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

UDC 622.765 Research article

https://doi.org/10.17073/0021-3438-2025-4-5-17 Hayunast crarbs @

Effect of metal-containing modifier compositions
with sodium sulfide on the selective flotation
of copper and zinc sulfides

Htet Zaw Oo, Kyaw Zay Ya, B.E. Goryachev

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

P4 Htet Zaw Oo (htetzawoo68099@gmail.com)

Abstract: The most efficient selective reagent modes for the flotation of a copper—zinc pyrite ore from one of the Ural deposits have been
developed, based on the use of compositions of metal-containing reagent modifiers in combination with sodium sulfide. The study analyzed
the most effective conditions for separating copper and zinc minerals from pyrite during the bulk flotation of copper—zinc ore, as well as
the conditions for improving the selective separation of the bulk copper—zinc concentrate. The influence of reagent—modifier compositions
introduced into the bulk flotation cycle on the process parameters of selective flotation of the bulk concentrate was evaluated. The results
of fractional analysis of the floatability of copper, zinc, and iron minerals were presented, taking into account the flotation kinetics and
the distribution of these minerals in the floated concentrate by fractions: poorly floatable, moderately floatable, and easily floatable. The
reagent—modifier compositions used not only depressed pyrite flotation but also ensured efficient separation of copper and zinc minerals
into individual concentrates. It was found that the most effective selectivity in flotation separation of copper and zinc minerals was achieved
by introducing a composition of ferrous sulfate and sodium sulfide into the bulk copper—zinc flotation circuit in equal proportions (50 and
50 g/t). As a result, a copper—pyrite concentrate containing 12 wt. % Cu with a copper recovery of 74.45 % and a zinc concentrate contain-
ing 5 wt. % Zn with a zinc recovery of 73.68 % from the ore were obtained. Analysis of flotation kinetics showed that the introduction of
this reagent mixture contributed to the highest flotation rate of copper, ensuring a maximum copper recovery to the froth (copper—pyrite)
product of 86.74 %.

Key words: copper-zinc ores, recovery, flotation, sodium sulfide, flotation kinetics, separation, selectivity, modifiers, sulfides.

For citation: Htet Zaw Oo, Kyaw Zay Ya, Goryachev B.E. Effect of metal-containing modifier compositions with sodium sulfide on the
selective flotation of copper and zinc sulfides. Izvestiya. Non-Ferrous Metallurgy. 2025;31(4):5—17.
https://doi.org/10.17073/0021-3438-2025-4-5-17
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OneHkKa BIAMSHUS KOMIO3UIUH
METAJJIOCOAePKANUX MOAU(PHUKATOPOB

C CEpHHUCTBIM HATPHEM

HA CEJEeKTUBHOCTD ()JIOTAIMOHHOrO pa3jaeieHus:
CYJ1b(PUI0B MeIM U IIUHKA

Xret 30 Y, Uxko 3aii fa, b.E. I'opsauen

HanunoHabHbIi HCCIeN0BATENbCKHIT TEXHOIOrHYecKuii ynusepcuret «MUCHUC»
Poccus, 119049, r. MockBa, JlenHuHckuii np-t, 4, cTp. 1

> Xrer 30 Y (htetzawoo68099@gmail.com)

Annoranus: PazpaboraHbl HauJyulliMe CEJeKTUBHBIC peareHTHbIE PEXUMBI 15 (p1oTaluMy MeAHO-IIMHKOBOM KOJTYeJaHHOM PYbl OHO-
ro U3 MECTOPOX/IEHU I Ypasia, OCHOBaHHbIE HA IPUMEHEHU U KOMITO3U LM METAJJIOCOAEPXKAIIMX PeareHTOB-MOIM(UKATOPOB B coyeTa-
HUM C CepHUCTBIM HaTpueM. [IpoaHanusupoBaHbl Haubosee apdekTrBHBIE ycioBUs BhIoTaALlMM MUHEPAJOB MEIM U IMHKA OT MUPUTA B
KOJIJIEKTUBHOM LIMKJIE (DJIOTALIUU MEITHO-LIMHKOBOM PY/ibl, @ TAKXKE YCJIOBHU S LISl TOBBILIEHU S CEJIEKTUBHOIO pa3/ieJIeHU I KOJJIEKTUBHO-
ro MEeIHO-LIMHKOBOIO KOHILEeHTpaTa. OLeHeHO BIMSHUE KOMITO3UILIMI peareHTOB-MOIUMUKATOPOB, BBOAUMbBIX B KOJUJIEKTUBHBIM LIUKJI
GaoTauum, Ha TEXHOJIOTMYECKHUE MOKa3aTes M CeJIeKTUBHON (hioTauMy KOJJIEKTUBHOIO KOHIleHTpata. [IpuBenaeHbl pe3ynbTaThbl dhpak-
LIMOHHOTO aHaiu3a (hJIOTUPYEMOCTU MUHEPAJIOB MEAM, IMHKA U XeJjie3a ¢ yUeTOM KUHETUKHM (DJIOTAllMU U pacTipeieIeHUs] STUX MUHEe-
paJioB BO (pJIOTUPYEMBbIit KOHLIEHTPAT MO (ppakLusiM: TpyTHOMIOTUPYEMOIt, cpenHedoTupyeMoit u ierkodiaorupyeMoii. Ucrnosib3yemblie
KOMITIO3MIIMM PeareHTOB-MOANGDHUKATOPOB He TOJIBKO MOAABISIM (hIOTALIMIO TUPpUTA, HO U obecriednBain 3b(HeKTUBHOE pasaeieHue
MUHEPAJOB MM U IMHKA B OTAEJIbHbIEe KOHLIEHTPAThl. YCTAaHOBJIEHO, UTO Haubosiee 3¢ GeKTUBHOE BIUSHUE HA CEJIEKTUBHOCTD (Jio-
TAlMOHHOTO pa3leJIeHUsI MUHEPAJIOB MEM U LIMHKA OKa3bIBaeT J03MPOBAHME KOMITO3UIIUU XKEJIE3HOI'0 KyIopoca U cyJibduaa HaTpus B
KOJIJIEKTUBHY IO METHO-LIMHKOBY1O (hsioTanunio B paBHbIX 10J1s1X (50 u 50 r/T). B pe3yspraTe NpuMeHEeHU I JTaHHOM KOMITO3UIIUU PEareHTOB
MOJTYYeHbl MEIHO-ITMPUTHBIN KOHIIEHTPAT ¢ cofepxkaHueMm Menu 12 % nipu uzBiedeHun Menu 74,45 % v HMHKOBBIN KOHLIEHTPAT C COIep-
JKaHUeM IUHKa 5 % rpu usBjiedyeHun 73,68 % ot pyabl. AHAIU3 KUHETUKY (GIOTAIMK TT0Ka3aJl, YTO BBEeIeHUE YKa3aHHOM CMECU peareH-
TOB CIMOCOOCTBYET HaMJIyulleld CKopocTu (hJOTAallMU Meau, obecrieunBasi MaKCMMaJIbHOE U3BJICUEHUE MEAM B MEHHbI (MEIHO-TTUPUT-
HBII) IPOAYKT Ha ypoBHe 86,74 %.

KioueBbie ¢jioBa: MEIHO-LIMHKOBBIC PYIbl, U3BJeUeHUE, (IOTALMs, CEpPHUCTBII HaTpUil, KHHETHKA (JIOTALlUU, pa3aecieHne, CEJIEKTUB-
HOCTb, MOIU(MUKATOPHI, CYITb(UIBI.

Jas nurupoBanus: Xtet 30 Y, Uxo 3ait fa, [opsiueB b.E. OtieHka BIUSIHUSI KOMITO3UITUY METAJLJIOCOIEPKAIMX MOAUDUKATOPOB € cep-
HUCTBIM HATPHUEM Ha CEeJIEKTUBHOCTDH (hJIOTAIIMOHHOTO pa3iesieHus CyabGuIoB Menu U NUHKa. M3gecmus 6y306. lleemnas memannypeus.
2025;31(4):5—17. https://doi.org/10.17073/0021-3438-2025-4-5-17

Introduction

reagent modes and optimization of pulp conditioning
can increase the contrast of surface properties of mine-
rals with similar technological characteristics [9].

At present, the most common scheme at concen-

Copper—zinc pyrite ores from the Ural deposits are
predominantly pyrite-type and rank among the most
challenging to process [1]. This is due to the high pyrite
content (85—90 wt. %) and fine, irregular intergrowth of

sulfide minerals with each other and with gangue mine-
rals [2; 3].

Flotation is the most efficient process for separat-
ing minerals from finely disseminated non-ferrous
metal ores such as copper—zinc pyrite ores [4—7]. The
processing of large volumes of refractory raw mate-
rials requires the development and implementation of
new methods and technologies [8]. The use of selective

6

trator plants is the bulk—selective flotation circuit, in
which copper and zinc minerals are recovered from the
bulk copper—zinc concentrate while pyrite flotation is
suppressed [10; 11]. This technology enables high-qua-
lity recovery of metals from finely disseminated and re-
fractory ores, followed by the production of concentrates
for various applications, and significantly enhances the
selectivity of mineral separation [12; 13].
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Despite significant advances in the mineral pro-
cessing industry, the selective flotation of non-ferrous
metal sulfide ores — particularly copper—zinc pyrite
ores — remains an urgent challenge [10]. It can be ad-
dressed by improving existing technologies through
modifications to process flowcharts, optimizing re-
agent application modes and broadening the range of
reagents used in the flotation circuit [10]. One of the
key approaches to improving the efficiency of pro-
cessing copper—zinc ores is the development of new
reagent systems, including compositions of metal-con-
taining reagent modifiers [14].

Previous studies [15—17] have demonstrated the
positive effect of metal-containing reagent—modifier
compositions on the results of bulk flotation of cop-
per—zinc ore. However, their role in the selective flo-

tation of bulk copper—zinc concentrate has not been
investigated. The aim of this study is to examine the ef-
fect of metal-containing modifier compositions com-
bined with sodium sulfide, introduced into the bulk
flotation circuit, on the efficiency of selective flotation
of this concentrate.

Materials and methods
Research objects

Samples of copper—zinc pyrite ore from a Ural de-
posit were used as the test material. The average con-
tents of copper, zinc, and iron in the run-of-mine ore
were 0.65%0.02, 1.30+£0.08 u 38.48 = 1.52 wt. %,
respectively [15]. The following reagents were used in
the experiments: potassium butyl xanthate (PBX) as

Table 1. Quantitative X-ray diffraction (XRD) phase analysis of the raw ore (powder)

Tabauua 1. PentreHorpaduyeckuit Ga3oBblii aHaIU3 UCXOAHOU pyabl (MOPOIIKA)

Mineral Ideal formula Content, wt. %

Pyrite FeS, 61

Chalcopyrite CuFeS§, 3

Sphalerite ZnS 5

Tetrahedrite (Cu,Fe,Zn,Ag),4(Sb,As)gS»4 0.5

Quartz SiO, 21

Calcite Ca(COy) 3

Barite BaSOy, 2

Chlorite (Mg, Fe), 75Al; »5(Si 75ALs 25019)(OH)g 2

Illite KAI(AISi3044) - (OH), 1

> 98.5
Table 2. Mineralogical analysis of the raw ore (polished section)
Tabauua 2. MuHepaJoruyecKuii aHaJIu3 UCXOIHOU pyabl (MOJUPOBAHHBIN HIIUD)
Mineral content in analyzed samples, wt. % CloilHeoinee

Mineral Mean .
1|2 3|4 56| 7| 8| 9| 10 it
Pyrite 84 75 91 77 92 75 74 73 81 96 81.80 +5.27
Quartz 15 20 6 16 5 22 20 23 14.5 2 14.35 +4.67
Sphalerite - - - 3 - - - 2.5 - - 2.75 +0.72
Chalcopyrite — — 1.5 0.5 1.5 1.5 3 1 2 1 1.50 +0.57
Fahlore — — — — 1 — 1.5 — 1.5 0.5 1.13 +0.40
Carbonate — 3 1 2 — — 1.5 — 1 0.5 1.50 +0.63
Others 1 2 05 15 05 15 — 0.5 — — 1.07 +0.44
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the collector, pine oil as the frother, lime (CaOQ) as the
pH regulator, and the modifier reagents ferrous sul-
fate (FeSO,4-7H,0), copper sulfate (CuSO,-5H,0),
zinc sulfate (ZnSO4-7H,0), and sodium sulfide
(Na,S-9H,0).

