25, Ar; = 5; 5 — Arg = 60, Ar; = 25; 6 — Arg = Ar, = 60

the Archimedes criteria and the current blowing time 7.
The coordinates of the extremum points of curves /, 3
are determined based on the approximation functions.
The type of curves in Fig. 11 demonstrates that the sur-
face oscillations are complex in nature with different
extreme values of /; and the values of the time to reach
them.

The results of mathematical processing of the da-
ta from Fig. 11 (curves 3, 4) attest to the fact that the
change in the surface level of the liquid bath (Ah)
makes up 7.7—69.5 mm and depends on Archimedes
criteria of the lateral and bottom blowing. Increasing
the overall intensity of the combined blowing at Ar; =
= Ary results in the increase of As; from 21.3 to 29.0
mm (Fig. 11, curve 2, 6). For these conditions, as pre-
viously noted, the value of the average liquid circula-
tion velocity increases. The change of Ak from 21.3 to
29.5 mm (Fig. 11, curves Sand /) for Ar, =25 and 5 in-
creases V; value from 66.1 to 117.6 mm/s (see the table,
lines /7 and 24) and V, value from 70.4 to 77.7 mm/s
(see the table, lines /2 and 24) in area A. In area B, V;
value also increases from 50.6 to 143.2 mm/s (see the
table, lines 16 and 2§), and V,, increases from 98.6 to
135.8 mm/s (see the table, lines /9 and 30) under these
conditions. The change of Arfrom 25 to 60 (Ar, =5=
= const) increases Ak value from 7.7 to 29.5 mm
(Fig. 11, curves 4 and 7). Upon that, V; for area 4 in-
creases from 79.6 to 88.1 mm/s (see the table, lines 4
and 20). In the zone of interaction of the bottom
stream only (B), V, value also increases from 104.2 to
114.1 mm/s (see the table, lines /9 and 9). Thus, the
liquid circulation velocity is interconnected with the
pulsating component of the flow motion and increases

with an increase in the amplitude of oscillations at the
phase boundary.

Conclusion

Over the range of Ar; = 12+120, Ar, = 5+60 values,
cold modeling of the hydrodynamics of the bubbling
PMU bath was performed with the combined blowing
of the liquid by the lateral and bottom lances. A quan-
titative estimation of the velocity of liquid bath circu-
lation, depending on the Archimedes criteria and the
location of the flow, was performed. Three types of
oscillations (pulsations) of the phase boundary “pure
liquid — gas-liquid layer” were revealed. The analysis of
the occurrence of each type of pulsation under various
blowing conditions was performed. It is shown that the
liquid circulation velocity depends on the intensity of
oscillations, defined as the difference (Ah;) between the
maximum and minimum height of the pure liquid for
full-wave oscillations. With regard to the stability of the
PMU lining, the intensity of mixing of the near-surface
layer and the adoption of charging material by the bath,
the impact of each type of oscillations on the liquid cir-
culation velocity was considered.
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Abstract: Magnesium alloys are usually considered as structural materials when the weight reduction is important - in aircraft and space
industry for example. In recent years, there has been an increase in the use of new generation ignition-proof high-strength magnesium
alloys in the design of aircraft parts. The properties of new ignition-proof casting magnesium alloys ML-OPB (Mg—6.7Y-2.6Zn—
0.5Zr—0.35Ce—0.35Yb; wt.%) and EWZ43 (Mg—3.8Y—4.4Nd—0.6Zr—0.6Zn; wt.%) were investigated and compared with properties of
commercial magnesium alloys. The microstructure of investigated alloys in the as-cast condition comprises of a magnesium solid solution
and a significant amount of eutectic. Heat treatment according to the T6 mode results in change in the eutectic phase’s morphology and
also to their partial dissolution in the magnesium matrix. Long-term high-temperature holding, simulating operating conditions (500 h
at 300 °C), leads to the formation of precipitates along the grain boundaries in both alloys, significantly reducing the mechanical
properties. During the oxidation of the samples, it was established that the main components that involved into the oxide film and
provides the protective properties of the alloys is Y, Nd and Yb. The investigated alloys have a high strength, which is not lower than
that of the ML10 alloy. At the same time, the advantage of the ML-OPB alloy is a high elongation at fracture, while the EWZ43 alloy is
characterized by high strength. The corrosion rate of the investigated alloys exceeds the corrosion rate of known commercial ML10 and
AZ091 alloys, which implies the need for additional protection against corrosion of investigated alloys. At the same time, the castability
of ML-OPB and EWZ43 alloys is no lower than that of most commercial magnesium alloys. An oxide film with high Y content and high
protective properties is formed when the alloys interact with the sand mold bonded with furan resin. The ignition temperature of the
investigated alloys is 100—150 °C higher than that of the ML10 alloy. The flammability test of alloys in the flame of a gas burner, made
on cone samples and typical aircraft castings «bracket», showed that ML-OPB and EWZ43 alloys are almost non-flammable under the
conditions of experiment.

Keywords: magnesium alloys, ignition temperature, corrosion resistance, mechanical properties, castability, ignition-proof
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NccaenoBaHue JUTEHHbIX, MEXAHNYECKHX,

KOPPO3HOHHBIX CBOMCTB M NMOKAPOONACHOCTH
MaraueBnbix cmiiasos MJI-OIIb u EWZ43
1

B.E. Baxenos', I.11. BapaHOBl, A.A. JIsickoBuu', A.B. Koxrbirun', A.B. Cannukos',
K.A. KﬂpaMﬂﬂz, B.JI. Bexos', C.II. ITaBanany?

1 HanunonanbHblii Hccaen0BaTeNbCKHii TeXHOIOrHYecKuii ynusepcuret «MUCHUC»

119049, Poccus, r. MockBa, JleHuHcKuii p-T., 4

2 @uanan AO «O6beIMHEeHHAS ABUTATEIeCTPOUTEIBHAS KOPIOPALUS»
AO Hay'{HO-l/ICCJleIIOBaTeJII:CKI/lﬁ UHCTUTYT TEXHOJIOTMU U OPraHU3alliy MPoOMU3BOACTBA JBUTATENIei
(AO «OIK» «<HUH I»)

105118, Poccust, r. MockBa, nip-T byaenHoro, 16, kopr. 182

< Bauecnas Esrenbesnu baxenos (V.E.Bagenov@gmail.com)

Aunoranusa: MarHueBble CIUIaBbl KaK KOHCTPYKIIMOHHBIE MaTepuabl OOBIYHO paccMaTPUBAIOTCS B TeX CIydyasiX, KOTJa CHUXEHUE
Macchl MMeeT BaXHeiilllee 3HaUeHUe, HAIPUMED B aBUAIlMU U KOCMOHABTUKe. B mocienHue roabl HaOMIOAaeTCs pacliMpeHue Mpu-
MEHEHU S MoXKapo0e30MacHbIX BHICOKOMMPOUYHBIX MATHUEBBIX CIJIABOB HOBOTO MOKOJIEHUSI B KOHCTPYKIIMSIX aBUALIMOHHBIX U3IETUI.
B paGote OblIM M3y4YeHBI CBOCTBA HOBBIX MMOXap00O€e30MacHbIX JTUTEHHBIX MarHueBbIX criaBoB MJI-OI1b (Mg—6,7Y-2,6Zn—0,5Zr—
0,35Ce—0,35Yb) u EWZ43 (Mg—3,8Y—4,4Nd—0,6Zr—0,6Zn) 1 BBIIIOJHEHO UX CPaBHEHUE C MPOMBIIILIEHHBIMUA MarHMEeBBIMU CIIIaBa-
MU. MUKPOCTPYKTYpa UCCIeAYEMbIX CTIJIABOB BJIMTOM COCTOSIHUU MPEICTaBIsIeT COO0I MarHUeBbIi TBEPABII PACTBOP U 3HAYUTEIbHOE
KOJIMYECTBO IBTEKTUKU. Tepmuueckasi 0opaboTka mo pexumy T6 MpUBOAUT K U3MeHEHUIO MOpdoaoruu ¢ha3 B 9BTEKTHKE, a TaKXKe
MX YaCTUYHOMY PACTBOPEHUIO B MAarHUEBOI MaTpulie. B pe3ynbpTaTe IIUTEIbHON BHICOKOTEMIIEPATYPHOM BBIAEPKKHM, UMUTHUPYIOLLEH
yeaoBus akerryatauuu (500 4 mpu 300 °C), npourcxoaut ¢opMUpOBaHUE BbIACICHU I MO TpaHUIIAM 3€peH B 000UX CIJIaBax, KOTOPbIE
3HAYMTETbHO CHUXKAIOT MEXaHMYeCKHUe CBOMCTBA. BbIIO yCTaHOBJIEHO, YTO TIPU OKUCICHWU 00pa3lloB OCHOBHBIMKM KOMITOHEHTAMMU,
TMePeXOSIIMMHU B OKCUIHYIO TUICHY ¥ 00eCreunBaOIMMK 3aIMTHBIE CBOMCTBA CIIaBoB, sABisoTcs Y, Nd u Yb. PaccmarpuBaembie
CTIIaBBI 00J1aIAI0T BHICOKUMU TTPOYHOCTHBIMY CBOMCTBaMM, KOTOPbIE He HUXe, yeM y critaBa MJI10. [pu aToM mpenMyIiiecTBOM crijia-
Ba MJI-OI1b siBasieTcst BBICOKOE OTHOCUTEIbHOE YAJTMHEeHUE, a 1is cilaBa EWZ43 xapakTepHa BbhIicOKasi MpoYyHOCTh. CKOPOCTh KOp-
pPO3UHU ITUX CIJIABOB BHIIIE, YeM y U3BECTHBIX TPOMBIIITIEHHBIX ciaBoB MJI10 u MJIS, u3 dero ciemyet, 4TO UCCIeayeMble CIJIaBbI
TPEeOYIOT JOTMOJHUTEIBbHOM 3alIUThl OT KOppo3uu. [Ipu aTom nuTeiiHble cBoiicTBa criiiaBoB MJI-OITb u EWZ43 oka3anucek He HUXe,
yeM y HanboJjiee pacmpoCTpaHEHHBIX MATHUEBBIX CMI1aBOB. [1py B3auMOAECTBUU CIIJIaBOB ¢ GOPMOIi U3 XOJOIHO-TBEPALIOLIEH CMecH
dopmupyeTcst oOKCuaHas MJIEHA C BLICOKMM colepXaHueM Y U XOPOIIMMHU 3alIUTHBIMU CBOICTBaMU. TeMmmepaTypa BO3ropaHus U3y-
YEeHHBIX cI1aBoB okazajachk Ha 100—150 °C Bbiie, yem y critaa MJI10. McnibiTaHMe CTIJIaBOB B IJIaMEHM T'a30BOM TOPEJKM Ha KOHYCHBIX
obpasiiax U TUTIOBbIX aBUALIMOHHBIX OTJIMBKAX TUTIA «KPOHIITEWH» MoKa3aJo, uto criaBel MJI-OITb 1 EWZ43 npakTruyecku He ropsiT
B YCJIOBUSIX 9KCIIEPUMEHTA.

KioueBbie cjioBa: MarHUeBbIE CILJIaBBI, TEMIIEpATYpa BO3ropaHus, KOPpO3MOHHAasA CTOﬂKOCTB, MEXaHHUYECKUEC CBOfICTBa, JIUTEAHBIE CBOW-
CTBa, HO)KapOGCC%OHaCHOCTI)

®unancuposanue: Pabora BoinmonHeHa B pamkax HUP mexny AO «OAK» u HUTY MUCHUC.

Jna uuruposanusa: baxenos B.E., bapanos WM.U., JIsickoBuu A.A., Koarteirud A.B., CanHukoB A.B., Ksapamsan K.A., benos B.J.,
[MTaBnuuuu C.II. WMccnenoBaHue JUTEHHBIX, MEXaHUYECKMX, KOPPO3MOHHBIX CBOMCTB M MOXApOOMACHOCTU MarHUEBBIX CIIJIaBOB
MJI-OI1b u EWZ43. Uzeecmus 6y306. Lleemnas memannypeus.2023; 29 (1): 39—55. https://doi.org/10.17073/0021-3438-2023-1-39-55

Introduction

The creation of ignition-proof casting magnesi- strength magnesium alloys in the design of aircraft
um alloys represents a very urgent task, especially for parts [2].
the aircraft industry [1]. Currently, it is recognised as Ignition resistance is directly dependent on the abi-
economically and technologically advantageous to ex- lity of the oxide film on the surface of the magnesium al-
pand the use of new generation of ignition-proof high- loys to protect the metal from contact with atmospheric
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oxygen over a wide temperature range [3]. The protec-
tive properties of an oxide film can be evaluated by the
Pilling—Bedworth ratio (P—B ratio), which indicates
the ratio of the oxide volume to the metal volume. If
it is greater than 1, the film forming on the surface of
the alloy is dense and protects it well against further
oxidation. For magnesium and its oxide, the value of
P—B ratio is 0.81 [4], i.e., a dense film is not formed.
However, with the addition of certain alloying elements
the density of the oxide film on the surface of the alloys
increases significantly. For example, for the yttrium/
yttrium oxide pair, the P—B ratio is 1.39 [4], which
means that if an oxide layer with a predominant com-
posed of Y,0O3 is present, it should be dense and protect
the alloy well against oxidation and ignition. Yttrium
can therefore be used as an alloying element for igni-
tion-proof alloys. Other rare-earth metals (REs) also
contribute to the formation of a protective oxide film.
For example, the positive effect of yttrium [5] neodym-
ium [6] lanthanum [7], cerium [8] is known. Calcium
is another excellent choice as a component to enhance
the protective properties of the oxide film. Numerous
studies [9—11] indicate a significant increase in the
ignition temperature in the alloys after the addition of
calcium.

It is worth noting that the joint addition of sever-
al elements that increase the density of the oxide film
provides the maximum protective effect. For instance,
it was shown in works [5, 8] that the dense oxide film is
formed on the surface of Mg—Y alloy when the Y content
exceeds 10 wt.%. If a small amount of Ce is subsequently
added to the Mg—Y alloy, however, a dense protective
film can be formed even at 3 wt.% Y.

Known ignition resistant alloys of the Mg—RE—
Zn—Zr system with additions of Sc and Cd, develo-
ped by VIAM (Moscow) [12]. The alloys exhibit good
strength, high ignition temperatures and a density of less
than 2 g/cm3. However, the addition of Cd poses envi-
ronmental risks to the melting of this alloy, whereas Sc
is a very expensive alloying element and is currently used
industrially only as a microalloying element in alumi-
num alloys [13].

Earlier, the EWZ43 alloy of the Mg—Nd—Y—Zn—
Zr system was developed at MISIS [14], which combines
good mechanical properties with high castability [15].
Due to the high Y and Nd content, this alloy should ex-
hibit a high resistance to ignition.

Togliatti State University (TSU) in cooperation
with Solikamsk Experimental Metallurgical Plant
(SOMZ) proposed the ML-OPB alloy, which is close
to the Mgy;Y,Zn, alloy in content of yttrium and zinc
and additionally alloyed with small quantities of Ce and

Yb to increase the ignition temperature. Mgq;Y,Zn,
alloy belongs to alloys with the LPSO (long-period
stacking-ordered) phase, usually used to obtain pro-
ducts by plastic deformation methods. Moreover, it is
well studied [16—18]. At the same time in the as-cast
condition the alloys of Mg—Y—Zn—Zr system can ex-
hibit high mechanical properties (tensile yield strength
(TYS) of 150—180 MPa), however, only in the pre-
sence of W phase (MgYZn, or Mg;Zn;Y,) apart from
the LPSO-phase in the alloy structure [19—21]. Thus,
in this system the promising casting alloys with excel-
lent castability and high resistance to ignition can be
found.

The development of new ignition-proof alloys is
quite an urgent task, however, designers need a thorough
understanding of their properties in order to be able to
offer such alloys. In this regard, the aim of this paper
was to investigate the castability, mechanical properties,
corrosion properties and flammability of EWZ43 and
ML-OPB magnesium alloys and to compare them with
the properties of currently used commercial magnesium
alloys.