Quantitative X-ray diffraction (XRD) and reflected-
light ore microscopy of the raw ore sample were per-
formed using a Tongda TD-3700 X-ray diffractometer
and an Olympus BX51 optical microscope. The results
are summarized in Tables 1 and 2.

Procedure for bulk flotation
of copper—zinc ore

Ore preparation was carried out as follows: the ini-
tial ore was crushed in a jaw crusher (DSh 80x150) to a
particle size of 3 mm. After averaging and quartering,
1 kg ore samples were taken from the crushed mate-
rial. These samples were ground in a laboratory ball mill
(MShL-7) to a fineness of 80 % passing —0.074 mm,
after which the ground material was subjected to bulk
flotation.

The flotation tests were conducted in mechanical
flotation machines (Mekhanobr and FL-137) with cell
volumes of 0.5 L and 3.0 L. Under laboratory conditions,
flotation experiments were carried out according to a
process flowsheet that included Flotation / (copper head
flotation) and Flotation /7 (copper—zinc flotation) [15].

Ore, 1 kg
(-3+0 mm)

Grinding (25 min)
S:L:M=1:05:6

| Flotation 7 (2 min) |

l

The flowsheet of the bulk flotation of copper—zinc ore
and the production of the bulk copper—zinc concentra-
te is shown in Fig. 1.

In Flotation 7, only the collector and frother were
used, and the flotation process was carried out for
2 min. The tailings from Flotation I served as the feed
for Flotation /7, in which lime, modifier reagents, potas-
sium butyl xanthate, and pine oil were added [15]. The
total consumption of modifier reagents in all tests was
100 g/t. Flotation I/ was then performed for 8 min. The
concentrates obtained from Flotation / and Flotation /7
were combined to produce the bulk copper—zinc con-
centrate.

Procedure for selective flotation
of the bulk concentrate

The process of selective flotation of the bulk cop-
per—zinc concentrate included the following stages:
desorption of the collector from the surface of sulfide
minerals in a sodium sulfide medium to achieve strong
depression of sphalerite; thickening and washing of the
concentrate to remove excess alkalinity; regrinding of
the coarse bulk copper—zinc concentrate to 92—95 %
passing —0.044 mm; and primary copper—pyrite flo-
tation [18]. The flowsheet of the selective flotation pro-
cess for the bulk copper—zinc concentrate is shown in
Fig. 2.

PBX - 10 g/t

l Pine oil — 56 g/t

Flotation / Ca0 —2000 g/t

concentrate FeSO,-7H,0 + CuSO,-5H,0 + ZnSO,-7H,0 + Na,S — 100 g/t
PBX — 10 g/t
Pine oil — 56 g/t

A,

l

Bulk concentrate

| Flotation // (8 min) |
Flotation 7/ Tailings
concentrate

Fig. 1. Flowsheet for producing the bulk copper—zinc concentrate

Puc. 1. Cxema nojyyeHUs KOJJIEKTUBHOTO MEIHO-IIMHKOBOI'O KOHLIEHTparTa
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Bulk concentrate

Desorption

Thickening

@nding

T

Na,S —2000 g/t
Activated carbon — 300 g/t

Na,S — 500 g/t

CaO - 800 g/t

Na,S —300g/t

ZnS0,-7H,0 — 4000 g/t
l Ca0 —350 g/t

| Primary Cu—FeS, flotation (5 min) |

l

Copper—pyrite concentrate

l

Zinc concentrate

Fig. 2. Flowsheet of the selective flotation of the bulk copper—zinc concentrate

Puc. 2. Cxema ceIeKIIMY KOJTJIEKTUBHOTO MEIHO-ITMHKOBOTO KOHIICHTpAaTa

According to the selective flotation flowsheet
(Fig. 2), the bulk concentrate was first subjected to de-
sorption using sodium sulfide (2000 g/t) and activated
carbon (300 g/t). After desorption, the pulp was thick-
ened to a solids content of 60 % with the addition of
sodium sulfide (500 g/t) and reground to 95 % pass-
ing —0.044 mm with lime addition (800 g/t) [19]. The
reground product was then subjected to primary cop-
per—pyrite flotation.

In practice, separation of copper and zinc miner-
als is most often carried out using a scheme based on
sphalerite depression [20—22]. In the primary cop-
per—pyrite flotation process, sphalerite depression was
achieved through the use of sodium sulfide (300 g/t) and
zinc sulfate (4000 g/t). This operation was conducted
under alkaline conditions maintained by the addition of
lime (350 g/t), ensuring a pH of 8.5—9.0. Upon comple-
tion of the flotation tests, the products were dried, and
the copper, zinc, and iron contents were analyzed using
an ElvaX X-ray fluorescence spectrometer.

Results and discussion

Effect of reagent—modifier compositions
on the efficiency of selective flotation
of the bulk concentrate

The results of selective flotation of the bulk copper—
zinc concentrate with the addition of reagent—modifier
compositions in Flotation /7 are presented in Figs. 3 and 4.

According to the data in Fig. 3, the use of the stu-
died reagent—modifier compositions in Flotation /7 has
a significant effect on the process performance of the
selective flotation of the bulk concentrate. The com-
positions of ferrous and copper sulfates (0.5FeSO,4 +
+ 0.5CuSO,) and ferrous sulfate with sodium sulfide
(0.5FeSO,4 + 0.5Na,S) provided the best results for cop-
per recovery into the concentrate (Fig. 3, @). In the first
case, the copper—pyrite concentrate contained 13 % Cu
with a copper recovery of 69.87 %, and in the second —
12 % Cu with a recovery of 75.45 %. Compared with
the baseline test without modifiers (in which the cop-
per content was 11.32 % and the recovery was 55.72 %),
the use of these reagent—modifier mixtures increased
copper recovery by 14.15 % and 19.73 %, respec-
tively.

Notably, when using the 0.5FeSO, + 0.5Na,S
mixture, copper loss with the scavenger product was
the lowest, amounting to 11.54 %. Nevertheless, the
highest copper content in the copper—pyrite concen-
trate (13.32 %) was achieved when introducing the
0.25CuSO,4 + 0.75Na,S mixture into Flotation /1,
while the zinc content in this concentrate remained at
2.29 % (Fig. 3, b).

As shown in Fig. 4, a similar trend was observed in
the zinc (scavenger) concentrate, where the selectivity
of copper and zinc separation increased. It was estab-
lished that introducing into Flotation /I the mixtures
of ferrous and zinc sulfates (0.5FeSO, + 0.5ZnSO,)

9
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Fig. 3. Recovery of copper, zinc, and iron into the copper—pyrite concentrate and copper losses with the scavenger product (a),
as well as the concentrate yield and copper, zinc, and iron contents (b) depending on the reagent—modifier compositions

introduced into Flotation /7

Puc. 3. M3Breuenue Meau, IMHKA U Kejle3a B MEJHO-TIUPUTHBII KOHLIEHTPAT U TIOTEPU MeIU C KaMEPHBIM MTPONYKTOM (&),
a TaK>Xe BBIXOJ KOHIIEHTpaTa 1 coaepKaHue MM, IIMHKA U KeJie3a B HeM (b) mpu pacxoae KOMITO3UIIUI MOTU(PUKATOPOB

BO (uiotanuio 171

and ferrous sulfate, zinc sulfate, and sodium sulfide
(0.5FeSO,4 + 0.25ZnSO, + 0.25Na,S) ensured the
highest zinc recovery into the concentrate (Fig. 4, a):
78.86 % and 77.93 %, respectively. This corresponds to
an increase in zinc recovery by 49.67 % and 48.71 %
compared with the baseline mode without modifiers
(29.19 %).

10

It is noteworthy that when using the mixture of fer-
rous and copper sulfates (0.5FeSO, + 0.5CuSQOy,), the
obtained concentrate demonstrated the highest zinc
content (Fig. 4, b): 8.3 % Zn, while the copper content
remained at 1.72 %. This increased the zinc grade of the
obtained zinc concentrate by 4.83 % compared with the
baseline test without modifiers (3.47 %).
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Fig. 4. Recovery of copper, zinc, and iron into the zinc concentrate and zinc losses with the froth product (a),
as well as the concentrate yield and copper, zinc, and iron contents (b) depending on the reagent—modifier compositions

introduced into Flotation /7

Puc. 4. V3Bneuenue Meau, IMHKA U KeJie3a B IMHKOBBIN KOHIIEHTPAT U TOTEPH LIMHKA C IEHHBIM TIPOAYKTOM (@),
a TaK>Ke BBIXOJ KOHIIEHTpaTa 1 colepKaHue MM, IIMHKA U XXeJie3a B HeM (b) mpu pacxone KOMITO3UIIM I MOAU(PHUKATOPOB

BO ¢uiotauuio 11

Kinetics of selective flotation

of the bulk concentrate and fractional analysis
of the floatability of copper, zinc,

and iron minerals

The study of the kinetics of selective flotation of the
bulk concentrate involved the fractional collection of the
froth product at flotation time intervals of 0.21 min (cor-

responding to three scrapes of the froth layer), 0.43 min
(six scrapes), 0.64 min (nine scrapes), 1, 2, and 5 min.
During the investigation of the flotation kinetics of the
bulk concentrate, the distribution of materials was ana-
lyzed according to fractions differing in the floatabili-
ty of the respective minerals in the froth product of the
main copper—pyrite flotation. Using the Spectr soft-
ware developed by Prof. D.V. Shekhirev, the floatability

1
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spectra of copper and zinc minerals in the concentrate
were evaluated [15; 23; 24].

Fractional analysis of selective flotation involved
partitioning the floated material into six fractions ac-
cording to floatability, each defined by a specific range
of flotation rate constants (K, min~") and described by
the equation proposed by K.F. Beloglazov: 1% fraction,
0 < K<0.0001; 2", 0.0001 < K< 0.001; 3, 0.001 < K <
<0.01;4™M 0.1 < K<1;5M 1 <K< 10;and 6™, 10 < K<
<100 [15; 25—28].

Fig. 5 presents the results of copper flotation kinetics
into the copper—pyrite product when reagent—modifier
compositions were introduced into Flotation /1.

As seen in Fig. 5, a, the introduction of reagent—
modifier compositions into Flotation /7 resulted in a
substantial increase in the copper flotation rate com-
pared with the baseline test without their use. The high-
est copper flotation rates were obtained with the reagent
mixtures containing combinations of ferrous and copper
sulfates (0.5FeSO,4 + 0.5CuSO,) and ferrous sulfate with
sodium sulfide (0.5FeSO, + 0.5Na,S). At the early stag-
es of flotation (0.21 min), copper recovery in these va-
riants reached 32.39—32.98 %, which is more than seven
times higher than that of the control test (4.3 %). After
2 min of flotation, copper recovery increased to 80.46 %
in the presence of these reagents, while in the baseline
test it was only 22.98 %. The maximum copper recovery
into the froth product (86.74 %) was achieved using the
0.5FeSO,4 + 0.5Na,S mixture at T = 5 min.

The results of fractional analysis (Fig. 5, b) showed
that copper minerals were distributed among the 1

Recovery, %

-9- Baseline test

-@-0,5FeS0, + 0,25ZnS0, + 0,25Na,S
¢~ 0,5FeSO, + 0,5ZnS0,
-B-0,5FeSO, + 0,5CuSO,

1004 0,5FeS0, + 0,5Na,S

0 1 2 3 4 5

T, min

(poorly floatable), 3™ and 4™ (moderately floatable),
and 5" (easily floatable) fractions. In the control
test, the proportions of poorly, moderately, and easi-
ly floatable fractions were 0.61, 0.35, and 0.04 rel.
units, respectively. The most pronounced effect on
the floatability of copper minerals was observed
with the compositions 0.5FeSO4 + 0.5CuSO,4 and
0.5FeSO,4 + 0.5Na,S. In the first case, the proportion
of poorly floatable fractions decreased to 0.098, mo-
derately floatable to 0.301, while the easily floatable
fraction increased to 0.601 rel. units. In the second
case, the poorly floatable fraction decreased further
to 0.009, the moderately floatable fraction increased
to 0.481, and the easily floatable fraction reached
0.51 rel. units. Under these conditions, copper reco-
very into the copper—pyrite concentrate reached its
maximum.

Fig. 6 shows the results of zinc flotation kinetics in-
to the copper—pyrite product when reagent—modifier
compositions were introduced into Flotation /1.

The analysis of the data in Fig. 6, a indicates that the
addition of reagent—modifier compositions to Flota-
tion /I caused a slight increase in the zinc flotation
rate compared with the baseline test. The mixtures
0.5FeSO4 + 0.5CuSO,4 and 0.5FeSO,4 + 0.5Na,S pro-
vided the highest zinc flotation rates, with zinc reco-
veries of 29.98 % and 26.32 % into the froth product after
5 min, exceeding the control value (12.59 %). The least
influence on the zinc flotation rate was observed with
the 0.5FeSO,4 + 0.5ZnSO, mixture, giving only 15.46 %
zinc recovery. Thus, despite the suppression of sphalerite

Fraction proportions, rel. units

M Baseline test b
@ 0,5FeSO, + 0,5ZnSO,

M 0,5FeSO, + 0,5CuSO,

M 0,5FeSO, + 0,5Na,S

m 0,5FeSO, + 0,25ZnSO, + 0,25Na,S

1 2 3 4 5 6
Fraction number

Fig. 5. Kinetics of copper flotation into the copper-pyrite product () and its distribution by fractions (b) upon addition

of reagent—modifier compositions into Flotation /7

Puc. 5. Kunetuka dioraumu Meau B MeIHO-TTMPUTHBIN IPOAYKT (@) U ee pacrpenesieHue 1o ¢ppakuusam (b)
NP 103UPOBAaHUM KOMMO3U LM peareHTOB-MoAM(UKATOPOB BO doTaiuio /1
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flotation in the lime medium when sodium sulfide and
zinc sulfate were used, these reagent—modifier mixtures
slightly accelerated zinc flotation.

According to Fig. 6, b, zinc minerals were distribut-
ed among the 1% and 2" (poorly floatable), 3" and 4"
(moderately floatable), and 5" (easily floatable) frac-
tions. In the baseline test without modifiers, the pro-
portions of poorly, moderately, and easily floatable frac-
tions were 0.742, 0.257, and 0.001 rel. units, respectively.
When the 0.5FeSO, + 0.5CuSO, mixture was used,
the easily floatable fraction amounted to only 0.012 rel.
units. The introduction of 0.5FeSO, + 0.5Na,S and
0.5FeSO,4 + 0.25ZnS0O4 + 0.25Na,S mixtures into Flo-
tation // considerably reduced the proportion of poorly
floatable fractions to 0.42 and 0.38 rel. units, respective-
ly. The proportion of moderately floatable fractions in-

Recovery, %

100 0.
-9 Baseline test a
-@-0,5FeSO, + 0,25ZnS0, + 0,25Na,S

80 _g-0.5Fes0, + 0,52n50, 0.

-8-0,5FeS0, + 0,5CuS0,

609 -A-0,5FeSO, + 0,5Na,S
0.
0.

T T T T
0 1 2 3 4 5
T, min

creased to 0.58 and 0.62 rel. units, while easily floatable
fractions were entirely absent. This explains the influ-
ence of these reagent—modifier mixtures on the poorly
floatable fractions of zinc minerals into the copper—
pyrite concentrate.

Fig. 7 presents the results of iron flotation kinetics
into the copper—pyrite product when reagent—modifier
compositions were introduced into Flotation /1.

The kinetic curves of iron flotation (Fig. 7, @) demon-
strate a notable acceleration of the process upon addition
of reagent—modifier compositions to Flotation // com-
pared with the baseline test without them. The highest
iron flotation rate was obtained with the 0.5FeSO, +
+ 0.5Na,S composition, yielding 50.88 % recovery af-
ter 5 min of flotation. A similar trend was observed with
the 0.5FeSO,4 + 0.5CuSO,4 mixture, where iron reco-

Fraction proportions, rel. units

8
M Baseline test b
7 m0,5FeSO, + 0,5ZnS0,
6 1 M 0,5FeSO, + 0,5CuSO,
| = 0,5FeSO, + 0,5Na,S
W 0,5FeSO, + 0,25ZnS0O, + 0,25Na,S
4
2 -
0 = —— T T

3 4
Fraction number

Fig. 6. Kinetics of zinc flotation into the copper-pyrite product (a) and its distribution by fractions (b) upon addition

of reagent—modifier compositions into Flotation /7

Puc. 6. Kunetuka dsotaumy nMHKa B MEAHO-TIMPUTHBIN TPOAYKT (@) ¥ ero pacupeaeiaeHue mo dpakiusam (b)
MpU A03MPOBAHUU KOMIIO3UILIMI peareHTOB-MoaM(pUKaTOPOB Bo (aotauuio /1
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Fig. 7. Kinetics of iron flotation into the copper-pyrite product (a) and its distribution by fractions () when upon addition

of reagent—modifier compositions into Flotation //

Puc. 7. Kunetuka ¢Jyoranuu xeje3a B MeIHO-TTMPUTHBIN MTPOAYKT (@) U ero pacnpeaeieHue mo ppakuusam (b)
pu 106aBJIeHUY KOMITO3UIIMI peareHTOB-MOAU(PUKATOPOB BO (ioTamuio /1
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very reached 46.06 % over the same period. The smallest
increase in iron flotation rate was observed when using
0.5FeSO,4 + 0.5ZnSO4 and 0.5FeSO, + 0.25ZnSO, +
+ 0.25Na,S.

From the data in Fig. 7, b, it can be seen that in all
experimental variants the proportion of poorly floa-
table fractions was high, especially in the baseline test
(0.912 rel. units). However, upon addition of 0.5FeSO, +
+ 0.5Na,S and 0.5FeSO, + 0.5CuSOy, this proportion
decreased significantly to 0.428 and 0.48 rel. units, re-
spectively. At the same time, the proportion of easily
floatable fractions was the highest, reaching 0.221 and
0.211 rel. units. The most pronounced transfer of iron
minerals into the moderately floatable fractions (3 and
4) was observed when the 0.5FeSO, + 0.5Na,S compo-
sition was used, whereas with 0.5FeSO,4 + 0.5ZnSO, the
share of these fractions increased, but a high proportion
of poorly floatable ones remained.

Thus, the analysis of selective flotation kinetics
demonstrated that the introduction of reagent—modifi-
er compositions into Flotation /7 allows for evaluating
the floatability of copper, zinc, and iron minerals into
the froth (copper—pyrite) product, which is critical for
improving process selectivity. In this case, copper mi-
nerals are mainly represented by moderately and easily
floatable fractions, sphalerite by poorly and moderately
floatable fractions, and pyrite by poorly, moderately, and
partially easily floatable fractions.

Conclusions

1. A selective reagent mode was developed for the
bulk—selective flotation of a copper—zinc pyrite ore
from a Ural deposit, based on applying compositions of
metal-containing reagent modifiers with sodium sulfide
in the bulk flotation circuit.

2. Analysis of the flotation results for the copper—
zinc pyrite ore identified an optimal combination of
modifier reagents — ferrous sulfate, copper sulfate, and
zinc sulfate with sodium sulfide — which not only re-
duced pyrite recovery to the bulk concentrate but also
increased the selectivity of separating copper and zinc
minerals into individual concentrates.

3. Based on the flotation tests, among the rea-
gent—modifier compositions studied, the combination
of ferrous sulfate and sodium sulfide in an equal ratio
(0.5FeSO,4 + 0.5Na,S) markedly enhanced the selectivi-
ty of separating copper and zinc minerals, increasing
copper recovery to the froth (copper—pyrite) product
while minimizing losses to the scavenger (zinc) product.

4. Using the proposed reagent composition yielded a
copper—pyrite concentrate assaying 12 % Cu at a copper
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recovery of 75.45 %, as well as a zinc concentrate assay-
ing 4.76 % Zn at a zinc recovery of 73.68 %. The mix-
ture 0.5FeSO, + 0.5CuSO, also produced positive selec-
tive-flotation results; however, copper recovery in this
case was lower than with the former reagent mixture.

5. Kinetic analysis showed that introducing the
0.5FeSO,4 + 0.5Na,S mixture in Flotation /7 had a pro-
nounced effect on the copper flotation rate, ensuring a
maximum copper recovery of 86.74 % to the froth pro-
duct. Under these conditions, the share of poorly floa-
table fractions decreased to 0.009 rel. units, the moder-
ately floatable fractions increased to 0.481, and the easily
floatable fractions rose to 0.51. Sphalerite was virtually
absent from the easily floatable fractions when this mo-
difier composition was used.

6. The studies on the effect of sodium-sulfide-con-
taining reagent—modifier compositions applied in the
bulk flotation circuit of copper—zinc ores on the selec-
tivity of copper and zinc sulfide separation support the
feasibility of using an equal-dose mixture of ferrous sul-
fate and sodium sulfide (50 g/t + 50 g/t) in analogous
flotation processes at concentrators treating copper—
zinc pyrite ores from the same deposit.

References

1. Chanturia V.A., Shadrunova L.V. Technology of enrich-
ment of copper and copper-zinc ores of the Urals.
Moscow: Nauka, 2016, 386 p. (In Russ.)

Yantypus B.A., lllaapynoBa U.B. TexHosorus o6o-
rameHust METHBIX ¥ MEIHO-IIMHKOBBIX pya Ypaia. M.:
Hayka, 2016, 386 c.

2. Kyaw Z.Y., Tiagalieva Z.A., Htet Z.0., Phyo K.K. Im-
provement of reagent flotation modes of sphalerite and
pyrite from deposits of copper-zinc pyrite, polymetallic
copper-zinc pyrite and polymetallic ores. IOP Conference
Series: Earth and Environmental Science. XXI Conference of
PhD Students and Young Scientists (CPSYS 2021) (Wroclaw,
Poland, 23—25 June 2021). 2021;942(1):1—8.
http://dx.doi.org/10.1088/1755-1315/942/1/012004

3. Herrera-Urbina R., Hanson J.S., Harris G.H., Fuers-
tenau D.W. Principles and practice of sulphide miner-
al flotation. In: P.M.J. Gray, G.J. Bowyer, J.F. Castle,
D.J. Vaughan, N.A. Warner (Eds.). Sulphide deposits —
their origin and processing. Dordrech: Springer, 1990.
P. 87—101.
https://doi.org/10.1007/978-94-009-0809-3_6

4. Ndoro T.O., Witika L.K. A review of the flotation of cop-
per minerals. International Journal of Sciences: Basic and
Applied Research (IJSBAR). 2017;34(2):145—165.
https://www.gssrr.org/index.php/JournalOfBasic
AndApplied/article/view/7590



13BecTis By30B. LiBeTHOSI MeETAAAYprnst o 2025 o T.31 o« N24 o C, 5-17

Xrer 30 Y, Yxo 3avi Sla, lopsiyes b.E. OUeHKa BAUSIHUS KOMMO3ULIMN METAAAOCOAEPXKALLNX MOANPUKATOPOB C CEPHUCTLIM HOTPUEM...

10.

11

12.

Chandra A.P., Gerson A.R. A review of the fundamental
studies of the copper activation mechanisms for selective
flotation ofthe sulfide minerals, sphalerite and pyrite.
Advances in Colloid and Interface Science. 2009;145(1-2):
97—110. http://dx.doi.org/10.1016/j.cis.2008.09.001

Yang B., Tong X., Lan Z., Cui Y., Xie X. Influence of the
interaction between sphalerite and pyrite on the copper
activation of sphalerite. Minerals. 2018;8(1):16.
http://dx.doi.org/10.3390/min8010016

Bocharov V.A., Ryskin M.Ya., Pospelov N.D. Develop-
ment of technology for processing copper-zinc ores of the
Urals. Tsvetnye Metally. 1979;(10):105—107. (In Russ.).
https://doi.org/10.17580/tsm.2018.04.03

Bouapos B.A., Peickun M. 4., [Tocnenos H./I. PazButue
TEXHOJIOTUH IIepepabOTKU MEIHO-LIMHKOBBIX Pya Ypa-
na. Ileemnvie memannwt. 1979;(10):105—107.
https://doi.org/10.17580/tsm.2018.04.03

Bocharov V., Ignatkina V., Kayumov A., Viduetsky M.,
Maltsev V. Complex processing of refractory pyrite cop-
per, copper-zinc and polymetallic ores on the basis of
flotation and combined technologies. Progress in Materials
Science and Engineering. 2018;(12):89—96.
http://dx.doi.org/10.1007/978-3-319-75340-9 12
MawmonoB S.V., Dresvyankina T.P., Ziyatdinov S.V., Er-
shov A.A. Technological solutions for processing copper
and copper-zinc ores of the pyrite deposit of the Urals.
Globus: geology and business. 2020;(3):140—144. (In Russ.).
https://www.vnedra.ru/globus/zhurnal-globus-62/
MawmonoB C.B., IpecBsinkuna T.I1., 3usitnuno C.B.,
EpuioB A.A. TexHonoruueckue pelieHus: nepepadoTt-
KM MEIHBIX W MEIHO-IIMHKOBBIX DPYI KOTYeTaHHO-
ro MecTopoxXIeHus Ypana. [no6yc: eeonoeus u oOusHec.
2020;(3):140—144.
https://www.vnedra.ru/globus/zhurnal-globus-62/
Zavarukhina E.A., Orekhova N.N. Effects of additional
collecting agent on selectivity of flotation of copper and
zinc sulfide. Gornyi informatsionno-analiticheskii byulleten.
2017;(3):305—311. (In Russ.).
https://giab-online.ru/catalog/11943

3aBapyxuHa E.A., OpexoBa H.H. Bausinue pomnou-
HUTEJILHOTO coOupaTesisi Ha CeJIeKTUBHOCTL (pJoTa-
LIMOHHOrO pasfesieHusl CyabGUIOB MeAW U LKMHKA.
Topuwiii  unopmauuoHHo-aHarumuyeckuil  OrA1eMeHb.
2017;(3):305—311. https://giab-online.ru/catalog/11943
Zhao Cao, Xumeng Chen, Yongjun Peng. The role of
sodium sulfide in the flotation of pyrite depressed in
chalcopyrite flotation. Minerals Engineering. 2018;119:
93—98. http://dx.doi.org/10.1016/j.mineng.2018.01.029
Yufan Mu, Yongjun Peng, Lauten R.A. The depression of
pyrite in selective flotation by different reagent systems —
A literature review. Minerals Engineering. 2016;(96):
143—156. http://dx.doi.org/10.1016/j.mineng.2016.06.018

13.