Materials and methods

The ML10 and ML-OPB alloys were supplied by
SOMZ LLC (Solikamsk). Magnesium (99.9 wt.% pu-
rity), zinc (99.975 wt.%), and Mg—15wt.%Zr (SOMZ
LLC), Mg—20wt.%Y and Mg—20wt.%Nd (Metagran
LLC, Moscow) master alloys were used to prepare the
EWZ43 alloy.

Samples for corrosion tests were obtained by flux-
free melting. Melting in the PT 90/13 resistance furnace
(LAC, Czech Republic) was carried out in a steel cru-
cible in a protective atmosphere of argon mixture with
2 vol.% sulfur hexafluoride (SF¢). The weight of alloy
charge was 2 kg. After the raw materials was melted and
the temperature was raised to 740—760 °C, the melt was
purged with argon for 3 min through a steel tube. The
melt was poured into the molds at the same temperature
after a 10-minute holding in the furnace.

All other samples were obtained by flux melting
technology, which was conducted in an induction fur-
nace (RELTEK RRE, Ekaterinburg) in a steel cruci-
ble. The weight of the alloy charge was 2—4 kg. Melting
was carried out under a flux on the basis of carnallite
(KCl-MgCl,). Once the raw materials had been melted,
the melt temperature was raised to 740 °C and a carnal-
lite flux was added to clean the melt from non-metallic
inclusions. The finished melt was held in the furnace for
10 min and then poured into the molds at a temperature
of 740 °C. The mold temperature was 25 = 2 °C.
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To study the alloy microstructure, corrosion re-
sistance and flammability, cylindrical ingots 35 mm
in diameter and 150 mm in height were cast in a steel
mold.

The chemical composition of ML10 and ML-OPB
alloys was taken from the alloy data sheets, and for the
EWZ43 alloy it was determined by optical emission
spectroscopy on the ARGON-5SF spectrometer (Spec-
trosoft LLC, Troitsk). The composition of the alloys is
presented in Table 1.

The microstructure and phase composition of the
alloys were studied using a Vega SBH3 scanning elec-
tron microscope (SEM) (Tescan, Czech Republic) with
an energy dispersive X-ray microanalysis (EDS) attach-
ment (Oxford, UK).

The phase composition of the alloys was calculated
using the “Thermo-Calc 2016a” software (Thermo-
Calc Software, Sweden) [22] with the TCMG#4 ther-
modynamic database (TCS Mg-based Alloys Database
version 4) [23].

All alloys were heat-treated (HT) according to the
T6 regime consisting of solution HT (¢ = 525 °C for
T=24h — ML-OPB; = 525°C, 1 =8 h — EWZ43;
t =530 °C, 1 = 10 h — MLI10) followed by quenching
in water and aging ( = 200 °C, Tt = 100 h — ML-OPB;
t=250°C,t=9h— EWZ43; r=200°C,t=8 h —
MLI10).

To determine the mechanical properties of the al-
loys, the rectangular ingots were made by casting in a
graphite mold [24]. Six cylindrical specimens with 5 mm
gauge diameter were obtained from ingots for the tensile
tests by lathing. The tensile test was conducted on the
5569 universal testing machine (Instron, USA) with a
advanced video extensometer (Instron, USA).

Besides the mechanical properties in the HT-state,
the mechanical properties after a long-time elevated
temperature holding of the alloy samples at t = 300 °C
for 500 h were determined. The crucibles with samples
were held in a forced-air furnace that provided both
mixing of air inside the furnace and supply of new por-
tions of air. The air flow velocity was measured with
a 405i thermo-anemometer (Testo, Germany) and

Table 1. The composition of investigated alloys, wt.%
Ta6auna 1. CocraB uccieayeMbIX CIUIaBOB, Mac. %

was 0.06—0.2 m/s. The dimensions of the samples are
shown in Fig. 1, a. Tensile tests were carried out on
3 specimens which had not been held out (in the HT
state) and 3 specimens which had been held out at high
temperature.

Samples for corrosion testing were cut from ingots
using wire cutting. Corrosion tests were performed on
cubic samples with dimensions of 12x12x12 mm and a
surface area of approx. 9.5 cm?. The corrosion rate was
determined by the volumetric method based on meas-
uring the amount of hydrogen released during corro-
sion. The tests were performed in a 3 wt.% NaCl aque-
ous solution at room temperature for 48 h. The volume
of the solution was 500 mL. Prior to immersion in the
corrosion environment, the surface of the samples was

3.5

10

©25

Fig. 1. The tensile test sample after longtime holding
at elevated temperature (a) and a conical sample for alloy
ignition testing in a gas burner flame (b)

Puc. 1. O6pasen 11 MCIBITAHUI Ha pacTsXKeHUe
nocJje IJAUTEeAbHOM BBIASPXKKHW MPU MOBBIILIEHHOM
TeMmreparype (@) U KOHYCHbI oOpaselr

IUJTSI TIPOBENIEHU ST UCITBITAHU I Ha BO3rOpaHMe CIljlaBa
B (bakesie razoBoii ropesnku (b)

Alloy Mg Y Nd Zn Zr Ce Yb
ML-OPB Bal. 6.67 — 2.62 0.46 0.35 0.35
EWZ43 Bal. 3.76 4.39 0.63 0.58 — —
MLI10 Bal. — 2.36 0.27 0.51 — —
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grounded with P320 grit sandpaper and degreased with
ethyl alcohol. The amount of released hydrogen was
converted into the mass loss of the sample according
to the ratio of I mL H, = I mg Mg [25] and the corro-
sion rate was calculated in mm/year using the standard
method [26].

Electrochemical studies for alloys in a 3 wt.% NaCl
aqueous solution were performed using an [PC PRO
MF/FRA potentiostat/galvanostat (Volta STC, St. Pe-
tersburg) at room temperature (25 £ 2 °C). Measure-
ments were performed in a three-electrode cell in which
the alloy sample was the working electrode with an ef-
fective area of 1.6 cm?. Platinum and saturated silver/
silver chloride (Ag/AgCl) electrodes were used as coun-
ter and reference electrodes, respectively. Potentiody-
namic polarization experiments were performed from
the cathode region at —2300 mV to the anode region at
+(1300+500) mV at a scan rate of 1 mV/s. The corrosion
current density and corrosion potential were determined
using Tafel curves. Using the values of corrosion current
density, the corrosion rate of the alloys was calculat-
ed [27]. Electrochemical measurements were repeated
three times for each alloy.

The study of the fluidity of alloys was carried out with
a spiral fluidity test. The molds for pouring the spiral test
were made of resin bonded sand. For mold production
according to “no-bake” process, the FK-5 binder and
the OK-3 catalyst were used in the amount of 1.2 and
0.5 % of the sand mass (both produced by “Intema
Group”, Pushkino, Russia), respectively. Quartz sand
(deposit — Ryazan region) was used. The ignition inhib-
itor was potassium tetrafluoroborate (KBF,) added in
the amount of 0.5 % of the sand.

The mixture was prepared in a Mieszarki RN12/VL2
mixer (Multiserw-Morek, Poland). First the sand and
ignition inhibitor were mixed, then the catalyst and, af-
ter it was evenly distributed, the binder were added to the
mixture. After introducing each of the components, the
mixture was mixed for 2 min.

Before pouring, the casting mold was aligned hori-
zontally with a bubble level to determine fluidity.
A wooden stopper was placed in the pouring cup,
blocking the sprue. Melt was poured into the cup of
the mold at 790—810 °C (50—60 °C above the tem-
perature at which the fluidity was determined). After
filling the cup with melt, the temperature changes on
the thermocouple located in the cup center were moni-
tored. As soon as the temperature of the thermocou-
ple reached the pouring temperature of 740 °C (after
5—15s), the stopper was lifted. The spiral fluidity test
was repeated 4 times. The temperature was monitored
using the BTM-4208SD 12-channel temperature re-

corder (Lutron, Israel). K-type thermocouples were
used.

The hot tearing susceptibility test was carried out
in the molds made of resin bonded sand. The melt was
poured into the molds at 780—800 °C. The maximum
ring width (in mm) at which a crack was detected was
considered as a measure of hot tearing susceptibili-
ty (HTS), assuming that no cracks were detected at
subsequent rings of greater width. The width of the
poured rings ranged from 5 to 25 mm in increments
of 2.5 mm. For each ring width, 2—4 probes were
poured. Also the HTS of the alloys was determined
by the “Dog-bone” test. The sample as a casting has a
massive sprue with side branches of different lengths,
but with the same cross-sectional area [29]. The end
of each branch ended with a ball-shaped thickening,
creating a hindered contraction. The “Dog-bone”
probe was poured into a steel mold with a vertical
parting line. The HTS of the alloys was assessed by
the maximum branch length without cracks. 4 probes
were poured for each alloy at a casting temperature
of 740 °C.

To determine the influence of the mold material
on the surface quality of the castings, two castings of
different configurations were made. The first repre-
sented bars with thickness 10, 20 and 30 mm, con-
nected by a gating system — its scheme is presented in
a work [28]. The second casting was a cylinder 60 mm
in diameter and 135 mm length. Two types of re-
sin bonded sand mixtures, with and without igni-
tion inhibitor addition, were used to manufacture the
mold for cylinder casting. Potassium tetrafluorobo-
rate (KBF,) was used as an ignition inhibitor in the
amount of 0.5 % of the sand mass. No ignition inhi-
bitor was used to obtain castings with bars of varying
thickness. The nature of interaction between the alloy
and the mold material and the effect of inhibitors on
this interaction were evaluated visually by the surface
quality of the castings obtained.

To determine the ignition temperature, rectangular
samples of 10x10x5 mm were cut from ingots. Their
surfaces were grounded with P400 grit sandpaper. A hole
1.5 mm in diameter and 3—5 mm deep was drilled in
each sample, into which the junction of a K-type ther-
mocouple was mounted.

During the tests, alloy samples were placed in a
steel crucible. Using an induction furnace, they were
heated at a constant rate of 5 °C/s. The ignition temper-
ature of the alloy was determined by a sharp increase in
the temperature on the heating curve, and visually by
the appearance of flashes on the surface of the melted
sample.
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Cone-shaped samples were turned from ingots on a
lathe for ignition test of the alloy in the gas burner flame
(Fig. 1, b). The sample was placed on a sheet of asbestos
with the tip upwards. The junction of a K-type thermo-
couple mounted on a tripod was placed 1—2 mm away
from the tip of the cone to fix the flame temperature in
the area of the cone tip. The flame of the gas burner was
directed at the tip of the cone and a countdown began,
simultaneously recording the temperature of the flame,
which was approx. 1300 °C. In the course of the exper-
iment the time to the appearance of the ignition source
was visually recorded.

The molds for producing the “Bracket” casting
were made using 3D printing. The molds were made
using the Binder jetting technology using an SP 500
3D printer (Additive Technologies LLC, St. Peters-
burg). We used a furan-based BindEX+ binder (Prom-
KhimTech LLC, Ivanteevka, Russia). The castings
made of the ML-OPB, EWZ43 and MLI0 alloys were
casted in the printed molds.

A gas burner was placed in a specially prepared
chamber made of refractory bricks, which provided a
persistent flame for a long period of time. The casting
was placed at a fixed distance from the burner, ensuring
its presence in the flame. The temperature of the flame
at the casting location was recorded using a K-type ther-
mocouple and was ~1100 °C. The purpose of the test is
to record the time until at least one ignition source has
appeared.

Results and discussion

Figure 2, a—c represents the microstructure of the
ML-OPB alloy. In the as-cast state (Fig. 2, a) in the
structure of the alloy in addition to the primary den-
drites of the magnesium solid solution o.-Mg there is
a significant amount of eutectic phase, which, accord-
ing to the results of EDS analysis, has the composi-
tion, at.%: Mg—3.9Zn—6.2Y—0.42Zr—0.26Ce—0.09YD.
Based on the calculations performed with Thermo-
Calc, this phase is an LPSO-phase (Mg;,ZnY or
Mg,,Zn,Y,). The precipitates in the center of the
grains are zirconium based solid solution a-Zr. Heat
treatment of the ML-OPB alloy leads to a change in the
morphology of the LPSO-phase to lamellar as well as
the formation of zirconium-rich needle precipitates in
the center of the grain (Fig. 2, b). The long-time hold-
ing at elevated temperature causes the formation of tiny
precipitates at grain boundaries. Due to their small size
it is impossible to determine the composition of this
phase, however, according to the EDS the precipitates
of this phase are rich in Y and Zn.

44

Fig. 2, d—fshows the microstructure of the EWZ43
alloy in the as-cast and heat-treated states, as well as
after long-time holding at elevated temperature for
500 h. Earlier in paper [15], the phase composition of
this alloy was investigated and it was revealed that in
the as-cast state in the structure of the alloy in addi-
tion to the a-Mg there is the eutectic MgsNd phase,
which transforms into the Mg, Nds phase after the HT.
Long-time holding at elevated temperature, as in the
case of the ML-OPB alloy, causes the formation of ti-
ny precipitations located on the grain boundaries. The
precipitates are enriched in Y and Nd according to the
results of the EDS.

Fig. 3, a provides the tensile properties of the
ML-OPB and EWZ43 alloys in the HT condition. The
data for the EWZ43 alloy are taken from work [15] for
two aging temperatures (200 and 250 °C). The tensile
properties of the ML10 alloy are also given for com-
parison [30]. The ML-OPB alloy exhibits sufficiently
similar tensile yield strength (TYS) and ultimate ten-
sile strength (UTS) values to those obtained for the
MLI10 alloy, but with a significantly higher elongation
at fracture (El). For the EWZ43 alloy, the maximum
values of TYS and UTS are observed, but the mini-
mum value of El among the materials is under consid-
eration.

Fig. 3, b represents the tensile properties of the
ML-OPB and EWZ43 alloys prior to and after long-
time holding at elevated temperature. Since the tests
in this case were performed on samples of a different
configuration with a small cross-sectional area (see
Fig. 1, a), they cannot be compared with the results
of tensile tests obtained on full-size standard sam-
ples (Fig. 3, a). It can be seen that the ML-OPB and
EWZ43 alloys show a significant decrease in TYS and
UTS after a long-time holding at elevated tempera-
ture. The reduction in El for the ML-OPB alloy is es-
pecially significant (~50 %). At the same time, El for
the EWZ43 alloy remains practically unchanged. Pre-
viously, it was pointed out in microstructure analysis
that long-time holding at elevated temperature leads
to phase precipitation along the grain boundaries, and
it seems that these precipitations, as well as the loss of
lattice coherence between the o-Mg and the precip-
itates released during ageing, cause a decrease in the
mechanical properties.

After the long-time holding at elevated tempera-
ture, the oxide layer on the surface of the ML-OPB
and EWZ43 alloy samples was investigated. Its ele-
ment content, based on the EDS results, is provided
in Table 2. It can be seen that during oxidation of the
ML-OPB alloy sample, Y constitutes the main ele-
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Fig. 2. Microstructure of ML-OPB alloy (a—c) and EWZ43 (d—f) in as-cast condition (a, d), heat-treated condition (b, e),
and after longtime holding at elevated temperature (c, f)

Puc. 2. Muxkpoctpykrypa criiaBoB MJI-OI1b (a—c) u EWZ43 (d—f) B 1utom (a, d) u TepMooOpaboTaHHOM (b, €) COCTOSIHUSIX,
a TakKe MoCJIe JUTMTEbHOM BEICOKOTEMIIePaTy pHOM BBIIEPKKMY (¢, f)

Strength, MPa ElL % Strength, MPa ElL %
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Fig. 3. Tensile properties of ML-OPB, EWZ43, and MLI10 alloys after heat treatment (in parentheses the aging temperature
of the EWZ43 alloy is indicated) (@), as well as the tensile properties of ML-OPB and EWZ43 alloys before and after longtime
holding at elevated temperature (indicated by the B) at = 300 °C for 500 h ()

Puc. 3. Mexanuueckue cBoiicTBa MpH pacTskeHnu criaoB MJI-OI1B, EWZ43 u MJ110 B TepM006paboTaHHOM COCTOSTHU U
(B cKOOKax yKa3aHa TeMIiepatypa ctapeHus criaBa EWZ43) (a), a takke cimaBoB MJI-OI1b u EWZ43
IO U TIOCJIe IJTUTETbHOU BEICOKOTEMIIepaTypHO BeIaepK KU (¢ 6ykBoit B) mpu £ = 300 °C B Teuenue 500 u (b)
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ment comprising the oxide film apart from Mg. There
is also a higher Yb content in the oxide film than in
the alloy. Regarding the other alloying elements of the
ML-OPB alloy (Zn, Zr and Ce), their concentration
in the oxide film is much lower than that observed in
the alloy.

The predominant elements for the EWZ43 alloy
whose content in the oxide layer is higher than that in
the alloy are Y and Nd. The rest of the alloying elements
are contained in the film either in close or much lower
quantities than in the alloy.

Thus, such elements as Y (for both alloys), Nd (for
the EWZ43 alloy), and Yb (for the ML-OPB alloy) play
a protective role in the oxidation of the ML-OPB and
EWZ43 alloys. The thickness of the surface oxide lay-
er after a long-time holding at elevated temperature was
from 10 to 30 um for both alloys, indicating their high
heat resistance at = 300 °C.

Fig. 4, a shows the amount of released hydrogen
during corrosion tests of the ML-OPB and EWZ43 al-
loys in a medium of a 3 wt.% NaCl aqueous solution.
It should be noted that during the tests, the intensity
of hydrogen release for the ML-OPB alloy increas-
es with time, while for the EWZ43 alloy it is almost
constant. This pattern is not common in less-alloyed
magnesium alloys. For comparison, the results of
similar corrosion tests with the ML10 alloy from work
[31] were added in Fig. 4, a. It can be seen that the cor-
rosion rate is steadily decreasing due to the protective
effect of the layer of corrosion products formed on the
alloy surface.

Typical polarization curves for the ML-OPB and
EWZ43 alloys obtained in a 3 wt.% NaCl aqueous solu-
tion are shown in Fig. 4, b. The average values of the
corrosion potential, the corrosion current density and
the calculated corrosion rate of the alloys under inves-
tigation, as determined from the polarization curves,
are presented in Table 3. The values of these parameters

for the ML5 alloy obtained under similar conditions
are also included in this Table [32]. It can be seen that
the corrosion potential of the ML-OPB and EWZ43
alloys is almost the same and it is much more negative
than that of the AZ91 alloy. At the same time, the cor-
rosion current density is lower for the ML-OPB alloy
compared to the EWZ43 alloy, and it is maximum for
the AZ91 alloy.

Based on the results of hydrogen release corrosion
tests and electrochemical research, the corrosion rates
of the alloys were calculated (see Table 3). It can be seen
that the corrosion rate determined from the electro-
chemical corrosion tests for the ML-OPB and EWZ43
alloys is much lower than that determined in the long-
term immersion corrosion tests (by hydrogen release). In
general, the corrosion rate for the alloys under investiga-
tion, calculated in hydrogen release tests, is 3—4 times
higher than for the most common used commercial
magnesium alloys (AZ91 and ML10).

Typically, the corrosion rate determined by Tafel
fitting of polarization curves is equal to or lower than
the corrosion rate determined by long-term immersion
test (by hydrogen release), in particular, this pattern can
be observed for the AZ91 alloy (Table 3). This is due to
the fact that during the corrosion process, the resulting
corrosion products cover the surface of the sample and
thus prevent its contact with the corrosive environment.
A possible reason to explain the increasing corrosion
rate of the ML-OPB alloy as the corrosion process oc-
curs is due to the microstructure of the alloy under in-
vestigation (see Fig. 2, b). Thus, the LPSO phase, which
serves as cathode with respect to the a-Mg, is found in
a structure in the form of coarse plates. During the cor-
rosion process, the o.-Mg dissolves and the surface area
of the cathode phase increases [33], which leads to an
increase in the corrosion rate.

Fig. 5 represents the values of fluidity obtained by
the spiral test, hot tearing susceptibility (HTS) obtained

Table 2. The elements content at the surface of ML-OPB and EWZ43 alloys samples after longtime holding
at elevated temperature obtained by Energy-dispersive X-ray spectroscopy

Tabauua 2. ConepxxaHue 2JIEMEHTOB B OKCUIHOM mieHe oopa3uoB cruiaBoB MJI-OI1b u EWZ43
rocJjie JJIMTEeJIbHOM BBICOKOTEMITEPATYPHOI BhIIEPKKH Mo pe3yabraraM PCMA

Content, at.% / wt.%

Alloy
Mg Y (0) C Nd Zn Zr Ce Yb
ML-OPB  65.8/59.3 6.4/21.3 21.0/12.5 5.9/2.6 — 0.18/0.43  0.18/0.59  0.10/0.53  0.39/2.47
EWZ43 58.1/53.1 49/16.4 289/17.4 59/2.7 1.7/9.4 0.05/0.13  0.16/0.54 — —
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Table 3. Results of electrochemical corrosion tests and hydrogen evolution corrosion tests

for ML-OPB, EWZ43, ML10 and AZ91 alloys

Tabnuia 3. Pe3yabraThl 2J€KTPOXNUMUYECKUX KOPPO3MOHHBIX UCITBITAHU I
1 KOPPO3UOHHBIX UCITBITAHUI TTO BbIAETeHUI0 Bogopoaa njs criaasoB MJI-OI1b, EWZ43, MJ110 u MJI5

Electrochemical corrosion tests SO Ul
by hydrogen release
Alloy
Corrosion Corrosion current Corrosion rate, Corrosion rate,
potential, V density, uA/cm2 mm/year mm/year
ML-OPB —1.53+0.03 744 +£69 1.69 £0.16 6.93 £0.39
EWZ43 —1.56 £ 0.03 94.2 £26.5 2.12£0.60 6.27 £1.05
MLI10 [31] — — - 0.95+0.14
ML5 [32] —1.4240.02 115.44+20.8 247 £0.45 2.10 £0.08
H, evolution, mL/cm? o Current density, mA/cm?
—8— ML-OPB a E b
1 —O©— EWZ43
° ]
g —4A— MLI10 1 01 .
] EWZ43
10 -
] ML-OPB
-1
10 =
10+
10°

—T T T T T T T T T T T
0 10 20 30 40 50
T, h

—71 r 1 - 1 . 1 - 1 - 17
20 -19 -18 -17 -16 -15 -14 -13
Potential, V

Fig. 4. The amount of hydrogen released during corrosion testing of ML-OPB, EWZ43, and ML10 alloys
in a 3 wt.% NaCl aqueous solution () and polarization curves for ML-OPB and EWZ43 alloys

in a 3 wt.% NaCl aqueous solution (b)

Puc. 4. KonnuecTBO BbIAEIMBIIETOCS BOAOPO/AA B X0[I¢ KOPPO3MOHHBIX UcnbiTaHuli criiiaBoB MJI-OI1B, EWZ43 u MJ110
B cpene 3 Mac.%-Horo BogHoro pactBopa NaCl (a) u moasipusalimoHHbIe KpuBbie 111 criiiaBoB MJI-OI1b u EWZ43

B cpene 3 mac.%-Horo BogHoro pactBopa NaCl (b)

by the ring and “Dog-bone” tests of the ML-OPB and
EWZ43 alloys at a pouring temperature of 740 °C.
It can be seen that the value of fluidity of the EWZ43
alloy coincides with that obtained for the AZ91 alloy
(it was determined under similar conditions [32]), and
the ML-OPB alloy exceeds the fluidity of these alloys
(Fig. 5, a). It seems that the maximum fluidity of the
ML-OPB alloy under consideration is associated with a
large amount of eutectic in its structure, as well as with

a fairly short freezing range of alloys with the LPSO-
phase [21].

Fig. 5, b shows the results of determining the HTS
of alloys by the ring test. There are no confidence in-
tervals for a number of alloys since there was a high
degree of reproducibility of the results and for each
ring width all three castings showed the same result.
For the ML-OPB and EWZ43 alloys, the HTS, which
indicates the maximum ring width at which the crack
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appears, was found to be 15 and 17.5 mm, respectively.
At the same time, according to OST (Industrial Stan-
dard) 1 90020-71 the HTS for the industrial AZ91 al-
loy is 30 mm. That is, the resistance to formation of
hot cracks in the studied alloys is significantly higher
than that of the AZ91 alloy. The reason for this is most
likely that the AZ91 alloy exhibits a rather long freezing
range, whereas the ML-OPB and EWZ43 alloys have
a fairly short freezing range, moreover, their structure
contains more eutectic. Because of the relatively short
freezing range, the HTS of the ML10 alloy, accord-
ing to OST (Industrial Standard) 1 90020-71, is 15—
20 mm, i.e. comparable to the alloys under investiga-
tion. Also, the low HTS of the ML-OPB and EWZ43
alloys is promoted by the fine grain size, which is en-
sured by the presence of zirconium in the alloy [34].

Fig. 5, ¢ represents the HTS values for the
ML-OPB, EWZ43 and MLI10 alloys obtained by the
“Dog-bone” test. For the ML-OPB alloy, a complete
absence of cracks was observed, indicating mini-
mal HTS. The maximum crack-free branch length
for the AZ91 alloy was 50 mm [32], which confirms
the conclusions that the tendency to form hot cracks
in the ML-OPB alloy is much lower than in the most
common commercial cast magnesium alloy — AZ91.
The EWZ43 alloy occupies an intermediate position
between the specified alloys.

Rectangular bar castings with various thicknesses of
the ML-OPB and EWZ43 alloys were poured into the
molds made of resin bonded sand. The element con-
tent in the oxide film of the bars as determined by EDS

is shown in Fig. 6. The oxide film in all cases mainly
contains C, O, Mg, and Y. The content of C in Fig. 6 is
not given and can be calculated as a difference between
100 % and the contents of the other elements shown in
the charts. In the MgO—Y,0Oj5 system no ternary phas-
es are formed [35], therefore it can be assumed that the
film structure is composed of a mixture of MgO and
Y,05 phases. The ratio of Mg to Y in the film depends
on the thickness of the bar. Thus, for a 10 mm thick
bar, the magnesium content in the film is higher than
the yttrium content, whereas in 20 and 30 mm thick
bars the situation is reversed and the yttrium con-
tent is 1.5—2.0 times higher than that of magnesium.
The quantitative ratio of the phase fractions cannot be
established because the thickness of the film is shallow
and the alloy of the bar under oxide layer affects the
analysis result. That is, the higher magnesium content
in a 10 mm thick bar is related to the fact that it bears a
thinner oxide film. The composition of the oxide film
for the ML-OPB and EWZ43 alloys is quite similar.
The only difference is in the presence of a small amount
(less than 1 at.%) of Nd in the EWZ43 alloy film. The
remaining alloying elements (Zn, Zr, Ce and Yb) are
virtually absent in the oxide film and do not affect the
interaction of the ML-OPB and EWZ43 alloys with the
resin bonded sand.

On the surface of cylindrical ingots with a diame-
ter of 60 mm, after pouring into the molds without a
ignition inhibitor in the resin bonded sand, separate
areas of metal-mold interaction are observed, which
is expressed as the appearance of defects in the form

Fluidity, mm HTS, mm HTS, mm
0 100
a b c
5001 %04
400 -
60
300 1
40 1
2001
100- 207
0- 0-

Alloy

Alloy

Alloy

Fig. 5. Fluidity (a), hot tearing criterion obtained by the ring probe (b) and hot tearing criterion obtained by the «Dog-bone»

test (c) for ML-OPB, EWZ43 and AZ91 alloys

Puc. 5. 2KuakorekydecTs (a), YMCIIO TOPSICITIOMKOCTH T10 KOJIBIIEBOI ITpobe (h) U TOpSIIeIOMKOCTD IT0 IIpooe «Apda» (c)

s crutaBoB MJI-OI1B, EWZ43 u MJI5
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Fig. 6. The elements content in the oxide layer of ML-OPB (a) and EWZ43 (b) alloys bars with different thicknesses

Puc. 6. CoznepxxaHue 3J1eMEHTOB B OKCUIHOM MJIeHe OpYCKOB pa3auyHOi ToJuHbI 15 criiaBoB MJI-OI1b (a) u EWZ43 (b)

of cavities. When KBF, was used as an inhibitor, there
were practically no ignition sources on the surface of
the cylindrical ingots. This pattern was observed for
both alloys studied.

We determined the ignition temperature for the al-
loys ML-OPB, EWZ43, as well as ML10. Fig. 7, a shows
a typical heating curve of the ML-OPB alloy sample in
air. It can be seen that during heating at 1077 °C there is
a sharp increase in a temperature associated with addi-
tional heat release due to ignition of the sample. It should
be noted that not in all cases the thermocouple readings
were able to fix the ignition temperature, so at the same
time we monitored the ignition visually.

Fig. 7, b shows the ignition temperatures of the
ML-OPB, EWZ43 and MLI10 alloys. It can be seen
that the minimum ignition temperature of 878 = 73 °C
is observed for the MLI0O alloy. The ML-OPB and
EWZ43 alloys exhibit a higher value of 1022 * 36 and
1054 £ 33 °C, respectively. Thus, the presence of Y in
ML-OPB and EWZ43 alloys significantly increases
their ignition temperature. Upon that, the EWZ43 alloy,
which has a lower Y content than the ML-OPB alloy,
exhibits the maximum ignition temperature. Apparent-
ly, the higher ignition temperature of the EWZ43 alloy
is due to the presence of Nd. That is, Nd, as well as Ce
[5, 8], contributes to the formation of a dense oxide film
at lower Y concentrations.

Fig. 8, a illustrates a image of a cone-shaped
ML-OPB alloy sample in the flame of a gas burner af-

ter 6 min from the beginning of the experiment. It can
be seen that the sample has slightly changed its shape
as a result of melting, but no ignition sources can be
observed. Once 6 min had elapsed, the cone-shaped
sample came into contact with the burner, whereupon
it instantly lost its shape and flowed over the surface
(Fig. 8, b). This suggests that the sample was primarily
liquid and that its shape was preserved only due to the
presence of a sufficiently strength oxide film. A similar
behaviour was observed for the sample of alloy EWZ43,
which, even after complete melting, could not show any
ignition. As for the MLI10 alloy, the average ignition
time for it turned out to be 240 £ 63 s. The ignition
sources on the cone-shaped sample made of the ML10
alloy can be seen in Fig. 8, ¢ and d. Thus, it can be
stated that the ignition resistance of the ML-OPB and
EWZA43 alloys is extremely high and greatly exceeds
that of the ML10 alloy.