14.

15.

16.

17.

Aikawa K., Ito M., Orii N., Jeon S., Park I., Haga K.,
Kamiya T., Takahashi T., Sunada K., SakakibaraT., Ono T.,
Magwaneng R.S., Hiroyoshi N. Flotation of copper
ores with high Cu/Zn ratio: Effects of pyrite on Cu/Zn
separation and an efficient method to enhance sphalerite
depression. Minerals. 2022;12(9):1103.
http://dx.doi.org/10.3390/min12091103

Goryachev B.E., Naing Lin Oo, Nikolaev A.A., Polyako-
va Yu.N. Features of the influence of copper, zinc, and
iron cations on the flotation capacity of pyrite from one
of the copper-zinc deposits in the Urals. Tsvetnye Metally.
2015;(1):12—18. (In Russ.).
https://www.rudmet.ru/journal/1381/article/23748/
lTopsiueB B.E., Haunr Jlun Y, Hukonaes A.A., ITons-
koBa FO.H. OcoGeHHOCTH BIMSHUS KAaTHMOHOB MEIH,
LIMHKA U keJjie3a Ha (GJIOTUPYEeMOCTh TMPUTA OTHOTO U3
MEIHO-LIMHKOBBIX MECTOpOXAeHUI Ypana. [leemmoie
memannvt. 2015;(1):12—18.
https://www.rudmet.ru/journal/1381/article/23748/
Htet Zaw Oo, Kyaw Zay Ya, Goryachev B.E. Effect of
iron, zinc sulfate and sodium sulfide compositions on
flotation of copper-zinc pyrite ores. Gornyi informa-
tsionno-analiticheskii ~ byulleten.  2023;(12):139—151.
(In Russ.). https://giab-online.ru/files/Data/2023/12/
122023 _139-151.pdf

Xrtet 30 VY, Uxo 3aii fa, l'opsaueB b.E. JleiicTBue Kom-
MMO3ULIMIA M3 XKeJIE3HOT0, IMHKOBOIO KyIIOPOCOB U CEp-
HUCTOTO HATPUS Ha (DJIOTALINIO METHO-IITNHKOBBIX KOJI-
YeIaHHBIX PYA. [OpHbill UHDOPMAUUOHHO-AHAAUMUMECKULL
oronnemens. 2023;(12):139—151. https://giab-online.ru/
files/Data/2023/12/12_2023_139-151.pdf

Htet Zaw Oo, Kyaw Zay Ya, Goryachev B.E. Role of simp-
lex experimental planning in enhancing the prediction
and optimization of multicomponent system compositions
of reagent-modifiers in the flotation of copper-zinc ores.
Problems of subsurface use. 2024;(3):87—98. (In Russ.).
https://trud.igduran.ru/index.php/psu/article/view/642
Xrtet 30 Y, Uxo 3aii fa, [opsiueB B.E. Posib cuMriekc-
HOIO IJIAHUPOBAHMSI SKCIIEPUMEHTA B COBEPIIEHCTBO-
BaHWU TIPOTHO3WPOBAHUS W ONMTUMU3AINU COCTABOB
MHOTOKOMITOHEHTHBIX CHCTEM peareHTOB-MOoaupuKa-
TOPOB IIpu (QJIOTALUU MEAHO-LIIMHKOBBIX py. [IpoGaembt
Hedpononvzosanus. 2024;(3):87—98.
https://trud.igduran.ru/index.php/psu/article/view/642
Htet Zaw Oo, Kyaw Zay Ya, Goryachev B. E. Modeling
and optimization of compositions of three-component
modifier mixtures by simplex planning method to
analyze their effect on the flotation of copper-zinc
pyrite ores. Gornyi informatsionno-analiticheskii byulleten.
2024;(8):141—152. (In Russ.).
https://giab-online.ru/files/Data/2024/8/
08_2024 141-152.pdf

15



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 e No.4 « P.5-17

Htet Zaw Oo, Kyaw Zay Ya, Goryachev B.E. Effect of metal-containing modifier compositions with sodium sulfide on the selective flotation...

18.

19.

20.

21.

16

Xret 30 ¥, Uxo 3aii fa, l'opsueB B.E. MoaenupoBa-
HUE M ONTUMM3aLMsI COCTAaBOB TPEXKOMITOHEHTHBIX
cMeceit MoTu(pUKaTOpoB METOJIOM CUMILIEKCHOTO TLIa-
HUPOBAaHWS JUISI aHaJu3a WX BIUSHUS Ha (uotamnio
MEIHO-IIUHKOBBIX KOTYETAHHBIX PYA. [opHuiil ungop-
MayuonHo-anarumuueckuil orontemens. 2024;(8):141—152.
https://giab-online.ru/files/Data/2024/8/
08_2024_141-152.pdf

Bocharov V.A., Agafonova G.S., Khersonskaya I.1., Lap-
shina G.A., Khersonskii M.I., Kas'yvanova E.F., Sereb-
ryannikov B.L., Ivanov N.F., Morozov B.A., Karbov-
skaya A.V. Method of flotation separation of sulfide cop-
per-zinc-pyritic concentrates, that have zinc sulfides ac-
tivated by copper and calcium cations: Patent 2054971
(RF). 1996. (In Russ.).
https://www.elibrary.ru/item.asp?id=38031592

BbouapoB B.A., AracdonoBa I.C., Xepconckas W.U.,
Jlanmmna IA., Xepconckuit M.U., KacpsinoBa E.®.,
CepebpssuaukoB b.JI., UBanos H.®., Moposos Bb.A.,
Kapo6osckasi A.B. Crioco6 ¢yioTallMOHHOT0 pa3aeeH st
CyNTbOUIHBIX METHO-IITUHKOBO-TTMPUTHBIX KOHIIEHTPa-
TOB, CONEPXAIIUX aKTUBUPOBAHHBIC KATUOHAMU MEIU
u Kanblus cynbdunsl nuHka: [arent 2054971 (PD).
1996. https://www.elibrary.ru/item.asp?id=38031592
Kokorin A.M., Luchkov N.V., Smirnov A.O. Selective
extraction method of copper minerals to concentrates at
enrichment of copper-zinc pyrite-containing ores: Patent
242570 (RF). 2011. (In Russ.).
https://www.elibrary.ru/item.asp?id=37475002
Kokopun A.M., JlyukoB H.B., CmupnoB A.O. Crioco6
CEJIEKTUBHOTO BBIIEJCHUS METHBIX MUHEPAJIOB B KOH-
LIEHTpaThl Mpu OOOralieHu MeIHO-IIMHKOBBIX MUP-
potuHconepxamux pya: Ilarent 242570 (P®). 2011.
https://www.elibrary.ru/item.asp?id=37475002
Zimbovsky 1.G. Modern reagents-collectors for flotation
of copper-zinc sulphide ores. Gornyi informatsionno-
analiticheskii byulleten. 2013;(5):117—122. (In Russ.).
https://giab-online.ru/catalog/11943

3umboBckuit M.I. CoBpeMeHHBIC peareHThI-COOMpa-
Tenu st QIOTAIMKM MEeIHO-IIMHKOBBIX CYIb(MUIHBIX
pya. lopubiil ungopmayuonHo-anasumuyeckuii 61011emeHbs.
2013;(5):117—122.

https://giab-online.ru/catalog/11943

Mamonov S.V., Volkova S.V., Chinova N.B., Khisamo-
va A.S., Goraichuk P.K. Improving the technology of
enrichment of copper-zinc ore from the pyrite deposit
of the Ural type. Minerals and Mining Engineering.
2023;(3):86—96. (In Russ.).
https://doi.org/10.21440/0536-1028-2023-3-86-96

22.

23.

24.

25.

26.

27.

28.

MamonoB C.B., Bonkosa C.B., UunoBa H.b., Xucamo-
Ba A.C., Topaituyk I1.K. CoBepiiieHCTBOBaHUE TEXHO-
JIOTUM O0OTAIICHU ST METHO-IIMHKOBOM PY/IbI KOJTYeTaH-
HOT'0 MECTOPOXICHU S YpabCKOTO TUTIA. M36ecmusi abic-
wux yuebnoix 3aeedenuti. Toprowiii wcypran. 2023;(3):86—96.
https://doi.org/10.21440/0536-1028-2023-3-86-96
Zimin AV., Arustamyan M.A., Kalinin E.P., Solov’yo-
va L.M., Nemchinova L.A. Classification of technologi-
cal schemes for flotation enrichment of pyrite copper
and copper-zinc ores. Mining Journal. 2012;(11):28—33.
(In Russ.).
https://www.rudmet.ru/journal/964/article/15148/
3umuH A.B., ApycramsaH M.A., Kaaunun E.I1., Coso-
BbeBa JI.M., Hemunnosa JI.A. Knaccudukanus TexHo-
JIOTUYECKUX CXeM (hIOTAllMOHHOTO O0OTAleHUST KOJI-
YeaHHBIX MEIHBIX U MEIHO-LIMHKOBBIX PYA. [0opHblii
acypran. 2012;(11):28—33.
https://www.rudmet.ru/journal/964/article/15148/
Shekhirev D.V. Method for calculating material dist-
ribution by floatability. Obogashchenie Rud. 2022;(4):27—
34. (In Russ.).

https://doi.org/10.17580/0r.2022.04.05

IexupeB J1.B. Mertoauka pacuyera pacrnpelnesieHus:
MmaTtepuana Tio (aoTupyemoctu. Oboeawerue pyo.
2022;(4):27—34. https://doi.org/10.17580/0r.2022.04.05
LiY., Zhao W., Gui X., Zhang X. Flotation kinetics and
separation selectivity of coal size fractions. Physicochemi-
cal Problems of Mineral Processing. 2013;49(2):387—395.
http://dx.doi.org/10.5277/ppmp130201

Goryachev B.E., Nikolaev A.A., Ils’ina E.Yu. Analy-
sis of flotation kinetics of particles with the controlla-
ble hydrophobic behavior. Journal of Mining Science.
2010;46:72—77.
https://doi.org/10.1007/s10913-010-0010-0

Goryachev B.E., Nikolaev A.A. Principles of kinetic
“ion” modeling of adsorptive collector layer at the surface
of nonferrous heavy metal sulfides. Journal of Mining Sci-
ence. 2013;49:499—506.
https://doi.org/10.1134/S1062739149030180

Saroj K.S., Nikkam S., Atul K.V. Performance evaluation
of basic flotation kinetic models using advanced statisti-
cal techniques. International Journal of Coal Preparation
and Utilization. 2019;39(2):65—87.
http://dx.doi.org/10.1080/19392699.2017.1302436
Xiangning Bu, Liang Ge, Yale Peng, Cao Ni. Kinetics of
flotation. Order of process, rate constant distribution and
ultimate recovery. Journal of Physicochemical Problems of
Mineral Processing. 2017;53(1):342—365.
http://dx.doi.org/10.5277/ppmp170128



13BecTis By30B. LiBeTHOSI MeETAAAYprnst o 2025 o T.31 o« N24 o C, 5-17

Xrer 30 Y, Yxo 3avi Sla, lopsiyes b.E. OUeHKa BAUSIHUS KOMMO3ULIMN METAAAOCOAEPXKALLNX MOANPUKATOPOB C CEPHUCTLIM HOTPUEM...

Information about the authors

Htet Zaw Qo — Postgraduate Student of the Department
of Mineral Processing, National University of Science and
Technology “MISIS” (NUST MISIS).
https://orcid.org/0000-0003-2040-2552

E-mail: htetzawoo68099@gmail.com

Kyaw Zay Ya — Cand. Sci. (Eng.), Intern-Doctoral Student
of the Department of Mineral Processing, NUST MISIS.
https://orcid.org/0000-0003-4364-9574

E-mail: kokyawgyi49@gmail.com

Boris E. Goryachev — Dr. Sci. (Eng.), Professor of the Depart-
ment of Mineral Processing, NUST MISIS.
https://orcid.org/0000-0002-5164-5920

E-mail: beg@misis.ru

Nudopmanus 06 aBTopax

Xter 30 Y — acniupaHT Kadeapsl 000TAIIEHU ST TTIOJIE3HBIX
nckonaeMbix (OIMW), HUTY MUCHUC.
https://orcid.org/0000-0003-2040-2552

E-mail: htetzawoo68099@gmail.com

Yko 3aii la — K.T.H., cTaxkep-mokTopaHT Kadenpst OIMU,
HUTY MUCHUC.

https://orcid.org/0000-0003-4364-9574

E-mail: kokyawgyi49@gmail.com

Bopuc EsrenbeBuy I'opsiueB — 1.7.H, npodeccop kadenpsl
O, HUTY MUCHC.
https://orcid.org/0000-0002-5164-5920

E-mail: beg@misis.ru

Contribution of the authors

Htet Zaw Oo — literature review and analysis, preparation
of ore samples for research, performance of flotation experi-
ments, analysis of experimental results, and writing of the
manuscript.

Kyaw Zay Ya — literature review and analysis, evaluation of
experimental data, participation in the discussion of results,
and performance of theoretical calculations.

B.E. Goryachev — formulation of the study concept, defini-
tion of research objectives, discussion of experimental me-
thods and obtained results, performance of calculations, and
writing of the manuscript.

Bkaan aBTopos

Xter 30 Y — cO0p 1 aHaIU3 IUTEPATYPHhI, TOATOTOBKA ITPO-
OBl PYAbI IJ151 UCCIIEAOBAHUM, TPOBEACHUE SKCTIEPUMEHTOB
1o GbJIoTalMu, aHaJIU3 Pe3yJIbTaTOB IKCIIEPUMEHTOB,
HaIlMcaHue CTaThH.

Yzko 3aii fla — cO0op 1 aHAIU3 TUTEPATyPhl, aHATU3 IKCITe-
PUMEHTAJIbHBIX JaHHBIX, YYaCTHUE B 00CYXIEHUU Pe3yib-
TaToB, IPOBEACHNE TEOPETUUECKUX PACUETOB.

B.E. I'opsiueB — popMyiupoBKa KOHLIENLIUU PAOOTHI, ONIpe-
neJieHue 1en paboThl, 00CYXIeHNEe METOTUKY IKCIIePU-
MEHTOB U TIOJIyYeHHBIX Pe3yIbTaTOB, BHITIOJHEHUE pacue-
TOB, HallUCaHUE CTATbU.

The article was submitted 02.09.2024, revised 10.03.2025, accepted for publication 12.03.2025
Cmamuws nocmynuaa 6 pedaxyuio 02.09.2024, dopabomana 10.03.2025, noonucana 6 newams 12.03.2025

17



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 ¢ No.4 « P. 18-29

Dorozhko V.A.. Chukreev K.G., Afonin M.A. Technology for recycling still residues from dehalogenation to produce commercial...

METALLURGY OF NON-FERROUS METALS / METAAAYPTAS LUBETHbIX METAAAOB

UDC 66.061.352 Research article

https://doi.org/10.17073/0021-3438-2025-4-18-29 HayuHas ctarbs @

Technology for recycling still residues

from dehalogenation to produce commercial
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St. Petersburg State Institute of Technology
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Abstract: The study describes a method for recycling the still residue from the synthesis of hexafluoro-1,3-butadiene (HFBD) to produce
zinc phosphate in the form of Zn;(PO,),-2H,0, which is used as a component in anti-corrosion pigment materials. The still residue (“heavy
liquid”) is preliminarily subjected to deep vacuum distillation (residual pressure 30 Pa, final temperature 160 °C) to recover volatile solvents-
namely, isopropanol and dimethylformamide (DMF). The remaining residue is a concentrated solution of ZnCl, (about 70 wt. %) containing
approximately 10 g/dm? of iron in the form of Fe(I1) and Fe(I1I), as well as colored organic impurities of unidentified composition. According
to the proposed process, the vacuum distillation residue is diluted with water at a ratio of 1 : 2, filtered to remove suspended solids, acidified to
pH 2 by the addition of concentrated HCI, and treated oxidatively with H,0, at 70 °C. Fe(I1I) is removed by extraction with a 30 % solution of
Cyanex 272 in an aliphatic diluent, and the colored impurities are removed by adsorption onto BAU-1 grade activated carbon. An alternative
method for removing Fe(111) and part of the colored impurities involves precipitating zinc in the form of (ZnOH),COj3 using a 10 % Na,CO;
solution. Final clarification is also carried out using BAU-1 activated carbon. The purified, clear ZnCl, solution is then subjected to a two-
step precipitation process to obtain zinc phosphate. The resulting precipitate is filtered, thoroughly washed with water, dried, and ground.
The study showed that after drying at 100—105 °C, the resulting powder corresponds to the composition Zn;(P0O,),2H,0. The content of
regulated impurities falls within acceptable limits, and the properties of the material meet the requirements for pigment-grade substances.
A comparison of the obtained zinc phosphate with a commercially available sample of pigment-grade zinc phosphate was conducted. It was
established that the proposed technology yields 580 g of zinc phosphate dihydrate per 1 kg of initial raw material.

Key words: waste, hexafluoro-1,3-butadiene, heavy liquid, zinc chloride, zinc phosphate, refining.
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Ky60BbIX OCTATKOB A€rajJOorecHupoBaHusA

C NMOJIYYCHHEM TOBAPHBIX COCI[I/IHeHI/Iﬁ INUHKAa
B.A. lopoxko, K.I'. UykpeeB, M.A. Adonun

Cankr-IleTepOyprckuii rocyaapcTBeHHbIA TEXHOJIOTHYECKH HHCTUTYT (TeXHUYECKHIi YHUBEPCUTET)
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< Bnagpumup Anekcanaposuy JJopoxko (dorozhko.ti@gmail.com)

Aunoraunms: B paGore onucaH crnoco0d yruan3alum KyooBoro ocrarka cuHresa rekcadrop-1,3-6yraauena (F'®BJI) c monydyeHueM dpocda-
Ta unHKa B opme Zn3(POy), 2H,0, npuMeHseMoro B KaueCTBe KOMIIOHEHTa AaHTUKOPPO3MOHHBIX MUIMEHTHBIX MaTtepuasos. KyOooBblit
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Aopoxiko B.A., Yykpees K.I., ApoHUH M.A. TEXHOAOTUS Y TUAMIALNIN KYOOBbIX OCTATKOB AETAAOTE€HUPOBAHMS C MOAYYEHNEM TOBAPHBIX...

OCTATOK («TsIXKeJasi KUAKOCTb») MPELJI0OXKEeHO MpeBapuTe]bHO MOABEPrHYTh IyO0KOM BaKyyMHON AUCTUILISILMU (OCTaTOYHOE AaBJIeH e
30 ITa, Temneparypa okoH4YaHus rporecca 160 °C) niag u3BjIedeHUs JIETYYUX PaCTBOPUTEIIEH, U30IpoIaHoIa U JuMeTuI(popMaMuaa
(AM®A). Ocrarok npeacrasisieT co6oii KOHLEHTpUpoBaHHbII pacTBop ZnCl, (okoso 70 mac. %), conepxut okoJo 10 r/LLM3 xesesa B
dopme Fe(Il) u Fe(IIl), a Takke okpallleHHbIe OpraHWYecKue MpUuMecH HeycTaHOBJIeHHOro coctaBa. [lo pa3paboTaHHOI TEXHOJIOTUM
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Introduction

A current research trend in the production of high-
demand chemical compounds involves the recycling of
accumulated and newly generated technogenic waste.
The domestic paint and coatings industry has a demand
for zinc-based pigments such as zinc white (zinc oxide),
zinc chromate (zinc yellow), lithopone, and anti-corro-
sion formulations based on zinc—calcium medium or
double phosphate. This entire group of zinc-containing
pigments can be produced through the processing of
a wide range of industrial waste materials.

The authors of [1] examined the synthesis of zinc—
calcium mixed phosphate in chloride systems by
precipitation with ammonium hydrogen phosphate.
Studies [2—4] describe the synthesis and properties
of anti-corrosion pigments based on zinc phosphate
with benzotriazole (BTA) additives, while [5] demon-
strates that changing the molar ratio of ZnCl,/KOH
influences the formation of KZn,H(PO,), and
KZnPO, phases. It was found that KZn,H(PO,), ex-
hibits better inhibiting properties in a 3.5 % NaCl solu-
tion compared to KZnPO,. In [6], zinc phosphate with
a Zn/P ratio of approximately 1.5 was synthesized and
characterized, with potential applications in the cos-
metics industry. A method for synthesizing crystalline
a-Zn3(POy), 4H,0 was proposed in [7], where the
morphology was controlled by adjusting the pH of the
reaction medium.

Papers [8; 9] describe the synthesis and applica-
tion of rose-like sheet zinc phosphate (SZP), as well
as three-dimensional flower-like pigments based on
micro- and nanoscale zinc phosphate (FZP) and am-
monium—zinc phosphate (FNZP), used as anti-corro-
sion fillers in waterborne epoxy-modified acrylic resin.
In [10], a comparative study was carried out between
unmodified calcium zinc phosphate nanopigments
(UCZP) and their methyltriethoxysilane-modified
counterparts (MCZP). The potential use of dispersed
hot-dip galvanizing waste as a component of zinc-rich
coatings was explored in [11], while [12] examined the
synthesis of zinc-containing pigment compounds from
spent electroplating solutions. Patent [13] proposes a
method for processing such solutions to obtain com-
mercial-grade compounds. In [14], pigment-grade zinc
oxide was obtained via alkaline treatment of solid gal-
vanic sludge from the zinc-coating line at Signal-Ned-
vizhimost LLC (Russia). The feasibility of using elec-
troplating sludge as a raw material for the production
of inorganic pigments, including zinc-based ones, was
further investigated in [15; 16].

In [17], the catalytic properties of zinc and iron
phosphates in methanol conversion were investigated,
with particular attention to the hydrothermal synthesis
of a mixed phosphate in the R—ZnO(Fe,03)—P,05—
H,O system (where R is an organic or inorganic base).
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Novel core—shell nanostructures of zinc phosphate/
hydroxyapatite nanorods (ZPh/HPAy\gr,) were syn-
thesized and characterized as a modified form of hy-
droxyapatite with enhanced adsorption capacity for
Ni?* and Co?* ions [18]. The application of zinc phos-
phate with various binders as electrode material for su-
percapacitors was explored in [19].

A method for producing zinc-free phosphate pigments
containing strontium, calcium, and aluminum is present-
ed in [20], along with their chemical composition, physi-
cochemical, and anti-corrosion properties. This approach
is relevant in view of environmental concerns and regu-
latory restrictions on the use of zinc-based anti-corrosion
pigments in the European Union. The rapid and extensive
release of Zn*" ions from commercial lithopone pigment
under solar light exposure was reported in [21], where ap-
proximately 41 % of the total Zn content was released after
24 h of simulated solar exposure.

The application of zinc phosphates as micronutrient
fertilizers and feed additives in agriculture was studied
in [22], while [23] examined the synthesis of ZnO na-
noparticles and their use as nano-fertilizers in original
form or as ferrite or zinc phosphate composites.