Fig. 9 illustrates images of castings made of the
ML-OPB, EZW43 and MLI10 alloys, taken after 100 s
from the start of ignition tests in the flame of a burner
simulating an open fire on an aircraft. For the ML10
alloy (Fig. 9, ¢) the first ignition sources were observed
70 s after placing the casting in the burner flame. And
already in the 100th second the multiple ignition sourc-
es can be seen. After the burner flame was turned off
and the casting came into contact with the atmosphere,
there was a bright flash and the MLI10 alloy casting
burned completely (Fig. 9, d). In the ML-OPB and
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EWZ43 alloys (Fig. 9, a and b), no ignition sources
appeared even after complete melting of the casting
and melt spreading. It can be seen that the oxide films

t,°C
.. a
1200 4 Ignition start
1000 1077 °C
800
600
400
200 T T T T T T T T T T T T
0 50 100 150 200 250 300 T1,s

formed on the ML-OPB and EWZ43 alloy castings are
quite strength and partially preserve the shape of the
casting, forming a kind of cover from which the alloy

Ignition temperature, °C
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Fig. 7. The heating curve for ML-OPB alloy sample in air () and ignition temperature
of ML-OPB, EZW43, and ML10 alloys samples (b)

Puc. 7. KpuBas HarpeBa o6pa3siia u3 criiiasa MJI-OI1b Ha Bo3nyxe (a) ¥ TeMIiepaTypbl BO3ropaHust 00pa3ioB
u3 criaBoB MJI-OI1B, EZW43 u MJT10 (b)

Thermocouple
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f \
Siech&n )
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source

Fig. 8. The photographs of conical specimens made of ML-OPB (a, b) and ML10 (¢, d) alloys during flammability tests

in a gas burner flame

Puc. 8. ®otorpaduu koHycHbIX 06pa31ioB u3 crjaBoB MJI-OI1b (a, b)) u MJT10 (¢, d) Bo BpeMsi MCTTBITaAHW I HA BO3TOpaHUE
B (hakesie ra30BOii rOpeKu
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Fig. 9. The photographs of ML-OPB (a), EWZ43 (b) and MLI0 (c) alloys castings after 120 s of flammability tests
in a gas burner flame simulating an open fire on an aircraft, and combustion of a ML10 alloy casting at the end

of the flammability experiment (d)

Puc. 9. ®ororpaduu ommuBok u3 criaBoB MJI-OI1b (a), EWZ43 (b) u MJI10 (c) io mpomectBuu 120 ¢ UCTIBITAHW I
Ha BO3rOpaHue B TJIAMEHU TOPETKU, UMUATUPYIOIIEM OTKPBITHIH IToXap Ha JieTaTeJIbHOM armnapare,
U TopeHure oIuBKY u3 criaBa MJI10 mo okoHuaHum skcriepuMenTa (d)

flowed out. Upon that, the oxide films are kept heated
to a high temperature by the burner flame and become
glowing. After switching off the flame, the ML-OPB
and EWZ43 alloys did not combust, unlike the ML10
alloy. These tests confirm that the ignition resistance of
the ML-OPB and EWZ43 alloys is significantly higher
than that of the ML10 alloy.

Conclusion

1. The microstructure of the ML-OPB alloy in the
as-cast state consists of a a-Mg and LPSO-phase. As
a result of HT, the morphology of the LPSO-phase
changes to a lamellar one. Long-time holding at ele-
vated temperature of samples made of the ML-OPB
alloy (r = 300 °C; t = 500 h) leads to the formation of
precipitates on the grain boundary. The microstructure
of the EWZ43 alloy consists of a o.-Mg and the Mg;Nd
phase, which transforms into the Mg, Nds phase du-
ring the HT and its amount decreases significantly.
The long-time holding at elevated temperature of the
alloy also causes the formation of the grain boundary
precipitates.

2. EWZ43 alloy significantly exceeds the tensile
strength of the ML-OPB and ML10 alloys, but it exhib-
its small values of El (about 5 % in T6 condition). The

tensile properties of ML-OPB and MLI10 are similar,
but ML-OPB exhibits higher El. It was found that af-
ter a long-time holding at elevated temperature (r =
= 300 °C; © = 500 h) the strength of the ML-OPB
and EWZ43 alloys decreased, especially the El for the
ML-OPB alloy (twice). The reason for the decrease in
properties is likely to be due to the precipitation of phas-
es at the grain boundaries.

3. Long-time holding at elevated temperature of
the alloys resulted in the formation of a Y-rich oxide
film on the surface of the ML-OPB and EWZ43 al-
loy samples. Likewise, the Yb and Nd oxides in the
ML-OPB and EWZ43 alloys, respectively, can play a
protective role.

4. The corrosion rates of the ML-OPB and EWZ43
alloys in a 3 wt.% NaCl solution, determined during
immersion corrosion test by the amount of hydrogen re-
leased, were 6.9 and 6.3 mm/year, respectively, which is
much higher than those of the most common magnesium
alloys — AZ91 and MLI10 (2.1 and 0.9 mm/year, respec-
tively). Thus, castparts made of ML-OPB and EWZ43
alloys require additional protection against corrosion.

5. The fluidity of ML-OPB and EWZ43 alloys was
not lower than that of commercial magnesium alloys.
The HTS of the ML-OPB and EWZ43 alloys is com-
parable to the HTS of the shot freezing range ML10

51



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 ¢« No.1e P.39-55

Bazhenov V.E., Baranov LI., Lyskovich A.A. et al. Investigation of castability, mechanical, corrosion properties and flammability...

alloy and lower than that of the long freezing range
AZ91 alloy. The specified castability properties for
the ML-OPB alloy were slightly higher than for the
EWZ43 alloy.

6. The study of the interaction of the ML-OPB and
EWZ43 alloys with the resin bonded sand revealed that a
ignition inhibitor is not necessary for castings with a wall
thickness of 30 mm or less. This high resistance of the
oxide film is explained by the formation of yttrium oxide
in the surface layers of the oxide film of the casting. At
the same time, a ignition inhibitor (e.g. KBF,) may be
required when producing castings with a wall thickness
of 60 mm or more.

7. The ignition temperature for the ML-OPB and
EWZA43 alloys was 1022 and 1054 °C, respectively, which
is significantly higher than that for the MLI10 alloy
(878 °C). Tests of the alloys in the flame of a gas burner
on the cone-shaped samples indicated that the ML-OPB
and EWZ43 alloys practically do not ignite and that the
MLI10 alloy ignites after a certain period of time, even
prior to the complete melting of the sample. During the
tests of standard aircraft castings of the “bracket” type,
made of test alloys, in an open flame of a gas burner,
simulating a fire on the aircraft, it was found that cast-
ings of the ML-OPB and EWZ43 alloys do not ignite
until they are completely melted. At the same time the
casting of the ML10 alloy ignite at temperatures close to
the melting point.
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Abstract: The issue is devoted to the study of the influence of hafnium on the structure and properties of alloy 1570. Ingots from alloy 1570
were cast into the steel coquille, including those with additives of hafnium 0.1, 0.2 and 0.5 %. To determine the size of the grain structure in
the obtained ingots, an Axionovert-40 MAT optical microscope was used, chemical analysis of intermetallic particles was carried out using
JEOL 6390A SEM. In addition, for the alloy 1570 and 1570—0.5Hf, the presence of nanoparticles with the L,, structure was studied using
transmission electron microscope JEM-2100. Studies showed that hafnium additives make it possible to achieve a significant modification
of the cast structure. For example, when introducing hafnium into the initial alloy in an amount of 0.5 % of the total weight, it was possible
to achieve a reduction in the average grain size by 2 times. Scanning microscopy data showed that hafnium partially dissolves in particles
containing scandium and zirconium as well. The addition of hafnium increases the number of large particles formed during crystallization.
Transmission microscopy showed the presence of coherent aluminum matrix nanoparticles in alloy 1570 and having a superstructure of L,,,
which were most likely formed during intermittent decay during ingot cooling. When 0.5 % Hf was added, no nanoparticles with the L;, su-
perstructure were detected. To explain the latter fact, it is necessary to study the surface of the liquidus of the Al—Hf—Sc system, as well as to
study the effect of hafnium on the diffusion coefficient of scandium in aluminum.
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Bimsnue radHua HA JIUTYI0 MUKPOCTPYKTYPY
B ciuiase 1570

H.A. 30an1, E.B. Apblmeﬂcxnﬁl, A.M. I[pnul, C.B. Kouosauios', B.C. KOMapOB2

! CamapcKuii HAIIMOHAJIbHBIN HccieaoBaTeIbcKuii yuupepcureT uM. akaja. C.I1. Koposaesa

443086, Poccus, r. Camapa, MockoBckoe mocce, 34

2 HauuoHa 1bHbIii HCCJIE10BATEIbCKHIl TEXHOJIOTHYeCKHiA yauepcutetr «MUCHUC»

119049, Poccus, r. MockBa, JleHuHcKuii nip-T, 4

P4 Esrenuit BnagumupoBud ApbllieHCK M (ar-evgenii@yandex.ru)

AunHoTtanms: M3yueHo BiusiHUe raHUS Ha CTPYKTYPY U cBoiicTBa criyiaBa 1570. B cTaibHOIM KOKMJIb ObLJIM OTJIMTHI CIMTKY U3 criiaBa 1570,
B ToM vuciie ¢ fobaBkamu raduus (0,1, 0,2 u 0,5 %). 1151 onpesiesieHusi pa3MepoB 3epEHHOM CTPYKTYPbI B MOJYUEHHbBIX CIUTKAX MTPUMe-
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HSIJICSI ONITUYECKM T MUKpOcKom «Axionovert-40 MAT», XuMn4yeCcKUi aHAJIN3 UHTEPMETAJIMIHBIX YACTHUIL ITPOBOIMJICS C ITOMOIIbIO CKa-
HUpYIoLIero a1ekTpoHHoro mukpockorna JEOL 6390A. Kpome Toro, mist criiaBoB 1570 u 1570—0,5Hf Ha mpocBevnBatoIieM 3JIeKTPOHHOM
mukpockore JEM-2100 usyuanoch HalMunue HAHOUACTULL, UMEIOLLUX CTPYKTYPY L,. MccienoBanus nokasanu, 4to 100aBKu radHUs 110-
3BOJISIIOT TOOUTHCS CYIIECTBEHHON MonuduKkaiuu 1uToi cTpyKTypbl. Hanpumep, npu BBeneHuu B ucxomaHbiii crias 0,5 % Hf (ot o6eit
Macchl) IOCTUTHYTO yMEHbIIEHUE CPeHETO pa3Mepa 3epHa B 2 pa3za. CoriacHO AaHHBIM CKaHUPYIOIIeit MUKPOCKOMU U, FadHU I YACTUYHO
pacTBOpsieTCsl B YaCTUIIAX, COAePKaLIUX TaKxXe CKaHAMN U LMpKoHUH. JlobaBka radHMsT yBeaIUuMBaeT KOJIUYECTBO KPYMHbIX YACTULL,
0o0pasyloluxcs Npu KpucTaanudauuu. [IpocBeurBaloias MUKPOCKOIMUS MOKa3aja HaJuuue B cruiaBe 1570 HaHOYaCTUL, KOT€PEHTHbBIX
aJIIOMMHUEBOI MaTpULIE U UMEIOLLIUX CBEPXCTPYKTYPY L|», KOTOpPbIE € GOJIBLIOI 0J1eil BEPOSITHOCTH 00pa30BaluCh B XO/e MPEPbIBUCTOrO
pacrazia npu octbiBaHuu cauTkoB. [Ipu no6aske 0,5 % Hf HaHOUYacTUL, MMEIOINUX CBEPXCTPYKTYPY L,, He oOHapyxkeHo. 11 00bsICHE-
HUS 3TOro hakTa HeOOXOAUMBI UCCIENIOBAHMSI TIOBEPXHOCTU JTUKBUIyca cucteMbl Al-Hf—Sc, a Takxe usyuenue BausHus radHUs Ha
ko3 bunment nuddy3uu ckaHas B aTIOMUHUU.

KioueBbie cjioBa: aTlOMUHUEBBIC CILJIaBbI, JIETUPOBAHUE MaJIbIMU nobaBKaMu TIEPEXOAHBIX 2JIEMEHTOB, MUKPOCTPYKTYpa, UHTEPpMETAI-
JINIBI

®unancuposanue: VccrnenoBaHue BbIMOTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro donma Ne 22-29-01506, https://rscf.ru/project/22-29-01506/
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CcTPYKTYpY B cruiase 1570. Hzeecmus eyz06. Lleemnas memannypeus. 2023; 29 (1): 56—65. https://doi.org/10.17073/0021-3438-2023-1-56-65

Introduction

Aluminum alloys are widely used and largely indis-
pensable in aircraft, rocket and space equipment. There-
fore, much research is being done to develop new and
improve existing Al alloys [1—6].

One way to improve the performance properties of
aluminum alloys is to add small amounts of scandium,
the strongest modifier of cast aluminum structure. Fur-
thermore, Sc additions lead to the formation of hard-
ening Al;Sc nanoparticles when properly cast and heat
treated [7].

As a rule, scandium is used together with zirco-
nium, which makes it possible to significantly re-
duce the amount of Sc required for the cast structure.
Moreover, zirconium partially replaces scandium in
Al;Sc particles by forming a shell around them [8],
which slows down the coagulation of the particles and
increases their thermal stability due to the diffusion
coefficient, which is lower for zirconium than for
scandium [9].

Aluminum alloys with high magnesium content are
the most popular for Sc—Zr alloys because they cause
significant solid state hardening [10]. One of the most
sought-after alloys of this group is alloy 1570 [6].

Further improvement of the properties of alloy
1570 is possible by the introduction of small additions
of hafnium, which, first, is also a strong modifier of
the cast structure [11] and, second, like zirconium,
partially replaces scandium in the Al;Sc particles
and forms a shell that increases their thermal stabi-
lity [9]. However, in order to address the question of
the relevance of the use of hafnium in this alloy, it is
necessary to study its effects on the microstructure of

the alloy both in the as-cast state and after heat treat-
ment. Previously, this issue has not been considered
anywhere.

The purpose of this study is to investigate the ef-
fects of hafnium on the microstructure of alloy 1570
as cast.

Methods

The samples of the model alloys were prepared under
laboratory conditions in the induction furnace UI-25P
with an input frequency of 50—60 Hz and an output
frequency of 1—20 kHz. The 20x40x400 mm ingots
were cast in a water-cooled steel mold at melting tem-
peratures of 720—740 °C. The table shows the chemical
composition of all alloys studied.

The following materials were used as furnace charge
for the alloy: Aluminum (purity 99.8 %), magnesium
(99.9 %), master alloy Al—2%Sc, silumin Al—12%Si,
master alloy Al—5%Zr.

The grain structure of the samples was examined us-
ing an Axiovert-40 optical microscope MAT (Carl Zeiss,
Germany). The average grain size was measured for each
sample using the secant method (GOST 21073.2).

Intermetallic particles were examined using a scan-
ning electron microscope SEM JEOL 6390A (Japan).
The chemical composition of the structural compo-
nents was studied by the method of energy dispersive
spectroscopy using an X-Max 80T detector (Oxford
Instruments, United Kingdom) in the energy range of
0—10 keV (the energy resolution of the detector is 122 eV).
The microstructure of the 1570 and 1570—0.5Hf al-

57



lzvestiya. Non-Ferrous Metallurgy e 2023 « Vol. 29 ¢« No. 1 e P.56-65
Zorin I.A., Aryshensky E.V., Drits A.M. et al. Effect of hafnium on cast microstructure in alloy 15670

Investigated alloys chemical composition, %
XUMHWYECKHMIA COCTaB MCCIeAyeMbIX CIUIaBOB, %

Alloy | a | si | F | Mn | Mg | n | oz | s | wmr
1570 Basis 0.7 027 044 6.16 0.03 0.05 0.22 _
1570—0.1Hf Basis 0.7 027 044 6.16 0.03 0.05 0.22 0.1
1570—0.2Hf Basis 0.7 027 044 6.16 0.03 0.05 0.22 0.2
1570—0.5Hf Basis 0.7 027 044 6.16 0.03 0.05 0.22 0.5

loys was further investigated using a JEM-2100 trans-
mission electron microscope (JEOL, Japan) at 200 kV.
Elemental analysis was performed using an energy dis-
persive X-ray spectrometer INCA x-sight (Oxford In-
struments, UK).

Results and discussion

Fig. 1 shows the alloy 1570 microstructure with joint
scandium-zirconium alloying. This alloy shows equiaxed

Fig. 1. Cast alloy microstructure
a—1570; b — 1570—0.1Hf; ¢ — 1570—0.2Hf; d — 1570—0.5Hf

Puc. 1. MukpocTpyKTypa JUTOTO CIlJIaBa
a—1570; b — 1570—0,1Hf; ¢ — 1570—0,2Hf; d — 1570—0,5Hf
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grain with average size of 44 um. This is 6 times less
than, for example, the high-magnesium alloy 5182
without scandium and zirconium additions [12]. In
general, the data obtained correspond to those in [13],
where with the joint addition of scandium (0.25 %) and
zirconium (0.15 %) to the 1970 alloy, the grain is re-
fined 8.5 times.

With increasing hafnium content, the grain size
gradually decreases. With the addition of 0.1 % Hf, the
average size of the grain structure decreases to 34 pum.
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Fig. 2. The cast samples average grain size

Puc. 2. Cpeanuii pa3mep 3epHa JUTbIX 00pa31ioB

Further increasing the hafnium content to 0.2 and 0.5 %
modifies the grain structure to 28 and 22 um respectively
(see Fig. 2).