Russia is one of the few global producers of hexa-
fluoro-1,3-butadiene (HFBD) and hexafluorobenzene,
which are electronic gases used in plasma etching of
silicon thin films during the manufacturing of micro-
electronic devices with 15—25 nm design standards, for
creating grooves and vias. HFBD is considered one of
the most ozone-safe gases for plasma etching applica-
tions. In 2016, new production facilities with an annual
capacity of up to 72 tons of HFBD were commissioned
in Perm, Russia.

The commercial HFBD production technology used
in Russia is described in patents [24—27]. Patent [28]
proposes using alternative precursors to obtain a purer
product without additional purification steps.

According to [24], a method was proposed for syn-
thesizing 1,2,3,4-tetrachlorohexafluorobutane, which
serves as a precursor for the production of hexafluoro-
1,3-butadiene (HFBD). The process involves the reac-
tion of 1-iodo-1,2,2-trifluoro-1,2-dichloroethane with
zinc in the presence of an organic oxygen-containing
complexing agent (cat), in accordance with the follow-
ing equation:

I-CF(Cl)—~ CF,Cl + Zn —2t0437°C,

OB C , CIF,C ~ CF(Cl) ~ CF(Cl) - CE,Cl + Znl,. (1)

The process is carried out by introducing an orga-
nic oxygen-containing complexing agent (cat) into the
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mixture of starting reagents at a temperature of 0—
45 °C. After completion of the reaction, 1,2,3,4-tetra-
chlorohexafluorobutane is isolated by rectification.

According to the method described in [25], hexa-
fluoro-1,3-butadiene (HFBD) is synthesized by react-
ing 1,2,3,4-tetrachlorohexafluorobutane with granu-
lar zinc in a water—alcohol medium at 30—90 °C. The
synthesis is performed by gradually dosing 1,2,3,4-tetra-
chlorohexafluorobutane into a reagent mixture con-
taining metallic zinc and water, while simultaneously
distilling off the target product, in accordance with the
following equation:

CIF,C - CF(Cl)— CF(Cl) - CF,Cl + 2Zn 30-90 °C, H,0

NNCHO B C=CF-CF=CRT+2ZnCl,. ()

Upon completion of dosing, the reaction mixture is
heated to boiling to ensure full dechlorination.

In [29], the mechanism of Fe(III) extraction by Cya-
nex 272 (bis(2,2,4-trimethylpentyl)phosphinic acid)
was studied using a combination of methods, including
'"H NMR spectroscopy, mass spectrometry, and others.
The extraction of Fe(III) from technical-grade phos-
phoric acid solutions using a related cation-exchange
extractant, Cyanex 572, was described in [30]. The use
of cation-exchange Cyanex extractants for the removal
of Fe(I1I) from leach solutions of nickel ores was reported
in [31]. The authors of [32] noted the challenges of
Fe(IIl) stripping and proposed strategies to improve
the regeneration efficiency of cation-exchange Cyanex
extractants. Previously, we studied the extraction of
Fe(I1I) from HCI solutions using 1-undecanol [33].

The application of cation-exchange extractants, in-
cluding Cyanex 272, for the purification of zinc-contain-
ing solutions was discussed in [34]. The use of liquid—
liquid extraction with Aliquat 336 to recover non-ferrous
metals, including Zn(II), from process solutions gene-
rated during electronic waste recycling was described in
[35]. In [36], the authors proposed a polyethylene gly-
col—sodium sulfate system (PEG-1500—Na,SO,) as an
extractant for processing Zn-containing solutions.

The aim of the present study was to develop an effi-
cient process scheme for recycling the still residue from
the dehalogenation of 1,2,3,4-tetrachloroperfluorobu-
tane, with the recovery of zinc orthophosphate as the
target product.

1. Processing technology

The figure shows a flow diagram of the process used
to treat the feedstock — the still residue from vacuum
distillation of dehalognation waste.
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1.1. Feedstock (ZnCl, 70 %)
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:— solution (Zl’lC12 25 %) (Zl’lC12 10 %)

(IMHCl) — 1 ]

Sent for disposal after several cycles

1.6. Precipitation I
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v
Nazl(:io(; —>| Preparation Na,HPO, | | ) Hiltration 7 |
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Phosphoric acid v v H (2) ’
(H;PO, 85 %) Precipitation II ’
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v
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Filter cake Filtrate (NaCl)

1. Washing and filtration (3 cycles)
2. Drying

'

Zinc phosphate
(Zny(PO,),’2H,0)

Sent for disposal

Flow diagram of the processing of the still residue from deep vacuum distillation of “heavy liquid”
to produce commercial-grade zinc phosphate

CxeMa repepaboTKM KyOOBOTr0 0cTaTKa ri1y00KOi BaKyYMHOMN TUCTUISLIUM «TSIXKEOM XKUITKOCTI»
C MoJiyueHueM ToBapHoro ¢gocdara HuHKa

21



lzvestiya. Non-Ferrous Metallurgy e 2025 ¢ Vol. 31 ¢ No.4 « P. 18-29

Dorozhko V.A.. Chukreev K.G., Afonin M.A. Technology for recycling still residues from dehalogenation to produce commercial...

1.1. Feedstock

The so-called “heavy liquid” represents a com-
bined discharge of liquid waste generated at all stages
of HFBD production, as well as from the synthesis of
precursor compounds. The synthesis of 1000 kg of hexa-
fluoro-1,3-butadiene (HFBD) yields approximately
120 kg of waste (“heavy liquid”), consisting of the fol-
lowing: products of partial dehalogenation of 1,2,3,4-
tetrachlorohexafluorobutane (TCHFBD); products
of partial reduction of HFBD by zinc; chlorinated hy-
drocarbons; zinc chloride (ZnCl,) in solution in either
isopropanol (IPA) or dimethylformamide (DMF).
Zinc chloride is also formed via the chlorine conver-
sion of Znl,, which is produced during the synthesis of
1,2,3,4-tetrachlorohexafluorobutane [24].

To recover isopropanol, the “heavy liquid” under-
goes deep vacuum distillation in a Formeco unit (Italy)
at a residual pressure of approximately 30 Paandup toa
final temperature of 160 °C. The resulting feedstock is a
viscous, opaque, syrup-like oily liquid with an ether-like
odor, containing suspended impurities.

The density of the solutions was measured using
~5 mL pycnometers on an analytical balance with a pre-
cision of £0.0001 g. The density measurement accuracy
was +0.001 g/cm?.

The Fe(III) concentration was determined by the
thiocyanate spectrophotometric method according to
[37], using a calibration curve. Fe(II) in the samples was
oxidized to Fe(IIT) by adding an excess of potassium
peroxodisulfate.

The Zn(IT) concentration was determined by direct
complexometric titration using eriochrome black T as
an indicator in accordance with [38]. The concentration
was found to be 9.0 + 0.1 mol/dm?.

The key parameters of the initial feedstock are listed
below:

ZnCl, concentration, g/dm3 ......................... 1340 £ 15
Total iron content, g/dm3 .............................. 5.8+0.1
Feedstock density, g/cm’........ccocovveen.... 1.910 £ 0.001

1.2. Peroxide treatment

Preliminary experiments showed that the initial
feedstock contained Fe(II) and Fe(III) compounds as
colored impurities, as well as unidentified organic con-
taminants. The feedstock was diluted with water at a
volume ratio of 1 : 2. The resulting solution was filtered
through a pre-coated sand layer using a Biichner funnel.
Exposure to concentrated zinc chloride solutions leads
to the dissolution of paper and fabric, causing traditional
filter membranes to fail rapidly.
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To oxidize iron into the Fe(III) state and to promote
the oxidative degradation of organic impurities, the fil-
trate was sequentially treated with concentrated HCI
and H,0, as follows: 100 mL of the filtrate was placed
in a beaker and heated in a water bath for 30 min. Then,
every 10 min, 1 cm® of H,0, and 1 cm? of concent-
rated HCI were alternately added to the hot solution un-
der stirring, for a total of four additions. Each addition
of H,0, and HCI caused the solution to foam, followed
by clarification, indicating the oxidation of organic im-
purities and the decomposition of colored Fe(I1I) com-
plexes. The oxidation process was carried out for 1.5 h,
and by the end of the treatment, the pH of the solution
had decreased to 2.

1.3. Solvent extraction
of iron (III)

Cyanex 272 (bis(2,2,4-trimethylpentyl)phosphinic
acid), a commercial weakly acidic organophosphorus
extractant, was selected as the extractant. Its selection
was based on its low acidity, which facilitates the strip-
ping of Fe(IIl) — a highly extractable ion with strong
affinity for cation-exchange extractants. A 30 % solu-
tion of Cyanex 272 in a mixture of Isopar-L and tribu-
tyl phosphate (in a volume ratio of 9 : 1) was used as the
diluent. The Cyanex 272 concentration, determined by
potentiometric titration, was 0.73 = 0.01 mol/dm3. The
extractant was first converted into the Ca-form (30 %)
by mixing with dilute water containing slaked lime, and
then into the Zn-form by contacting with a zinc chloride
solution.

To extract Fe(III), the filtered and oxidized solution
was treated with three portions of the extractant at an
extractant-to-aqueous phase volume ratio of 1 : 5.

The residual Fe(IlI) concentration in the aqueous
phase, determined by spectrophotometry, was approxi-
mately 40 mg/dm’.

1.4. Sorption polishing
of the raffinate

Following extraction, a yellowish transparent raffi-
nate was obtained. To remove the residual yellow tint,
sorption polishing was applied. Prior to that, the effec-
tiveness of several sorbents — Purolite MN200, Purolite
XDAI, and BAU-1 activated carbon—was assessed. For
the test, 15 g of each sorbent was added to 50 cm? of raf-
finate.

During static sorption treatment, BAU-1 activated
carbon demonstrated the best performance: the solution
became clear and colorless, with no visible yellow tint.
The solutions treated with resins retained a noticeable
yellow coloration. Based on these results, BAU-1 acti-
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vated carbon was selected as the sorbent for the sorption
polishing stage.

A volume of 160 cm? of raffinate was transferred to
a beaker and 15 g of activated carbon was added. The
sorption process was carried out under periodic stirring
for 2 days. During this time, the original zinc chloride
solution became fully decolorized. The zinc concentra-
tion, determined by titrimetric analysis, was found to be
3.6 £ 0.1 mol/dm’>.

1.5. Clarification
of the peroxide-treated solution
via zinc carbonate precipitation

To remove Fe(IIl) from the zinc chloride solution,
it was proposed to co-precipitate 10 % of the zinc in
the form of zinc hydroxycarbonate, (ZnOH),CO;.
This method allows the extraction stage for Fe(III) re-
moval to be omitted, while the peroxide oxidation step
can be carried out using a lower amount of peroxide —
just enough to oxidize Fe(II) to Fe(III). As a result of
co-precipitation of Fe(IIT) and adsorbed organic impu-
rities on amorphous zinc hydroxide, the solution can be
clarified more effectively.

Zinc precipitation with sodium carbonate occurs in
the form of zinc hydroxycarbonate according to the fol-
lowing reaction:

2ZHC]2 + 2N32CO3 + 2H2O —>
— (ZnOH),CO5l + 4NaCl + CO,T. (3)

To precipitate 10 % of the zinc from the initial solu-
tion, a weighed portion of sodium carbonate was dis-
solved in an equal volume of water and slowly added to
the zinc chloride solution under vigorous stirring over
30 min. The resulting suspension was then filtered
through a “blue ribbon” filter to obtain a clear, colorless
filtrate. The resulting contaminated filter cake can be
dissolved in hydrochloric acid and reintroduced into the
main solution during its dilution.

1.6. Precipitation of zinc phosphate

According to the standard procedure [39], sodium
hydrogen phosphate is used for the precipitation of zinc
orthophosphate. The precipitation occurs according to
the following reaction:

3ZnCl, + 4Na,HPO, + 4H,0 —
— Zn3(POy), 4H,0! + 2NaH,PO, + 6NaCl. (4)
The purified zinc chloride solution and the sodium

hydrogen phosphate solution were mixed so that the mo-
lar ratio Zn : P was maintained at 1.4.

Sodium hydrogen phosphate (Na,HPO,) was pre-
pared by mixing solutions of sodium carbonate and or-
thophosphoric acid in stoichiometric amounts accord-
ing to the reaction:

N3.2CO3 + H3PO4 —>
— Na,HPO, + H,0 + CO,". )

The weights of the reagents were calculated based
on the Zn(II) concentration in the feed solution, which
ranged from 3 to 4 M.