In order to explain the influence of hafnium on the
refinement of the cast grain structure, it should be no-
ted that, according to the Al—Hf state diagram, primary
ALHf intermetallides form in the liquid phase at an Hf
content of 0.43 % [14]. However, due to non-equilibrium
crystallization conditions, primary intermetallic com-
pounds can occur even at an Hf concentration of 0.2 %
[11]. In addition, hafnium promotes refinement of the
grain structure by reducing the surface tension between
the solid and liquid phases, thus facilitating nucleation in
the latter [11]. The grain refinement caused by the addi-
tion of 0.1 and 0.2 % hafnium can therefore be explained
by the reduction in surface tension. A further reduction
in grain size with the addition of 0.5 % Hf is due to the
appearance of primary AlzHf particles.

There may be another explanation for the modifying
effect of hafnium when introduced into alloy 1570. Haf-
nium may have similar effects to zirconium on scandi-
um. Some researchers believe that zirconium reduces the
amount of scandium required to reach the proeutectic
concentration and initiate the formation of the primary
Al;Sc particles. In this way, according to them, the ef-
fectiveness of the joint scandium-zirconium alloy on the
change of the cast structure can be explained [15]. The
authors of the study [16] show that the common alloy-
ing with zirconium and scandium, even at low content
of these elements, contributes to the occurrence of pri-
mary intermetallic compounds in aluminum alloys. Ac-
cording to the liquidus surface of the Al—Sc—Zr system
calculated in [16], the liquid phase starts to crystallize
already at low scandium and zirconium concentrations
in Al;5S¢i¢Zry. At scandium and zirconium concentra-
tions typical of alloy 1570, the liquidus surface predicts
liquid crystallization into the primary intermetallic
phase Al,Sc, which resolves Zr well. Apparently, the

occurrence of primary Al,Sc contributes to the change
in grain structure. Hafnium may have a similar effect.
However, there are currently no data on the AlI—Hf—Sc
liquidus surface, making it impossible to confirm this
hypothesis.

It should be noted that the EDS analysis can only de-
termine the chemical composition of the intermetallic
particles with some accuracy, but unlike the X-ray phase
analysis, it cannot identify them unambiguously. It is
only possible to correlate their chemical composition
with the composition of the particles described in the lit-
erature, which was done in this study.

Particles containing aluminum, silicon and iron
were found in both alloy 1570 and alloy 1570—0.5Hf.
In their chemical composition, these intermetallides
(2 and 7in Fig. 3, a, b) are close to Al;(Fe,Si) (Fig. 3,
¢, d) [17]. These and similar intermetallic particles are
often found in aluminum alloys, since Fe and Si are al-
ways present as unavoidable impurities.

The second type of particles found in the study
are intermetallic particles containing aluminum and
magnesium (4 in Fig. 3, b, ¢). Some intermetallides al-
so contain silicon in addition to the above-mentioned
elements (3 and 6 in Fig. 3). The second type of par-
ticles is close in chemical composition to the B-phase
(AlsMg,), which is very common in high-magnesium
aluminum alloys [10, 18, 19], and the third type — the
Mg,Si phase, which is also commonly found in this
type of alloys [18, 19]. The presence of aluminum in the
particles near Mg,Si can be explained by the fact that
the study with the EDS analysis necessarily captures
some of the solid solution.

Another type of particles discovered during the study
are particles similar in chemical composition and mor-
phology (diamond-shaped) to the primary Al;Sc parti-
cles (/ and 5 in Fig. 3) [20, 21]. Howeyver, in addition to
scandium, they also contain zirconium in alloy 1570 and
zirconium and hafnium in alloy 1570—0.5Hf. It should
be noted that zirconium and hafnium dissolve in the
Al;Sc phase by 35 and 36 %, respectively [13, 22]. This
explains the presence of particles with the combined
presence of scandium, zirconium, and hafnium.

When interpreting the transmission microscopy
results it should be taken into account that Al has a
face-centered cubic unit cell, and Al;Sc has a prim-
itive cubic unit cell. The primitive lattice will resolve
all reflections. According to the energy dispersion mi-
croscopy results, we can see the co-directionality of
the inverse lattice vectors (<001>, <110>) for Al;Sc and
Al. Al3Sc and Al also have lattice parameters close to
each other, and therefore the resolved reflections for
both phases, such as the reflections of surfaces {111},
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agree. Fig. 4, a shows three images of microdiffraction
in the dark field, where the directions on the zone axis
for Al3Sc and Al coincide. From the above, it can be
concluded that the Al;Sc lattice is coherent with the
aluminum matrix. In addition, the presence of {110}

60

Number of impulse signals

Fig. 3. 1570 (a, ¢) and 1570—0.5Hf (b, d)
alloys in the cast state SEM images

a, b — alloys 1570 (a) and 1570—0.5Hf (b)
intermetallic compounds basic types

¢, d— 1570 (¢) and 1570—0.5Hf (d) alloys
energy dispersive analysis results

Puc. 3. COM-u3obpaxkeHust
crnaBoB 1570 (a, ¢) m 1570—0,5Hf (b, d)
B JINTOM COCTOSIHUU

a, b — OCHOBHbBIE TUITBI MHTEPMETAJTUIHBIX
coenuHenmit crutaBoB 1570 (a) u 1570—0,5HT (b)
¢, d — pe3ynbTaThl 9HEProJUCIIePCUOHHOTO
aHaym3za criiaBoB 1570 (¢) u 1570—0,5Hf (d)

type reflexes confirms that Al;Sc particles have an
L12 structure [23, 24]. The average size of the detect-
ed nanoparticles was 7—10 nm (Fig. 4, a), the results
of energy dispersive analysis showed the presence of
scandium in them (Fig. 5). As for the 1570—0.5Hf al-
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Al
[001]

Fig. 4. Selected area diffraction pattern of 1570 alloy

a — axes [112], [001] and [110] microelectronograms; b, ¢ — coherent nanoparticles

Puc. 4. D1eKTpOHHO-MUKPOCKOTTNYECKHE N300pakeHU s MUKPOCTPYKTYPHI criiaBa 1570

a — MUKpoasieKTpoHorpaMmmbl oceid [112], [001] u [110]; b, ¢ — KOrepeHTHbIE HAHOYACTHUILIBI

loy, no particles with reflexes from L, superstructures
were detected.

Before proceeding to the explanation of the nature
and origin of the Al;Sc particles, it should be noted that
when casting aluminum alloys with small additions of
scandium, attempts are made to fix the scandium in sol-
id solution due to the rapid cooling of the cast billet in the
region of the crystallization temperature [25]. However,
due to the high diffusion rate of scandium in aluminum
during the subsequent cooling of the ingot, scandium is
released in most cases by the intermittent decomposi-
tion of the supersaturated solid solution in the form of
semi-coherent and coherent particles [20, 21]. Although
such particles improve mechanical properties, their ef-
ficiency is much lower than that of those produced by
continuous decomposition [15]. Moreover, intermittent
decomposition of the supersaturated solid solution dur-
ing cooling of the cast bolt leads to the release of large
amounts of scandium, which reduces the number of

Al;Sc-type nanoparticles formed during further heat
treatment [26]. Therefore, based on the literature data
and taking into account the coherence of these particles,
the presence of scandium in them and the superstructure
L;,, we can say with high probability that they are close
to the intermetallic Al;Sc.

The absence of reflections from superstructure L;, in
the alloy with the addition of 0.5 % Hf most likely means
that the supersaturated solid solution is significantly
lacking in scandium, so that no discontinuous decom-
position occurs. One explanation could be the possible
effect of hafnium on reducing the proeutectic concen-
tration of scandium mentioned above. When this effect
occurs, it means that more primary Al;Sc particles are
formed and thus the scandium concentration in the su-
persaturated solid solution decreases. This is indirectly
confirmed by the increase in the total number of large
intermetallic particles (see Fig. 5). Another possible ex-
planation is that hafnium slows the diffusion of scandi-
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Fig. 5. Alloy 1570 energy dispersive X-ray spectroscopy
a — investigated microstructure bright-field image; b — energy dispersive spectral profile (EDS); ¢ — scanning line (EDS) elements distribution
Puc. 5. DHeproaucnepcuoHHass peHTTEHOBCKas CIICKTPOCKOITUS crtaBa 1570

a — CBETJIONOJIbHOE M300paKeHKE UCCIeAYEMO MUKPOCTPYKTYPBI; b — SHEPTOAMCIIEPCUOHHBII CrieKTpaibHbIi npoduias (EDS);
¢ — pacripeie/ieH’e 3JIeMEHTOB 1o JIMHUU cKaHuposaHusi (EDS)

400 pm

Fig. 6. 1570 (a) and 1570—0.5Hf (b) alloys intermetallic particles appearance

Puc. 6. BHemiHMi BUI MHTepMeTaJJIMAHBIX YacTHII B critaBax 1570 (a) u 1570—0,5Hf (b)
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um in the aluminum matrix, but there are no studies in
the literature that address this question.

From the data obtained by scanning electron micros-
copy (Fig. 6), it can be concluded that the number of in-
termetallic particles deposited from the supersaturated
solid solution increases when alloy 1570 is alloyed with
hafnium.

Conclusion

Hafnium additives allow to increase the efficiency of
milling grain by 2 times. The main explanation for this is
the primary AL Hf particle modifying effect. According
to the results of the study the chemical composition of
the large intermetallic particles, it was found that hafni-
um is partially dissolved in intermetallic particles, which
also contain zirconium and scandium. Transmission
microscopy revealed a large number of coherent scan-
dium-containing particles with superstructure L;, in al-
loy 1570, which were most likely formed by intermittent
decomposition of the supersaturated solid solution. At
addition of 0.5 % hafnium the fine-dispersed particles
having L, superstructure are absent — to explain this
fact additional liquidus surface of Al—Hf—Sc system
and hafnium influence on scandium diffusion coeffi-
cient investigations are required.
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Abstract: The results of the study of targeted sputtering and deposition of ultrafine vanadium and cadmium particles on substrates that
are not heated and shifted with respect to the substrate plasma currents are revealed. As a result of the conducted studies, coatings were
obtained in the range with a concentration of cadmium from 9.6 to 88.6 at.%. The critical size of vanadium particles capable of forming
alloys with cadmium is 0.6 nm. The concentration limit for the presence of solid solutions of cadmium in vanadium is the cadmium content
of ~37 at.%, at a higher cadmium content the film coating is represented by a mixture of cadmium phases and a solid solution of cadmium
in vanadium. The dependence of the lattice parameter of oi-vanadium on the content of cadmium in it corresponds to the expression:
a[nm]=8- lO’4CCd +0.3707, where Ccq is the concentration of cadmium, at.%. On the surface of the sample in the region of solid solutions
(31.6 at.% Cd), the presence of threadlike crystals of cadmium was found, the reason for the appearance of which is the lattice pressure of
the matrix metal. Annealing of films rich in cadmium (69.5 at.%) in vacuum is accompanied by cracking of the coating and the formation
of pores. The latter can be used as a method for obtaining porous vanadium.
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Kaamusi ot 9,6 o 88,6 ar.%. Kputnueckum pasmepom 4acTH Ll BaHa U sl, CHOCOOHBIX K 00pa30BaHMIO CIJIABOB C KaIMHUEM, OTIpe/ieieHa Be-
nuanHa 0,6 HM. KOHIIeHTpallMOHHOM I'paHUIIeH CYIIeCTBOBAHMSI TBEPIbIX PACTBOPOB KaJAMUSI B BAHAIUU SIBJISIETCS COEPKaHUE KaIMMUSI
~37 ar.%, nipu GOJIBIIICH €ro T0JIH MIJIEHOYHOE MOKPBITHE MPEACTABICHO CMEChIO (ha3 KaJaMUsI U TBEPIOTO PacTBOPA KAJAMUS B BAHAINU. 3aBH-
CUMOCTH TapaMeTpa PelIeTKU O.-BaHAAMS OT COAEPXKAHUS KaIMUsI B HEM COOTBETCTBYET CJIEAYIONIEMY BbIpakeHUIO: a [HM]| = §- 10*4CCd +
+0,3707, rne Ccy — KOHLEHTpalus Kaamusi, at.%. Ha noBepxHoctu odpasiia B o6aactu TBepabix pacTBopos (31,6 at.% Cd) oGHapyxeHO
HaJM4Kie HUTEBUIHBIX KPUCTAJJIOB KaAMUsl, IPUUMHOMN MOSIBICHUSI KOTOPBIX SIBJISIETCS] PEIICTOYHOE JaBJIeHUEe MATPUYHOTO MeTala.
OTXuT 60raThiX 10 COAePXKAHMIO KaIMUsI TIJIEHOK (69,5 aT.%) B BaKyyMe COIPOBOXKAAETCSI pACTPECKMBAHUEM TIOKPBITUS 1 00pa30BaHUEM
nop. [TocienHee MOXeT OBITh UCTIOJIB30BAHO KaK METOJI TTOJYYSHU ST TOPUCTOTO BaHATUS.

Kuiouesbie ciioBa: BaHaﬂlflﬁ, KaHMHf{, HaHO4YaCTUIIbI, CILJIaB, TBelebeI pacTBOp, mapaMeTp PpCIIETKH, MIOKPLITUE, HUTCBUAHDBIE KPUCTAJIJIbI
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Introduction

To date, there is a problem of obtaining intermetal
alloys with very large differences in physical properties,
such as melting point, vapor pressure, density, crystal
lattice type, etc. At the same time, the production of such
alloys requires new properties and technologies to obtain
potential materials with unusual properties. In our case,
the choice of alloy is due to the fact that the distillation
of the highly volatile cadmium from the V—Cd alloys
allows the recovery of porous vanadium, which can be
used as a catalyst or special filter in another technical
field.

One of the ways to compensate for the differences in
the properties of the metals, especially in their melting
temperatures, in the production of solid solution alloys is
to use the size factor. The significant decrease in melting
temperature (from a few tens to hundreds of degrees) of
various metal dispersion particles, with a simultaneous
decrease in droplet size, has sparked the interest of re-
searchers in this area of materials science. Here and now,
numerous studies have been carried out on the influence
of particle size on melting temperature [1—S8], ther-
modynamics of small formations [9—13] and material
structure, preparation of alloys at “room temperature”,
synthesis of intermetallic compounds [14—16] and
others. This research led to the introduction of the con-
cept of “thermofluctional melting” to the scientific
community. The latter means that a very small particle
remains in a quasi-liquid state up to a certain critical
size, beyond which it crystallizes.

The author of the paper [13], in his consideration
of the thermodynamics of small systems, has noted
some important points, in particular: for sufficiently
small systems, the phase state and phase transitions are
meaningless; for very small and isolated systems, it be-

comes impossible to define the concept of appropriate
temperature; the melting and boiling temperatures of
nano-sized liquid drops of matter are always lower than
the corresponding values in the bulk phase of the same
material, etc.

There is no information in the literature about the
existence of vanadium and cadmium alloys or inter-
metallic compounds. Vanadium melting point [17] is
1910 °C, cadmium — 321 °C; vanadium boiling point
[18] (at which vapor pressure equals atmospheric pres-
sure) is 3392 °C, cadmium — 766 °C.

Instrumental determination of small particle size
and melting temperature is very difficult, but alloy for-
mation, a solid dissolution of two metals, proves the
presence of ultradisperse particles that can coalesce in
a quasi-liquid state at low temperature. In this context,
we have studied the double V—Cd alloy by atomized me-
tal deposition to determine the critical sizes of the na-
noclusters, the concentration limits of the V—Cd solid
solutions, and the phase composition and structure of
the film coatings.

Materials and methodology

One of the ways to form nanometer size (<100 nm)
ultra-dispersed particle flows consists in metal atomiza-
tion in a low-pressure plasma. Studies were performed
using an ion-plasma unit with oppositely placed pla-
nar DC magnetrons with water-cooled targets on the
walls of the vacuum chamber. The unit design and the
sample atomizing technique were described in detail
earlier [15].