To prepare the sodium hydrogen phosphate solu-
tion, 26.7 g of sodium carbonate was dissolved in 100 cm?
of water and added to an 85 % orthophosphoric ac-
id solution (29.0 g) previously dissolved in 250 cm?
of water. After neutralization, the prepared sodium
hydrogen phosphate solution was used to precipitate
zinc orthophosphate by adding it to 150 mL of the pu-
rified zinc chloride solution, in accordance with re-
action (4). Thus, the volume ratio Zn2+/ HPO42_ was
approximately 1: 2. During precipitation, a flocculent
precipitate formed. After stirring the reaction mixture
for 10 min, the zinc phosphate precipitate was filtered
through a Biichner funnel using a “blue ribbon” filter,
and the filtrate was returned to the reactor for further
precipitation of zinc phosphate. The precipitate was
washed twice by repulping with water at a solid-to-
liquid ratio of 1 : 10, followed by an additional wash-
ing step directly on the filter using heated water (also
at a 1: 10 ratio). The resulting zinc orthophosphate
was then dried at 100 °C and subsequently calcined at
250 °C.

Since, as indicated by reaction (6), half of the sodium
hydrogen phosphate is converted to sodium dihydrogen
phosphate, incomplete precipitation of zinc occurs. The
solution becomes increasingly acidic, and equilibrium is
established at pH = 2. To ensure complete precipitation
of zinc as zinc phosphate and full consumption of the
orthophosphoric acid, it was proposed to carry out an
additional precipitation step by neutralizing the excess
acidity with sodium carbonate.

To prepare the sodium carbonate solution for the ad-
ditional precipitation, 11.8 g of sodium carbonate was
dissolved in 100 cm? of water. The resulting solution was
added to the mother liquor to precipitate the remaining
zinc phosphate according to the following reaction:

3ZnCl, + 2NaH,PO, + 2Na,CO; + 2H,0 —
— Zn3(P0Oy),"4H,0! + 6NaCl + 2CO,I.  (6)

The procedure for precipitating zinc phosphate from
the mother liquor was analogous to that described pre-
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Table 1. Gravimetric determination of precipitate moisture content

Tabauua 1. Pe3ynbraTsl U3MepeHus BIaXXHOCTU OCaIKOB

Stage migo, & mys0, 8 mMy,0, & 0,0, %
Primary 32.9 30.0 2.9 8.8
precipitation
Additional 27.1 24.9 22 8.1
precipitation

viously. Upon addition of the sodium carbonate solu-
tion, gas evolution, foaming, and the formation of a
white flocculent precipitate were observed. The reaction
mixture was stirred for 10—15 min. The precipitate was
filtered and dried following the same method as for the
initial precipitation.

The masses of the precipitates obtained after the
precipitation and additional precipitation steps were
determined after drying at 100 °C (m;,,) and 250 °C
(mys0). The mass loss upon drying at 250 °C and the
water content were calculated using the following for-
mulas:

Amyy 0 = Moo — Mas0, (7)
my,o
O11,0 = Sy 100 %. ®)

The moisture content of the obtained precipi-
tates, determined gravimetrically, is presented in
Table 1. The loss of moisture upon heating from 100 °C
to 250 °C corresponds to the behavior of zinc phos-
phate in the form of Zn;(PO,),-2H,O0 after drying at
100 °C. Thus, both anhydrous and dihydrate forms
of zinc phosphate can be obtained, both of which are
highly sought after for use in the production of pig-
ment materials.

2. Characterization
of the synthesized zinc phosphate

2.1. Oil absorption of pigments

One of the key characteristics of technical pig-
ment materials is their oil absorption. According to
GOST 21119.8-75, oil absorption of the first kind is
defined as the amount of oil (in grams) required to
produce 100 g of a homogeneous pigment paste. It
is determined as follows: a sample of the pigment is
gradually mixed with linseed oil, grinding the mixture
until a uniform paste is obtained. The amount of oil
consumed in the test is then recorded and rounded to
the nearest whole number [34].
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In our case, 1.44 g of oil was used to wet approxi-
mately 5 g of the pigment sample. The oil absorption was
calculated using the formula:

x =25 400, )
m
where V'is the volume of linseed oil used during testing
(cm®); m is the mass of the pigment sample (g); and 0.93
is the density of linseed oil (g/cm3).
As a result, the oil absorption of the obtained pig-

ment was 29 g4;1/100 gpioment-

2.2. Elemental analysis
of zinc phosphate

The elemental composition of the zinc phosphate
samples was determined using an X-ray fluorescence
analyzer integrated into the VEGA 3 SBH scanning
electron microscope (TESCAN, Czech Republic) at the
Engineering Center of the St. Petersburg State Institute
of Technology (Technical University). Samples dried at
250 °C and prepared as a white powder were used for the
analysis.

The results are presented in Table 2, based on which
the contents of the main compounds in the pigment were
calculated:

Zinc compounds (as Zn), Wt. % ....cccoeeeevveeeeennnnnnn. 50.6
Phosphorus compounds (as POy), wt. %............... 49.1

Table 3 presents the specification values for a com-
mercial-grade pigment sample used in paints (Neo-PZ,
manufactured by PS Akvilon LLC), along with the
properties of the zinc phosphate pigment obtained in
this study after drying at 100 °C, corresponding to the
composition Zns(PO,),:2H,0.

The test results confirm that the synthesized zinc
phosphate dihydrate meets all standard requirements for
zinc phosphate pigment materials.

3. Results

A method has been proposed for processing the ha-
zardous waste currently accumulating, enabling the
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Table 2. Elemental composition of zinc phosphate samples

Tabauua 2. DjIeMeHTHBIN cocTaB 00pa3loB docdaTa IMHKA

Content, wt. % (at. %)
Sample
o P Cl Zn
. 35.55 13.56 0.08 50.62
Precipitate
(64.61) (12.73) (0.06) (22.51)
. 36.69 13.17 0.06 47.07
Mother liquor
(64.38) (11.72) (0.05) (19.85)
Table 3. Test results of the zinc phosphate pigment for use in Neo-PZ paints
(PS Akvilon LLC)
Tabauua 3. Pesynbrarsl ucnibiTaHUl HMHKOMOCHATHOrO MUTMeHTa 7151 KpacoK Neo-PZ
npennpusatust OO0 «I1C AxkBusioH»
. Phosphorus Particle size
AN SOOI compounds pH of aqueous (residue on
DS s Zil) (as POy), suspension Ao, % | No. 0045 sieve), HAGEITS
wt. %
wt.% wt. %
Specification White
for Neo-PZ 40—47 40—47 7-9 8—16 <0.5 powder
Test results
for synthesized 43.2 45.5 8.1 10.2 Trace Complies
pigment

recovery of valuable solvents—isopropanol and di-
methylformamide (DMF) — which are presently not
produced in Russia. At the same time, the large-scale
recovery of these solvents is not feasible without ad-
dressing the problem of utilizing the still residue. The
processing technology for the still residue, developed
within the scope of this study, comprises the following
stages.

1. Dilution of the still residue from the vacuum dis-
tillation of the heavy liquid with water and subsequent
filtration (Vgegstock = 50 €m?, Viy,0 = 100 mL).

2. Treatment of the filtrate with a 31 % hydrogen per-
oxide solution and a 36 % hydrochloric acid solution un-
der heating to 80 °C (Vy,0, =4 mL, V¢ =4 mL).

3.1. Solvent extraction of Fe(III) using a 0.8 M solu-
tion of Cyanex 272 (3x20 mL, organic phase to aqueous
phase ratio O : A =1 :5); followed by sorption purifica-
tion of the raffinate (mgay_; = 15 g).

3.2. Alternatively to Stage 3.1, precipitation of
(ZnOH),CO5 and organic impurities by treatment with a
sodium carbonate solution (Vy,o = 100 mL, myg,,co, =
=4.24g).

4. Precipitation of zinc phosphate by treatment with
Na,HPOy (my,,co, = 26.7 8, mypo, = 29.0 8, Vi,0 =

= 350 mL), followed by additional treatment with a
sodium carbonate solution (my,,co, = 11.8 g, Vy,0 =
=100 mL).

The amount of Zn3(PO,),-2H,0 that can be ob-
tained from 1 kg of initial feedstock is approximately
580 g.

In addition to zinc phosphate, the developed tech-
nology also allows the production of ZnCOj3, ZnO, and
a refined concentrated ZnCl, solution (ZnCl, concen-
tration > 50 %).

Conclusion

A technological scheme has been developed for pro-
ducing pigment-grade zinc phosphate from zinc chlo-
ride contaminated with impurities, a waste by-product
of the dehalogenation process. The concentrations of
iron and zinc chloride in the initial feedstock were de-
termined.

Experimental results showed that treating the di-
luted feedstock with hydrogen peroxide in the pre-
sence of hydrochloric acid under heating promotes
the decomposition of colored organic impurities,
which impede the separation of iron and the complete
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decolorization of the solution. Both solvent extrac-
tion and precipitation methods for achieving com-
plete decolorization of the zinc chloride solution were
proposed. As a result of the two-stage precipitation
process, zinc orthophosphate was obtained as the fi-
nal product. The pigment’s oil absorption was deter-
mined experimentally, and its elemental composition
was established.

Comparison of the synthesized product’s charac-
teristics with those of the commercial Neo-PZ zinc
phosphate pigment (PS Akvilon LLC) confirmed
that the properties of the synthesized material ful-
ly meet the standards for pigment-grade zinc phos-
phate.
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Abstract: The process of fire refining of copper is based on the removal of impurities that have a high affinity for oxygen through their oxidation
by gaseous oxygen. Since the main component of blister copper is copper itself, according to the law of mass action and its affinity for oxygen,
during air blowing the metal primarily reacts with the oxygen in the blast. The resulting copper (I) oxide is transported from the zone of direct
contact with gaseous oxygen into the region of lower oxygen concentration, where the oxidation of impurities (Me;) occurs. In practice, the
actual copper melt deviates from ideal behavior; therefore, it is necessary to consider the activities of the components and the interaction
parameters of the system when evaluating the thermodynamic premises of fire refining. It is known that the oxygen activity in copper melts
depends on the oxygen affinity of the impurities. Impurities with a high affinity for oxygen (e.g., Al, Si, Mn) significantly reduce the oxygen
activity, whereas those with a lower affinity (e.g., Zn, Fe, Sn, Co, Pb) only partially decrease it. Thermodynamic calculations were performed
to estimate the final concentration of impurities in the copper melt and to theoretically evaluate the influence of impurities on oxygen activity
in blister and anode copper. The calculations showed that fire refining of copper by air blowing under a weighted ideal slag has thermodynamic
limitations. The final impurity concentration depends on both the oxygen activity in the melt and the activity of the impurity oxide in the
slag. A decrease in the impurity oxide activity in the slag enhances refining efficiency by shifting the oxidation reaction equilibrium toward
the reaction products. The theoretical effect of impurities on the oxygen activity in copper is substantiated for two melts differing in chemical
compositin.