The substrate temperature did not exceed 100 °C
during sample formation. The ratio of metal concen-
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trations in the alloy samples was changed by the atom-
ization rate of magnetron sputtering targets. The ratio
of deposited components was controlled by the weight
method (by the amount of atomized and deposited met-
al during the coating formation) and in parallel by the
method of Rutherford backscattering of protons at the
tandem accelerator UKP-2-1 of the Institute of Nuclear
Physics (Almaty).

Metals used in experiments were with major element
content, wt.%: vanadium — 99.6; cadmium — 99.99.
Targets are made of each of the metals in the disk form,
40 mm in diameter and 4 mm thick.

Sample preparation included sequential operations
of vanadium and cadmium target sputtering and depo-
sition of atomized particles on unheated substrates that
move relative to the plasma streams in the form of island
films — nanometer sublayers — to the proposed total
coating thickness. The sublayer thickness was calculated
by dividing the total coating thickness by the number of
substrate passes relative to the metal-containing plasma
flows.

The use of the thickness of the sublayer as a dimen-
sional factor is due to the fact that the change in the
melting temperature of the film with decreasing thick-
ness is similar to that of small particles [13], which form
according to the “island” principle.

The critical size of the metal particles was de-
termined by reducing the thickness of the sublayer
through alternate confinement of niobium and second
metal atomizers as a result of each intersection of a
metal-containing plasma stream through the moving
substrate. The fluxes with dissimilar metal particles
were separated by 180° relative to each other, which
excluded the formation of solutions when the fluxes
touched or crossed. Moreover, the substrate took 3 sto
move from the center line of one magnetron atomizer
to the second, which was sufficient for crystallization
of very small particles, assuming the existing process.
The thickness of the sublayer at which the solid solu-
tion appears in the coating was considered to be the
critical size of the metal particles.

The element concentration at which phases other
than the solid solution appeared was considered to be the
existence limit of the alloy.

Polycor substrates (c-Al,O3) and monocrystal-
line silicon were used for the coatings. X-ray dif-
fractometer “D8 Advance” (Bruker, Germany) with
CuK,-radiation (A = 0.154051 nm) and graphite mo-
nochromators were used for the X-ray diffraction study
of the “V—Cd” system. The lattice parameter value
was calculated as the average of all diffraction lines
from a given phase.
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High-temperature anneals were performed in
a vacuum high-temperature furnace based on the
URVT-2500.

Results and discussion

The results of determining the critical dimensions
of the vanadium and cadmium sublayers by alternating
short-range (with a small number of lattice periods) lay-
ers and reducing the layer thickness of each metal for a
system with a concentration of ~25 at.% Cd are shown
in Table 1.

As a result of the obtained samples diffractomet-
rical research it was established (see Table 1) that with
the cadmium vanadium capillary-porous system (CPS)
thickness of 0.6 and 0.3 nm respectively in the coating
of this composition cadmium vanadium solid solution
was obtained with a body-centered cubic (BCC) struc-
ture and lattice parameter, ¢ = 0.3931 = 0.0009 nm. So
that the vanadium nanoparticles critical size capable of
coalescing with cadmium is 0.6 nm. As expected, the
critical size of the cadmium particles can be adjusted
towards higher values, since increasing the CPS while
maintaining the critical size of the vanadium particles
with the existing method of coating production of the
given composition takes the system out of the range
of existence of solid solutions due to alloys with high-
er concentration of the alloying element. For example,
the critical size of cadmium nanoparticles in the forma-
tion of our alloys with refractory metals such as niobium
[15] and tantalum [19] corresponds to values of 3.2 and
2.1 nm, respectively.

In order to determine the solid solutions concentra-
tion boundaries in the V—Cd system taking into account
the size factor, 11 coating samples with cadmium con-
centration from 9.6 to 88.6 at.% have been formed. The
coatings composition and the phases detected are given
in Table 2.

Fig.1 shows some V—Cd system coatings diffracto-
grams with different cadmium concentrations.

Cadmium and amorphous vanadium phases were
detected in the sample with cadmium content of
88.6 at.% (spectrum / in Fig. 1). In the concentration
interval of 42.0—80.2 at.% Cd (spectrum 2), the cad-
mium phase coexists with cadmium-vanadium solid
solution with BCC structure. Cadmium as a separate
phase is not observed in coatings with <31.6 at.% Cd
(spectrum 3). Moreover, in this case the cadmium-va-
nadium solid solution has a predominant orientation
(111). At concentrations <14.7 at.% (spectrum 4), the
coatings are represented by cadmium-vanadium solid
solutions with the lattice parameter of the solid solution
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Table 1. Thickness of short-period metal layers and lattice parameters of detected phases in vanadium films

containing ~25 at.% Cd

Ta6auua 1. ToammHa KOPOTKOIIEPUOAHBIX CJIOEB METAJIJIOB U MapaMeTPhl pellleTKY 0OHapyKeHHBIX (a3

B IUIEHKAX BaHamusl, comepxaiux ~25 at.% Cd

Layer thick-ness, nm Phases lattice parameters, nm

v Cd
v Cd

a a c
16.0 8.0 0.3491 £0.0018 0.2981 + 0.0002 0.5620 £ 0.0003
12.1 6.0 0.3815 £0.0012 0.2980 + 0.0003 0.5621 £ 0.0002
9.3 4.8 0.3868 £+ 0.0008 0.2980 + 0.0002 0.5622 £+ 0.0003
6.2 3.0 0.3925 £ 0.0007 0.2982 + 0.0002 0.5620 £ 0.0003
3.4 1.7 Amorphous Amorphous
0.6 0.3 Cadmium vanadium solid solution, a = 0.3931 £+ 0.0009 nm

changing towards the increase due to a considerably
larger cadmium atoms radius (0.1727 nm) in compar-
ison to that of vanadium (0.1489 nm) [20]. Change of
the lattice parameter of cadmium-vanadium solid solu-
tion as well as the solution coexisting with cadmium is
shown in Fig. 2.

From data of Fig. 2 one can see that up to
~37 at.% Cd concentration the o-vanadium lattice
parameter changes linearly with increase of Cd con-

Table 2. Coatings composition and phases detected

Ta6auua 2. CocTtaB MOKPHITUI
1 oOHapyXeHHbIe B HUX (pa3bl

Coatings
composition,
at.% Phases detected
v Cd
11.4  88.6 Cd + Vamorphous
19.8  80.2 Cd + cadmium vanadium solid solution
30,5 69.5 Cd + cadmium vanadium solid solution
350  65.0 Cd + cadmium vanadium solid solution
433  56.7 Cd + cadmium vanadium solid solution
47.7 523 Cd + cadmium vanadium solid solution
57.0  43.0 Cd + cadmium vanadium solid solution
68.4  31.6 Cadmium vanadium solid solution
(texture (111))
73.5 265 Cadmium-vanadium solid solution
85.3 14.7 Cadmium-vanadium solid solution
90.4 9.6 Cadmium-vanadium solid solution

tent in solution, the saturated solid solution with the
average parameter a = 0.4001 nm is allocated into a
separate phase (coexisting with cadmium) for higher

v Cd
= Solid solution Cd in V

e a-AlL O,

Intensity
w
°

7O wEy
Ly JoJy vy |
50 60 70 80 90
20, degree

Fig. 1. V—Cd system coatings diffractograms with different
cadmium contents

Cd, at.%: 1—88.6;2—43.0;3—31.6; 4— 14.7

Puc. 1. IludpakrorpaMMbl MOKpbITUil cucteMbl V—Cd

C Pa3IMIHBIM CONEePXKaHUEM KaaMU st

Cd, ar.%: 1—88,6;2—43,0;3—31,6;4— 14,7
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values of Cd content than mentioned above. That
is, the concentration boundary of existence of cad-
mium solid solutions in vanadium corresponds to
~Cd 37 at.%. Dependence of the o-vanadium lat-
tice parameter before its saturation on the cadmium
content in it corresponds to the following equation:
a [nm] = 8-10~*Cy + 0.3707, where Coy — cadmium
concentration, at.%.

a, nm

0.395 1

0.385

0.375 T T T T
0 20 40 60 80

Cegr at.%
Fig. 2. Cadmium—vanadium solid solution lattice parameter
dependence on the cadmium content in the coating

Puc. 2. 3aBucumocTb mapameTpa peueTku
TBEP/AOr0 pacTBOpPA KaJMUsl B BAHAUK
OT COJepKaHMsI KaJAMUSI B TOKPBITUY
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SEM-researches of a primary sample with 31.6 at. %
cadmium concentration (Fig. 3) have revealed the fila-
mentous crystals of various shapes appearance up to
30 um long and 2 pum thick as well as crystals resembling
sprouting plants on the coating surface besides forma-
tions of [—2 um.

The mechanism of such formations on the samples
surface is apparently similar to the phenomenon of simi-
lar tin crystals formation in the form of whiskers and
protrusions on Lu,Sns surface at storage in the air du-
ring several days where the filamentous crystals growth
initiating force are compressive matrix compound
stresses [21]. The surface of the sample annealed at
300 °C in vacuum losing a significant portion (by pre-
liminary data, 30—40 wt.% [22]) of cadmium by evapo-
ration) is represented by melted grains of irregular shape
that differ in size.

A similar study of a sample with 69.5 at.% cadmium
content characterized by coexisting phases of cadmium
and cadmium-vanadium solid solution showed a differ-
ent surface topography (Fig. 4). The initial sample has
no pronounced grain formations. After annealing, the
surface is represented by “shatt” formations with a po-
rous structure inside the film due to cadmium evapo-
ration.

In the coating sample diffractometric study with

Fig. 3. Coating surface with cadmium
concentration of 31.6 at.% electron microscopic
pictures

a, b — initial state

¢ — after annealing at =300 °C,t=1h

Puc. 3. B1eKTpoHHO-MUKPOCKOTIUYECKIE
CHUMKH ITOBEPXHOCTHU TIOKPBITHS
¢ KOHLeHTpauuei kagmus 31,6 at.%

a, b — vucxonHoOe cocTosiHue
¢ —mocne orxkuranpu =300 °C,t= 14
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Fig. 4. Coating surface with 69.5 at.% cadmium concentration electron-microscopic pictures

a — initial state; b — after annealing at =300 °C,t=1h

Puc. 4. D1eKTPOHHO-MUKPOCKOMMYECKHE CHUMKY MOBEPXHOCTH MOKPBITUS C KOHIICHTpaluei kaaMus 69,5 at.%

a — cxonHoe cocTostHue; b — nocie orxkura npu £ =300 °C,t =14y

9.6 at.% cadmium content (Fig. 5) annealed at 400 °C
for 1 h, the reflexes of the phase which can be assigned
to cubic syngony are observed. Reflex (111) of this phase
exactly coincides with reflex (104) (d,;; = 0.2552 nm),
and reflex (220) coincides with polycor reflex (211)
(dpy; = 0.1546 nm). The assumed lattice parameter of
this cubic phase a = 0.4393 + 0.0008 nm suggests that
the compound is a complex cadmium-vanadium oxide
with the V. Hf|_, O formula, since cadmium oxide CdO
(ICPDS card number 1011051) with lattice parameter
a=0.4730 nm is known. The measured d,, values of the
presupposed phase and the corresponding Miller indices
are given below:

Ay N o 02552 0.2195 0.1546  0.1269
BKL oo 1) (2000  (220)  (222)
& Oxide (V,Cd)O °
e a-AlLO,

a=0.4393 = 0.0008 nm

(200)
o

Intensity

20 30 40 50 60 70 80 90
20, degree

Fig. 5. Coating sample containing 9.6 Cd at.% diffractogram
after annealing (=400 °C,t=1h)

Puc. 5. ludppakrorpamma o6pasiia mOKPLITUST
¢ comepxanuem 9,6 at. % Cd nociie oTkura
r=400°C,t=1v)

Oxide formation after the sample extraction from
vacuum volume testifies, in our opinion, the developed
structure presence in the film depth. Judgment on the
presence of through pores in this case is not possible, but
the probability of their presence is very high. This re-
quires additional studies along with examination of the
cadmium evaporation degree from the films of similar
composition and from cadmium-vanadium solid solu-
tion.

At the same time, coatings with high cadmium con-
tent and subsequent evaporation from their mixtures
with cadmium-vanadium solid solution can be used to
obtain materials with highly developed surface.

Conclusion

As a result of this research the possibility of ob-
taining ultradisperse vanadium and cadmium particles
which can form alloys and compounds in the quasi-
liquid state was confirmed. Formation of coatings with
ultradisperse metal particles allows obtaining alloys
(solid solutions) at temperatures below 100 °C. The crit-
ical size of vanadium particles capable of coalescence
with cadmium was determined to be 0.6 nm. For cad-
mium, an underestimated formations critical size was
obtained as compared to the confirmed data from ear-
lier studies, 0.3 nm.

The concentration boundary of the cadmium-
vanadium solid solutions existence is ~Cd 37 at.%
content, provided that the parameter of the a--vanadium
volume-centered cubic lattice linearly increases be-
cause of larger cadmium atomic radius in relation
to vanadium. At higher (up to 80.2 at.%) cadmium
content, the film coating is represented by a mixture
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of cadmium and cadmium-vanadium solid solution
phases.

Electron-microscopic studies revealed the presence
of filamentary crystals and cadmium formations on the
sample surface in the solid solutions field (31.6 at.% Cd).
We assume by virtue of the study results of other authors
that they appeared due to the lattice pressure of the ma-
trix metal.

Annealing of samples in vacuum is accompa-
nied by diffusion of cadmium to the phase interface
and evaporation, which reduces its concentration in
the coating. Annealing of cadmium-rich films in
the region of cadmium phases and solid solutions
(69.5 at.% Cd) is associated with coating cracking
and pore formation. After further investigation, it
can be used as a method for the recovery of porous
vanadium.

References

1. Peppiatt S.J. The melting of particles. I1. Bismuth. Pro-
ceedings of the Royal Society of London. Series A. 1975;
A345 (1642): 401—412.
https://doi.org/10.1098/rspa.1975.0145

2. BertyJ., David M.J., Lafourcade L. Etude de la surfusion
de films mines de bismuth par diffracyon des electrons.
Thin Solid Films. 1977; 46 (2): 177—185.
https://doi.org/10.1016/0040-6090(77)90060-8

3. Zhdanov G.S. Temperature hysteresis of the phase tran-
sition and the crystallization mechanism of thin metal
films. Fizika tverdogo tela. 1977; 19 (1): 299—301. (In Russ.).
XKnanoB I'C. TemnepaTypHblii ructepe3uc (GpazoBoro
nepexona U MexaHW3M KPUCTAJIU3alluu TOHKHUX Me-
TaJJUYeCKUX TJIEHOK. Dusuxa meepdoeo mena. 1977,
19 (1): 299—-301.

4. Buffat Ph., Borel J-P. Size effect on the melting temper-
ature of gold particles. Physical Review A. 1976; 13 (6):
2287—2298.
https://doi.org/10.1103/PhysRevA.13.2287

5. Perepezko J.H., Rasmussen D.H. Solidification of highly
supercooled liquid metal and alloys. Journal of Non-Crys-
talline Solids. 1993; 156—158: 463—472.
https://doi.org/10.1016/0022-3093(93)90002-F

6. Roduner E. Size matters: why nanomaterials are diffe-
rent. Chemical Society Reviews. 2006; 35: 583—592

7. ZouC., GaoY., Yang B., Zhai Q. Size dependent melting
properties of Sn nanoparticles by chemical reduction syn-
thesis. Transactions of Nonferrous Metals Society of China.
2010; 20 (2): 248—253.
https://doi.org/10.1016/S1003-6326(09)60130-8

72

8.

10.

11.

12.

13.

14.

15.

16.

17.

Jiang H., Moon K., Dong H. Size dependent melting
properties of tin nanoparticles. Chemical Physics Letters.
2006; 429 (4): 492—496.
https://doi.org/10.1016/j.cplett.2006.08.027

Stowell M.J. The solid-liquid interfacial free energy of
lead from supercooling data. Philosophical Magazine: A
Journal of Theoretical, Experimental and Applied Physics.
1970; 22 (176): 1—6.
https://doi.org/10.1080/14786437008228146

Qingshan F., Yonggiang X., Zixiang C. Size — and sha-
pe — dependent surface thermodynamic properties of
nanocrystals. Journal of Physics and Chemistry of So-
lids. 2018; 116: 79—85.
https://doi.org/10.1016/j.jpcs.2018.01.018

Mu J., Zhu Z.W., Zhang H.F. Size dependent melting
behaviors of nanocrystalline in particles embedded in
amorphous matrix. Journal of Applied Physics. 2012; 111
(4): 043515 (1—4).

https://doi.org/10.1063/1.3686624

Luo W., Su K., Li K., Li Q. Connection between nano-
structured materials’ size dependent melting and thermo-
dynamic properties of bulk materials. Solid State Commu-
nications. 2011; 151 (3): 229—233.
https://doi.org/10.1016/j.ss¢.2010.11.025

Roduner E. Dimensional effects in nanomaterials.
Moscow: Tekhnosfera, 2010. (In Russ.).

Ponynep O. PazmepHbie addekTsl B HAHOMaTepuaax.
M.: TexHnocoepa, 2010.

Tuleushev Yu.Zh., Volodin V.N., Zhakanbaev E.A. New
Tas;Be phase in the film coatings of tantalum-beryllium
alloys. Physics of Metals and Metallography. 2019. 120 (4):
361—365.

https://doi.org/10.1134/S0031918X19040148

Volodin V.N., Tuleushev Yu.Zh., Trebukhov S.A., Nitsen-
ko AV., Burabaeva N.V. Fabrication of binary niobium
alloys with low-melting metals by the deposition of
nanoparticles. Russian Journal of Non-Ferrous Metals.
2019; 60 (6): 639—645.
https://doi.org/10.3103/S106782121906021X

Volodin V.N., Tuleushev Yu.Zh., Zhakanbaev E.A., Tre-
bukhov S.A., Burabaeva N.V., Nitsenko A.V. Synthesis of
intermetallic phases in the Nb—Cd and Mo—Cd systems
by ion-plasma sputtering and atomic layer deposition of me-
tals in vacuum. Inorganic Materials. 2020; 56 (1): 28—34.
https://doi.org/10.1134/S0020168520010185

State diagrams of binary metallic systems: Handbook.
Vol. 3. Ed. N.P. Lya-kishev. Moscow: Mashinostroenie,
2001. (In Russ.).

JuarpaMMBbl COCTOSTHUST ABOMHBIX METAJUTUUECKUX CU-
crem: CnipaBouHuKk. T. 3. [Tox pen. H.I1. JIskumesa. M.:
MaimunHocTpoeHue, 2001.



13BecTis By30B. LiBeTHOS METAAAYPINS o 2023 o T.29 o N21 e C. 66-74

BonoauH B.H., Tyneywes KO.OK., Kaarnesa A.K. vt op. CHOPMUPOBAHHBIE HOHOYACTULIOMU CNACBLI V-Cd: mMoAyYeHme, $pasoBbii COCTAB...

18. Malyshev V.P., Turdukozhaeva A.M., Ospanov E.A.,
Sarkenov B. Evaporation and boiling of simple substances.
Moscow: Nauchnyi mir, 2010. (In Russ.).

Maaneiie B.I1., TypaykoxaeBa A.M., OcnanoB E.A.,
CapkenoB b. McnapsieMocTh U KUIIEHUE MPOCTHIX Be-
mecTB. M.: Hayuynsiii mup, 2010.

19. Obtaining binary alloys of cadmium with refractory metals
by deposition of nanoparticles. In: Collection of reports XI In-
ternational Congress «Non-Ferrous Metals and Minerals —
2019 (Krasnoyarsk, 16—20 Sept. 2019). Krasnoyarsk: Nauch-
no-Innovatsionnyi Tsentr, 2019. P. 1019—1028. (In Russ.).
Bononun B.H., Huuenko A.B., Tpedyxos C.A.,bypabae-
Ba H.M., Tyneymes FO.2K. [TonyueHue 1BOMHBIX crijia-
BOB KaJIMUsI C TYTOTIJIABKUMU METaJIJIaMU OCaX IeHUEM
HaHouacTUll. B cbopuuke doknadoé XI mexncdynapooro-
20 KoHepecca «llgemmuvie memannvt u munepanst — 2019»
(KpacHosipck, 16—20 cent. 2019 r1.). KpacHospck:
Hayuyno-unnoBanuonnsiii ueHtp, 2019. C. 1019—1028.

20. Physical metal science. Ed. R.U. Kan, P. Haazen. Mos-
cow: Metallurgiya, 1987. (In Russ.).
®usnueckoe MerauioBeneHue. [lom pen. PY. Kawna,
I1. Xaazena. M.: Metannyprusi, 1987.

21. Chuang T.H., Lin H.J., Chi C.C. Rapid growth of tin
whiskers on the surface of Sn—6.6Lu alloy. Science:
Materials. 2007; 56 (1): 45—48.

22. Volodin V.N., Tuleushev Yu.Zh., Kenzhaliev B.K., Tre-
bukhov S.A. Thermal degradation of hard alloys of
niobium-cadmium system at low pressure. Kompleksnoe
ispol’zovanie mineral’nogo syr’ya. 2020; (1 (312)): 41—47.
(In Russ.).
https://doi.org/10.31643/2020/6445/05
Bononun B.H., Tyneymes 0.XK., KenxanueB b.K.,
TpeodyxoB C.A. TepMuueckass merpagainusi TBEPABIX
CITJTAaBOB CUCTEMBI HUOOUI—Ka MMl ITPU HU3KOM J1aB-
neHuu. Komnaekcrnoe ucnonb3o08anue MuHepanibHo20 Coipbs.
2020; (1 (312)): 41—47.

Information about the authors

Valerii N. Volodin — Dr. Sci. (Phys.-Math.), Dr. Sci. (Eng.),
Prof., Principal Scientist of the Laboratory “lon-Plasma
Technologies”, Institute of Nuclear Physics.
https://orcid.org/4701-1670-0043

E-mail: volodinv_n@mail.ru

Yurii Zh. Tuleushev — Cand. Sci. (Phys.-Math.), Prof., Leading
Scientist of the Laboratory “lon-Plasma Technologies”,
Institute of Nuclear Physics.
https://orcid.org/5308-0348-2509

E-mail: yuriy.tuleushev@mail.ru

Asel’ K. Kaliyeva — Junior Research Scientist of the Labora-
tory “lon-Plasma Technologies”, Institute of Nuclear Physics.
https://orcid.org/7710-2140-1000

E-mail: inbox2110@mail.ru; lab_ipt@mail.ru

Eldar A. Zhakanbayev — Cand. Sci. (Phys.-Math.), Head
of the Laboratory “lon-Plasma Technologies”, Institute
of Nuclear Physics.

https://orcid.org/8009-0450-2235

E-mail: lab_ipt@mail.ru

Arsen K. Mamyrbayev — Engineer of the Laboratory
“Jon-Plasma Technologies”, Institute of Nuclear Physics.
https://orcid.org/9702-2227-4561

E-mail: lab_ipt@mail.ru

Nudopmanus 06 aBTopax

Banepuii Hukonaesnu Bosoaun — 1.¢.-M.H., 1.T.H., npodec-
cop, IIaBHbII HAyYHBII COTPYAHMK J1a60paTOPUN MOHHO-
IUIa3MEeHHBIX TeXHoJIorniit MHCTUTYTA siiepHOii hU3UKU

(N AD) MunucrepctBa aHepretuku Pecr. KazaxcraH.
https://orcid.org/4701-1670-0043

E-mail: volodinv_n@mail.ru

IOpwii ZKnanmaxosuy Teneymes — K.(.-M.H., mpocdeccop, Beny-
LU HAYYHBIH COTPYAHMK J1aDOpaTOPUU MOHHO-TIJIa3MEH-
HbIX TexHosoruit s,

https://orcid.org/5308-0348-2509

E-mail: yuriy.tuleushev@mail.ru

Aceas Koiapipxankei3sl KaaneBa — Mutanimvit HayqYHbI COT-
PYAHMK J1JaOOpaTOPUX MIOHHO-TIIa3MEHHBIX TexHoJIornuii Y SAD.
https://orcid.org/7710-2140-1000

E-mail: inbox2110@mail.ru; lab_ipt@mail.ru

Eapnap Acxatosuy 2KakanoaeB — K.¢.-M.H., 3aBe1Y IO
JrabopaTopureil MIOHHO-TIJIa3MeHHBIX TexHoornit UAD.
https://orcid.org/8009-0450-2235

E-mail: lab_ipt@mail.ru

Apcen Kaiipatynst Mambip0aeB — MHXXeHep J1abopaTopuu
MOHHO-TTa3MEeHHBIX TexHosoruii U SAd.
https://orcid.org/9702-2227-4561

E-mail: arsen.mamyrbaev@gmail.com

73



lzvestiya. Non-Ferrous Metallurgy 2023 ¢ VoI. 29 « No.1e P.66-74

Volodin V.N., Tuleushev Yu.Zh., Kaliyeva A.K. et al. V-Cd nanoparticle-formed alloys: fabrication, phase composition and structure

Contribution of the authors

V.N. Volodin — formation of the main concept, goal
and objectives of the study, writing the text of the article,
formulation of the conclusions.

Yu.Zh. Tuleushev — conducting the calculations, testing the
samples, preparing the text of the article.

A.K. Kaliyeva — realization of experiment, processing
of the research results.

E.A. Zhakanbayev — scientific guidance, correction
of the text and conclusions.

A.K. Mamyrbayev — conducting the calculations, analysis
of the research results.

Bkuaanx aBTopos

B.H. Bogoaun — popmupoBaHre OCHOBHOM KOHIIEITIINH,
MOCTaHOBKA LIeJIN U 3a/1a41 UCCTIeOBAH NS, HaTIUCAHUE
TEKCTa CTaTbu, GOPMYJIMPOBKA BHIBOJOB.

10.K. TyneymeB — poBeieHUE PACYSTOB, UCTIBITAHU 00-
pas3IoB, MOATOTOBKA TEKCTa CTaThU.

A.K. KanueBa — npoBefeH1e 9KCIIEPUMEHTOB, 00padoTKa
pe3yJIbTaTOB UCCIEAOBAHUM.

E.A. 2JKakan0aeB — Hay4YHOE PYKOBOJCTBO, KOPPEKTUPOBKA
TEeKCTa, KOPPEKTUPOBKA BEIBOIOB.

A.K. Mambip0aeB — IIpoBecHMEe PAaCUeTOB, aHAINU3 PE3YJIb-
TaTOB UCCJIEOBAaHUI.

The article was submitted 14.04.2022, revised 25.05.2022, accepted for publication 26.05.2022
Cmamos nocmynuaa 6 pedaxyuio 14.04.2022, dopabomarna 23.05.2022, nodnucarna 6 newams 26.05.2022

74



13BecTig By30B. LiBeTHOS METAAAYPIrUS o 2023 o T.29 o N21 e C, 75-83

Pasymosckut M.U., PoanH A.O., bokwrterH b.C. BsanmHas Anddysns B CUCTEMAX HO OCHOBE TYronAaBKnx metaanos ¢ OLK-pelueTkomn...

PHYSICAL METALLURGY AND HEAT TREATMENT / METAAAOBEAEHUE U TEPMUYECKAS OBPABOTKA

UDC 544.034 Research article

[@loElo)
https://doi.org/10.17073/0021-3438-2023-1-75-83 Hayunas crarbs @ BY__NC_ND

Interdiffusion in refractory metal systems
with a BCC lattice: titanium—tantalum
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Abstract: In this work, the interdiffusion features in multicomponent (high-entropy) alloys of refractory metals were studied. The following
pairs were chosen as the diffusion study objects: titanium—equiatomic alloy (Hf—~Nb—Ta—Ti—Zr—Mo) and titanium—tantalum for the sake of
comparison. The article covers the issues of sample preparation, microstructure study, sample preparation methodology for diffusion research,
and experimental results. Diffusion annealing was carried out for 12 h in a vacuum at a residual argon pressure of 6.65-10~> Pa and a tempe-
rature of 1200 °C. Particular attention was paid to the method of combining diffusion pairs (titanium with tantalum, titanium with alloy) by
thermal cycling near the polymorphic transformation temperature in titanium (882 °C) within & 50 °C. The behaviour of the most characte-
ristic elements (Ta, Zr, Ti) in the weld area after the titanium and alloy diffusion pair joining was demonstrated. This is the first time that data
on the dependence of the intensity of the corresponding spectral line for titanium and elements of a multicomponent alloy on the penetration
depth were obtained. A change in the signal intensity for system elements was observed at a depth of 150—200 pm, whereas a sharp drop in the
signal intensity was seen to occur at depths of about 50 um. The effective value of the coefficient of diffusion of elements into titanium averaged
over all elements of the alloying system (except for titanium) at a temperature of 1200 °C was calculated. The obtained value was compared to
reference data: the self-diffusion coefficient in B-titanium and diffusion coefficients in titanium pairs with alloy doping elements.
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AnHoTaums: M3yuyeHbl 0COOEHHOCTH B3aUMHOM nubdYy3Mu B MHOTOKOMITOHEHTHBIX (BBICOKOSHTPONMIAHBIX) CIJIaBaX Ha OCHOBE TYIo-
IUIaBKUX MeTajioB. B KauecTBe 00beKTOB NG (HY3MOHHOTO UCCIeN0BaHsI OB BBIOPAHBI CISIYIOIINe Maphbl: TATAH — 9KBUATOMHBI
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criiaB (Hf=Nb—Ta—Ti—Zr—Mo) u, a5 cpaBHEHU ST, TUTAaH—TaHTaJ. PaccMOTpeHbl BOIIPOCHI MPUTOTOBJIEHU s 00pa3oB, UcCe0Ba-
HUSI MUKPOCTPYKTYPbI, METOIMKA TTOATOTOBKM 00Pa310B sl u3ydeHust nudby3uu U 9KCIepuMeHTalbHbIe pe3yabTaThl. uddysu-
OHHBIN OTKUT GBI MPOBEACH B TedeHne 12 4 B BAKYYME C OCTATOYHBIM TaBieHeM aproua 6,65-10~> I1a mpu Temmepatype 1200 °C.
Oco00e BHUMaHUE yIeJIeHO METOAUKE coequHeH st nubGy3nOHHBIX Map (TUTaHA C TAHTAJIOM, TUTAHA CO CILIABOM) MyTeM TePMO-
LIMKJUPOBaHUS BOJU3M TeMIlepaTypbl moiuMopdHoro npeppaiuneHus B TutaHe (882 °C) B npeaenax +50 °C. [TokazaHo noBejaeHue
HauboJiee xapakTepHbIX 2sieMeHTOB (Ta, Zr, Ti) B 0o61acTi CBapHOTO 1lIBa MMocJje coeAnHeHu st 1u(Gy3MOHHO nmapbl TUTaHA U CIljlaBa.
BriepBble moy4YeHbl JaHHbIE O 3aBUCMMOCTUA MHTEHCMBHOCTY COOTBETCTBYIOLIEH JIMHUM CIIEKTPA 1JIsi TUTAHA U 3JIEMEHTOB MHOTO-
KOMITIOHEHTHOTO CTIJIaBa OT TJIyOMHBI MTPOHUKHOBEHUsI. VI3MeHeHe MHTEHCUBHOCTHU CUTHAJIA IJIsl JIEMEHTOB CUCTEM HaOJIIo1aeTcst
Ha tnyoune 150—200 MxM, a pe3koe MaaeHUEe WHTCHCUBHOCTHM CUTHAa MPOWCXOAUT Ha TIybuHax mopsaka 50 mxkm. Paccuutano
YCPEIHEHHOE MO BCEM 3JIEMEHTAaM CHUCTEMBI JISTUPOBAHUS CIIJIaBa (3a UCKJIOYeHHeM TUTaHa) 3¢ bekTuBHOe 3HaYeHne KO3 hduim-
eHTa nuddy3un smemeHTOB B TUTaH npu TeMmmepatype 1200 °C. [IpoBeneHo cpaBHEHUE MOJYUEHHOI0 3HAaYeHU s CO CMTPaBOYHBIMU
naHHBIMU: KoabduumeHntoMm camonudodysuu B B-tutane, koahduuneHtamu nuddys3uu B mapax TUTaHa ¢ JETUPYIOLIUMU dJIEMEH-
TaMU cIjiaBa.

Kiouesbie ciioBa: BbICOKOBHTpOHHﬁHBIG CIlJIaBbl HA OCHOBE MHOT'MX TYT'OIIJITAaBKUX METAJIJIOB, ITapaMETPhbI B3aUMHOMN I[I/ICI)CI)YBI/II/I

®@unancupoBanne: PaGoTa BeINOIHEHA TpU HGUHAHCOBOI MoAAepKKe rpaHTa Poccuiickoro ¢hoHaa ¢hyHIaMeHTaIbHBIX KCCIEI0OBAHU I
(mpoekT Ne 20-03-00387).
Baarogapaoctu: KosnekTus aBTopos BeipaxaeT 6jaronapHocTb B.K. I[ToptHomy u E.A. KojiecHUKOBY 3a TOMOIIIb B IPOBEJEHUU SKCIIE-

PUMECHTOB.

Jng uurupoBanus: Pazymosckuit M.U., Ponun A.O., bokiuteitH b.C. BzaumHas nuddy3us B cucTeMax Ha OCHOBE TYTOIJIaBKMX METaJIJIOB
¢ OLIK-pelieTkoi: THTAH—TaHTaJ U TUTAH — MHOTOKOMIIOHEHTHbI i (BBICOKOHTPOINMIAHBII) CriyiaB. M3gecmus y306. Lleemuas memannypeus.
2023; 29 (1): 75—83. https://doi.org/10.17073/0021-3438-2023-1-75-83

Introduction

Achieving higher-than-average operating tem-
peratures of gas turbine engines up to 1400 °C re-
quires the use of alloys with a melting point exceed-
ing 2000 °C. Refractory metal alloys are the most
suitable for this purpose. In addition to their high
melting points, these alloys usually contain more
than 5 elements with a concentration of 5 to 35 %
each, and hence are characterised by high configu-
rational entropy. This is why they were called high-
entropy alloys (HEA) [1, 2].

Since the increase in entropy is associated with an
increase in the system disorder, the suggestion was
made that the diffusion could be slowed down by the
sluggish diffusion effect [3, 4]. There is very little data
available on the dependence of the interdiffusion coef-
ficients on the composition of the alloy in binary sys-
tems of refractory metals, even less for multicomponent
alloys. The objective of this study was to select and ana-
lyse articles published in high-level influential journals
(Acta Materialia, Journal of Alloys and Compounds,
Intermetallics, etc.) in the 2018—2020 period. The ar-
ticles were selected based on two criteria: 1) the subject
matter of the study shall be multicomponent HEA; 2)
the results obtained shall concern the diffusion mobil-
ity of the components.

Among the 47 articles selected, only 10 [5—14]
met the first criterion, whereas only 3 articles [6; 9;
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11] covered the problems of diffusion in the HEA of
refractory metals with a BCC lattice. There are much
more studies on diffusion in multicomponent HEAs
with an FCC lattice than on those with a BCC lattice.
The authors of [7] believe that “such studies still have
a long way to go”.

The general conclusions may be formulated as fol-
lows: the slowing down of diffusion in high-entropy
alloys (sluggish effect) is not uniformly present in
all HEAs and depends on their composition; the re-
sults obtained by X-ray spectral microanalysis (EDX)
proved to be the most informative; the sluggish dif-
fusion effect is more pronounced for BCC structures
than for FCC structures, although there have been
much more studied conducted on FCC structures that
are currently available; some authors suggest the pos-
sibility of the occurrence of a dissociative or interstitial
mechanism ina BCC HEA, which is a consequence of
the disordered structure, leading to increased, rather
than sluggish, diffusion.

The main task of this study, therefore, is to carry out
a comparative analysis of diffusion processes in diffu-
sion pairs — one containing an alloy and the other con-
taining single-component substances. The choice of the
alloy composition — the multicomponent equiatomic
alloy HfFNbTaTiZrMo, is based on the analysis made in
our review [15]
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Sample preparation

To prepare the initial mixtures, «high-purity» class
(99.96 %) powders of components (Hf, Nb, Ta, Ti, Zr,
and Mo) with particle sizes of 40—80 pum were used.
The powder mixture' was ground in a P-7 planetary mill
(Fritsch, Germany) in an argon atmosphere at a powder-
to-ball mass ratio of 1 : 8.

Hot isostatic pressing (HIP) was carried out in a la-
boratory gasostatic extruder at a temperature of 1200 °C
for at least 2 h of exposure, and the powders were com-
pacted in steel capsules that had been pre-evacuated
during HIP.

X-ray spectral microanalysis (EDX) of the compact-
ed samples was carried out using a scanning electron
microscope of the brand LEO EVO 50 XVP (Carl Zeiss,
Germany) with an INCA ENERGY (Oxford Instru-
ments, UK) module.

The main phase obtained during the powder mixture
grinding is a BCC solid solution with a lattice period
a~ 0.34 nm [16].

Microstructure
of multicomponent alloys

In this work, thin, polished sections of pure tita-
nium, tantalum, and an alloy based on multiple re-
fractory metals were made. A mixture of hydrofluoric
and nitric acids was used to reveal the resulting grain
structure.

The structure was studied using an Axio Vert.Al
(Carl Zeiss, Germany) optical microscope and a JSM-
6480LV (SEM) (JEOL, Japan) electron microscope
equipped with an INCA ENERGY Dry Cool (Oxford
Instruments, Great Britain) energy-dispersive spectros-
copy module, as well as on a FEGFEINavaNanoSEM
(Field Electron and Ion Company, FEI, USA) micro-
scope fitted with a Bruker (Germany) module.

Fig. 1 shows a photograph of the homogeneous struc-
ture of one of the alloy samples.

Sample preparation method
for diffusion studies

Diffusion welding was used for the diffusion contact
of the samples. A stainless-steel clamp was placed in a
quartz reactor in a vertical pipe furnace to provide and

! Samples of a refractory-metal multicomponent alloy were
obtained using equipment of Lomonosov Moscow State Uni-
versity.

maintain the ~2 MPa pressure required for welding. The
interior part of the reactor was argon-purged to exclude
any oxidation.

The mode of preparation of diffusion pairs consist-
ed in thermal cycling at approximately the titanium
polymorphic transformation temperature =50 °C. One
cycle consisted in heating the samples to a temperature
of 930 °C and cooling them down to a temperature of
830 °C with multiple cycling or to room temperature
with a single cycling. The cooling procedure involved

SEM HV: 200 kV
Det BSE

SEM MAG: 5.00 kx VEGAJ TESCAN

10 pm

NUST MISIS

Fig. 1. SEM image of the alloy sample structure

Puc. 1. DiekrpoHHoe uzobpaxeHue (SEM)
CTPYKTYpbI 0Opa3slia crijiaBa

o

»

ey

L" S z !‘:

100 pm

Fig. 2. SEM image of a welded joint between titanium
and tantalum plates

Puc. 2. DrekrponHoe uzobpaxenue (SEM)
CBapHOTO IIBa MEXIY MJIaCTUHAMU TUTAHA U TaHTaJa
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ﬁ
100 pm 100 pm

100 pm

Fig. 3. SEM-EDS image showing element distribution in the welded titanium—alloy joint area

Puc. 3. Mzo6paxkenue SEM-EDS pacrnpeneiieHus1 3JleMEHTOB B 00J1aCTU CBApHOTO 111Ba TUTaHa U CIiIaBa

removing the quartz reactor containing the samples
from the furnace, followed by holding at room tem-
perature. A TVR Al thermocouple was used to deter-
mine the change in temperature of the samples in the
reactor.

After welding, the samples were specially pro-
cessed to be able to examine the welded joint. For this,
parts of the welded samples were removed by machin-
ing with grinding wheels, following which the welded
joint areas were polished and then examined by X-ray
spectroscopy. Fig. 2 and Fig. 3 show the SEM image
of the weld and the element distribution in the welded
joint area.

The size of the transition zone formed as a result of
the fabrication of the diffusion pair is within a few mi-
crometres and, apparently, is a consequence of phase
recrystallisation. The obtained weld joints appeared
continuous, with no pores or contraction cavities.

Experimental results
and estimated diffusion coefficients

Diffusion annealing was carried out for 12 h
in a vacuum with a residual argon pressure of
6.65-1073 Pa at a temperature of 1200 °C. After an-
nealing, the samples were cut along the direction of
diffusion penetration and the resulting surface ground
and polished. Fig. 4 shows a typical polished surface.
The lower, darker part is titanium, and the lighter part
is the alloy. The dots show the areas of energy-disper-
sive analysis of the chemical composition. The dis-
tance between the dots is about 35 um. Fig. 5 shows
a typical spectrum.
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Fig. 4. EDX of an interdiffusion zone of a titanium—alloy pair
(white crosses accordance each spectrum numbers
from 38 to 52)

Puc. 4. PCMA 30HBI B3auMHO# nudhy3nn
B IIape CrjiaB—TUTaH

It is clear that interdiffusion is associated mainly with
the penetration of the alloy components into titanium as
the more fusible part of the system (Fig. 6); a change in
signal intensity is observed at a distance of 150—250 um
for all elements. A sharp drop in intensity takes place at
depths of 50 pm.

Data on the recalculated concentrations of the com-
ponents are given in the table.
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Figure 7 shows data on the dependence of the inten-
sity of the corresponding spectral line for titanium and
other alloy components.

Fig. 8 shows the concentration distribution of all el-
ements of the HEA doping system in the interdiffusion
zone. For comparison, a line corresponding to the de-
scription using the erfc-shaped solution is shown [17; 18]:

(2]

)

=t
5]
=

Fig. 5. Typical EDX spectrum in the interdiffusion zone
of a titanium—alloy pair near the interface

Puc. 5. Tunuunsrii ciektp PCMA
B 30HE B3aMMHOU n1u(py3ru nmapbl THUTAH—CILJIaB
BOJIM3M MTOBEPXHOCTU paszjiesa

Element concentration in the interdiffusion zone, at.%

c,-C, x—x
Cx,)=C,+ ———{1—erf 011,
o2 { (zmj}

where C, is the minimum concentration of the reference
element; C, is the element concentration in the equia-
tomic alloy; D is the diffusion coefficient; 7 is the time;
X, is the interface coordinate.

N, imp/s
80004 .o - o—Ti
sl —o—Ta
——7r
7000 1 #— Nb
] —O— Mo
= —+—Hf
20004
1000
0 -

0 100 200 300 400 500
Distance, pm
Fig. 6. Change in intensity of spectral lines
in the interdiffusion zone of the titan—alloy pair

Puc. 6. Mi3meHeHe MHTEHCUBHOCTH JTUHUH CTIEKTpa
B 30HE B3aMMHOI 1u(Py3uu B mape TUTaH—CILIaB

KoHLeHTpaLMy 3J1eMEHTOB B 30He B3auMHO# nuddysun, at.%

Spectrum Ref. No. Coordinate, um Ti Zr Hf Mo Ta Nb
38 0 15.6 20.6 18.3 14.7 14.7 14.7
39 35 16.6 17.9 16.6 15.6 16.7 16.6
40 70 17.6 9.3 13.5 19.7 19.6 19.4
41 105 17.0 13.4 15.5 18.4 18.4 17.3
42 140 17.8 14.3 15.9 17.3 16.7 18.0
43 175 19.6 11.5 14.1 18.2 18.1 18.5
44 210 60.4 3.6 5.7 9.8 10.0 8.4
45 245 75.6 2.9 3.9 5.2 5.1 4.6
46 280 80.0 2.7 2.7 3.5 3.5 3.3
47 315 83.3 2.5 2.4 2.8 2.7 3.0
48 350 85.5 2.1 2.0 2.1 2.0 2.3
49 385 87.5 2.1 1.9 1.6 1.4 1.7
50 420 87.3 2.2 1.5 1.6 1.1 1.7
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Fig. 7. Intensity profiles of some alloy components in the interdiffusion zone

Puc. 7. [Ipoduin MHTEHCUBHOCTU HEKOTOPBHIX KOMITOHEHTOB CI1JlaBa B 30He B3auMHOM n1ubdy3un
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Fig. 8. Element distribution in the alloy—titanium diffusion

zone

Puc. 8. Pacripenenenue aneMeHTOB B 1 HYy3MOHHON 30HE
Mapsl CIJIaB—TUTaH
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In Fig. 8, to the left of the x plane is the alloy region
and to the right is the titanium region.

Elements tend to have a similar behaviour that
can be described well by the proposed solution.
The experimental points for the titanium—HEA
pair correspond to the diffusion coefficient D =
=3.0-10""* m?%/s.

Similar studies were carried out for the titanium—
tantalum pair. Fig. 9 shows the photomicrograph and
concentration profile of this pair.

The results presented show a significant difference
between the diffusion processes in tantalum—titanium
and alloy—titanium pairs. The data obtained for the
titanium—tantalum pair correspond to the diffusion
coefficient D = 5.0-1071 m2/s, which is approximately
2 orders of magnitude lower than for the titanium—
HEA pair.
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Fig. 9. Micrograph of the cut surface (a) and distribution of the Ta concentration in the Ti—Ta diffusion pair (b)

Puc. 9. MukpodoTtorpadus moBepxHOCTHU cpe3a (a) u pacnpeaesieHre KoHueHTpauuu Ta B nuddysnonnoii mape Ti—Ta (b)

Conclusion

In this work, a technique for studying interdiffusion
in pairs consisting of single-component (titanium—tan-
talum) and one and multiple (titanium—high-entropy
alloy) refractory metals with a BCC Ilattice was devel-
oped and tested.

Diffusion annealing was carried out for 12 h in a
vacuum with a residual argon pressure of 6.65-10~> Pa
at a temperature of 1200 °C. The chemical compo-
sition in the interdiffusion zone was determined by
energy-dispersive X-ray analysis. The obtained data on
the dependence of the intensity of the corresponding
spectral line for titanium and various elements of mul-
ticomponent alloys were recalculated in terms of the
concentrations of the main elements in the diffusion
zone.

Interdiffusion in the titanium—alloy pair is asso-
ciated mainly with the penetration of the alloy com-
ponents into titanium as a more fusible part of the
system. A change in the signal intensity is observed at
a distance of 150—250 pum for all elements. A sharp
drop in the signal intensity takes place at a distance of
around 50 pm.

The behaviour of the elements can be well described
by the erfc-shaped solution, which indicates the absence
of a noticeable concentration dependence of the inter-
diffusion coefficients. Under the given experimental
conditions, the average diffusion coefficient for all el-
ements (except titanium) is D = 3.0-10~* m?/s, which
is approximately an order of magnitude less than the

self-diffusion coefficient in B-titanium, which is equal
to 2.0-10713 mz/s [19]. Similarly, for comparison, it is
possible to give the diffusion coefficient values in titani-
um at a temperature of 1200 °C of other refractory met-
als, namely: zirconium — D (Zr/Ti) = 2.6:10712 mz/s;
molybdenum — D (Mo/Ti) = 9.3-10~"* m?/s [20]; nio-
bium — D (Nb/Ti) = 7.2:10~13 m?/s [21] (isotope me-
thod); tantalum — D (Ta/Ti) = 7.2:107'% m?/s [22];
hafnium — D (Hf/Ti) = 1.0-10~'2 m?/s [23].

Similar studies for a titanium—tantalum pair show a
significant difference in the diffusion processes in tan-
talum—titanium and alloy—titanium pairs. A change
in the signal intensity (and, accordingly, the concen-
tration of components in the diffusion zone) takes place
at a distance of 20 um. The data obtained correspond
to the interdiffusion coefficient D = 5,0-10_16 m2/s,
which is approximately 2 orders of magnitude lower
than for the titanium—HEA pair. Note that tantalum
and multicomponent alloys have significantly different
melting temperatures (solidus and liquidus regions for
alloys) of 3290 K for pure tantalum and 2100—2400 K
for alloys [24].
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