Keywords: oxidation, blister copper, anode copper, oxygen activity, activity coefficient, weighted ideal slag.
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C YUeTOM napaMeTpPoOB B3aMMOIeiiCTBUA paciliaBa
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Annotauus: B ocHoBe orHeBoro paMHUPOBAHMSI MEIU JIEXKUT MPOLECC yAaJeHUs TpuMeceii, 00J1a1aoIInX MOBBIIIEHHBIM CPOICTBOM
K KHCJIOPOMY, 3a CYET UX OKUCJICHUS KUCIOPOAOM ra3oBoit ¢asbl. [10CKOIbKY OCHOBHBIM KOMIIOHEHTOM YePHOBOW MeIU SIBISIETCS
MeJib, TO, COIJIACHO 3aKOHY NeMCTBYIOIIMX MAcC U CPOACTBA K KUCIOPOY, IPU MPOIYBKE pacijaBa BO31yXOM OHA MPEUMYIIECTBEHHO
BCTyMaeT BO B3aUMOJECTBUE C KMCIOpoaAoM 1yThsl. O6pa3oBaBiuiuniicst okena menu (1) B pesyibraTe nepeMeinBaHusi MOTOKaMU BO3-
JyXa MepeMeliaeTcsl U3 30Hbl HEIMOCPEICTBEHHOI0 KOHTAaKTa € Ta3000pa3HbIM KUCIOPOJOM B 30HY HU3KUX KOHIIEHTPALIMil KUCIOPO-
1a, B KOTOPOH ocylllecTBsIeTCd MPOTEKaHUe peaKLiuy okuciaeHus npumeceit (Me;) [1]. Ha npakTuke peanbHblii pacrias MeAu OTIN-
YaeTCsT OT UIeaTbHOT0, TOATOMY JIISI OLIEHKH TePMOIAMHAMUYECKUX MPEIMOCHIIOK OTHEBOTO pahUHUPOBAHUST MEIH 11eJIeCO00pa3HO
YYUTHIBATH AKTUBHOCTH KOMITOHEHTOB U IMapaMeTpbl B3aUMOIEUCTBUS CUCTeMBbl. MI3BeCTHO, YTO aKTUBHOCTH KMCIOPOAAa B METHBIX
pacriaBax 3aBUCHT OT CPOJCTBA IpuMeceil K Kuciaopony. [Ipumecu, obranamonire BBICOKUM CPOICTBOM K KMCIOpoay (Hampumep, Al,
Si, Mn), TOCTaTOYHO XOPOIIO CHUXKAIOT aKTUBHOCTH Kucjopona. [Ipumecn, obmamaronine MEHBIIUM CPOJACTBOM K KUCIOpony (Ha-
npumep, Zn, Fe, Sn, Co, Pb), 4aCTUYHO CHUXKAIOT €ro aKTUBHOCTb. JLJIsT OLIEHKN TEPMOJIMHAMUYECKOW BO3MOXKHOCTH OKUCJICHU S
npumeceit (Me;) B paciiaBe Meny, C y4eTOM MapaMeTPOB B3aUMOACHCTBUS pacIaBa, IPOBEICHBI PACUCThl KOHEYHON KOHILIEHTpa-
MU PUMeceil B paciljiaBe MeIU M TeOPETUYECKasi OIICHKA BIMSHUS MMPUMeceil Ha aKTUBHOCTH KUCIOPO/Ia B paciljiaBe YepHOBO U
aHOMHONW Meau. PacueTsl mokasaau, 4TO BO3MOXHOCTH OTHEBOTO padMHUPOBAHUSI MEAU MYTEM MPOAYBKHU paciijiaBa BO3IYXOM MOJ
CpPeIHEB3BEIIEHHBIM HAeadbHbIM IJTAKOM UMEET TePMOAMHAMUYECKE OTPAHUYCHU ST, TPU DTOM KOHEYHAsI KOHLEHTpaL s TPUMecHu
3aBHCHUT OT aKTMBHOCTH KUCJIOPO/Ja B paciljiaBe U OT aKTUBHOCTHU OKcHIa mpuMecH B mjaake. C yMeHbIIEHUEM aKTUBHOCTH OKCH[A
MpUMeECH B 1IJIaKe yayuuiaeTcs: pabuHUpOBaHME 3a CUET CABMIa PAaBHOBECHUS peaklMU OKUCIEHU S MPUMECH B CTOPOHY NPOAYKTOB
B3auMoneicTBusi. TeopeTnueckn 060CHOBAHO BIUSIHUE TPUMeceil Ha aKTUBHOCTb KUCIOPOia B MEIH LTS ABYX PA3IMUHBIX 1O XUMH-
YeCKOMY COCTaBY PaclljiaBoB.

KioueBbie cjioBa: OKMCIIEHUE, YePHOBASI Mellb, aHOIHAS Me[b, aKTUBHOCTH KUCJIOPOJa, KOI(DGDUIIUEHT aKTUBHOCTH, CPETHEB3BEIIICHHBI A
UIeabHbBII IJTaK.
Jng uurupoBanus: Xonon C.U., Kykos B.I1., MamsiuenkoB C.B., Poraues B.B. TepmoarHaMmuyeckue mpeanochblIKK OTHEBOTO papuHU-

pOBaHMSI YePHOBOM Me/IM C YYETOM apaMeTPOB B3aUMOJECTBY I pacriiaBa. Mzeecmus 8y3o6. Lleemnas memannypeus. 2025;31(4):30—36.
https://doi.org/10.17073/0021-3438-2025-4-30-36

Introduction

gen content during the oxidation stage is between 0.4—
0.8 %, which ensures the transfer of copper (1) oxide

The fire refining technology of copper is based on
the partial oxidation of the melt with free oxygen from

the gas phase and the formation of oxides of impurities
(Me,O,) that are only partially soluble in liquid copper.
These oxides, due to their lower density, form a slag layer
on the surface of the melt. The oxidation reactions of
copper and impurities occur in a system consisting of a
liquid phase of impurity solution, condensed oxide phas-
es, and the gas phase of volatile compounds. The oxy-

(Cu,0) into the liquid copper and facilitates the oxida-
tion of impurities (Me;). The actual copper melt deviates
from the ideal, and thus it is appropriate to consider the
thermodynamic aspects of the process, including the ac-
tivities of the components and the system’s interaction
parameters, when evaluating the potential technological
possibilities of fire refining.
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Problem statement

It is known that fire refining of copper is carried out
by blowing the melt with air at temperatures ranging
from 1150 to 1170 °C. According to the law of mass ac-
tion, due to the high concentration of copper in the melt,
the oxidation reaction of copper predominates:

4[Cu] + {05} = 2(Cu,0). (1)

The formed copper (I) oxide moves from the zone
of direct contact with gaseous oxygen into the depth of
the melt, where the oxygen concentration is low, and the
direction of reaction (1) changes to the opposite, with
Cu,0 dissolving in the copper melt, thereby increasing
the oxygen concentration:

(Cuy0) = 2[Cu] + [O], 2

This facilitates the direct oxidation of impurities with
dissolved oxygen:

[Me] + [0] = (MeO). Q)

Additionally, Cu,O acts as a condensed oxidant for
impurities according to the reaction:

[Me] + (Cu,0) = (MeO) + 2[Cu]. )

According to the Cu—Cu,O phase diagram, the so-
lubility of Cu,O in copper increases with temperature.
At temperatures above 1200 °C, copper (I) oxide tran-
sitions into the slag, while copper (II) oxide (CuQO) does
not form due to the dissociation pressure exceeding the
partial oxygen pressure in the air.

Thus, the primary condition for fire refining of cop-
per is maintaining the oxygen concentration in copper
higher than the equilibrium concentration for impurity
oxidation reactions [2—18].

It is known that the potential for oxidation and re-
moval of impurities under primary slag is determined by
the Gibbs free energy of the oxidation reactions [1]. The
reduction of the Gibbs free energy for the main oxida-
tion reactions of impurities indicates the degree to which
their affinity for oxygen changes, their ability to oxidize,
and their removal from the melt.

To prevent over-oxidation of copper and its conver-
sion into copper (I) oxide in the slag, it is necessary to
limit the oxygen saturation of the copper melt to 12 %
CU20.

Assuming that the metallic and oxide phases in re-
action (3) are in equilibrium, the following expression
holds for each impurity present in these phases:

x[Me] + y[O] = (Me,0,). )

Considering the deviation of the properties of the real
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copper solution from the ideal, the equilibrium constant
for reaction (5) is determined by the formula:

N (Me,0,)Y (Me,0,)

[Mel* [0 yipvs

4(Me,0,)
Kye= ——" = (6)

(S

X y
4ime) %07

where Ny, 0,) is the molar fraction of the impurity
oxide in the slag, [Me]* and [O]” represent the molar
fractions of the impurity and oxygen in the melt, respec-
tively; Y(Me,0,) is the activity coefficient for the impurity
in the slag; Y. and Y’y are the activity coefficients for
the impurity and oxygen in the melt.

Based on the reduction of the Gibbs free energy for
the main oxidation reactions of the impurities and its re-
lationship with the equilibrium constant

AG® = —RTnKy,, (7)

the final concentration of the impurity in the copper
melt (mole fraction) can be estimated by converting
equation (6) as follows [3]:

N Y
(Me,0,) 1 (Me,O,)
[Me]" = — ; : @®)
KMe[O] T™me Yo

It is known that the oxygen activity in copper melts
depends on the impurity’s affinity for oxygen. Impurities
with a high affinity for oxygen (e.g., Al, Si, Mn) signifi-
cantly reduce the oxygen activity, while impurities with
a lower affinity (e.g., Zn, Fe, Sn, Co, Pb) only partially
reduce it.

Copper melt with low impurity concentrations is
considered diluted. In this case, a 1 % ideal diluted solu-
tion of the i-th impurity in copper is assumed to be the
standard state. The oxygen activity in the copper melt
with n impurities is described by the following expres-
sion:

n .
lg(arop) = le[% O1+ Ve /], ©)
j=
where e/ [0] is the interaction parameter between oxygen
and the j-th impurity of the first order.

The objective of this work is to evaluate the thermo-
dynamic feasibility of oxidizing impurities (Me;) in cop-
per melt, considering the interaction parameters of the
melt, and to theoretically assess the impact of impurities
on the oxygen activity in the copper melt.

Methodology

To evaluate the thermodynamic feasibility of oxi-
dizing impurities (Me;) in copper melt, considering the
interaction parameters of the melt, calculations were
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performed to estimate the final impurity concentration
in copper at a temperature of 1150 °C, characteristic for
the oxidation stage of refining. The following steps were
taken:

The real weighted composition of blister copper was
used as input data (wt. %):

CU.iiiiiiiiiiis 98.86 S 0.16
Ag i 0.076 Pb..coii 0.0658
Sbuiiiiiiiieeee, 0.147 2N, 0.041
AS.coiiiiiiciies 0.128 SN, 0.058
Niiiiiiiiiii, 0.2 Fe.viiiiiiis 0.047
Bi.iii 0.0012

It is known from the practice of fire refining that the
oxygen concentration in the melt is maintained at an
elevated level due to continuous blowing of air into the
melt, which fluctuates between 0.4 and 0.8 wt. %.

At the initial stage of oxidation, a substantial amount
of oxygen is introduced into the melt, so an average oxy-
gen concentration of 0.6 wt. % was assumed.

The oxidation process of impurities is determined by
their affinity for oxygen; therefore, the composition of
the slag phase changes during smelting proportionally
to the oxidation rate of the i-th impurity. Accordingly,
to evaluate the thermodynamic feasibility of impurity
oxidation, a weighted ideal slag composition was se-
lected, wt. %: ~70 Cu,0, 29 SiO,, ~1 MexOy, under the
assumption that the activity of the impurity oxide in the
slag equals its molar fraction:

ame,0, = Nve,0, (10)

The equilibrium constant and Gibbs free energy
for the oxidation reaction of the i-th impurity (5) were
calculated using the thermodynamic software package
HSC Chemistry 9.

To determine the final impurity concentration
from equation (8), the molar fraction of the i-th impu-
rity oxide was calculated based on the condition of the
weighted ideal slag composition.

Since the activity coefficient of the i-th impurity is
affected by all components of the melt, the activity co-
efficients of the impurity and oxygen in the melt were
calculated using the following formulas [19—25]:

n
© M j
InYpe =10V vae) + Nimier€ e + 2 V1€ {mep - (1D
j=1
n
o .
Inyg; = lnyfg] + Nioj€ (07 + ZIN[O]S[]O], (12)
J=

where Y vep» Y7o) are the activity coefficients of the im-
purity and oxygen in an infinitely dilute copper solution;

sfffe], S{MC], 8([)0], sin] are the interaction parameters
between identical and dissimilar components of the
melt.

The interaction parameters of the i-th impurity
and oxygen (a([)Me] and s%ﬁ) in the temperature range
1100—1200 °C for the Cu—Me;,—O system are given
below [1]:

AL o —0.2 Pbocoiiiiiiiene —6.15
Sboeieieiiee —1.3962 ZN i —2.52
ASiiiiieeee 33 SN —0.35
Nieeoroerieriene —5.9625 Fe.oroeiis —239.92
Bioooiriiiiie —2.408 (O TR =17
S —0.081

At t = 1150 °C, the maximum oxygen solubility in
liquid copper is 3.01 at. % (0.79 wt. %):

9260
t

12[%0] 0 = +7.15. (13)

max

To calculate the final impurity concentration, the
chemical compositions of blister copper (see data
above) and the ideal slag were expressed in molar frac-
tions. The activity coefficients of the components were
calculated using equations (11) and (12). Based on these
assumptions, and using equation (8), the following fi-
nal impurity concentrations were obtained (converted
to wt. %):

Sb.iiiiiiiieiee 0.08 Pbooiii 0.09
AS i, 0.27 Zn ., 0.0009
Nicoiiiis 0.11 Sncii 0.0087
Bi. 0.0043 Feoovviiii, 0.0068

The calculated results were compared with practical
data for anode copper, which has the following chemical
composition (wt. %):

] N 0.14 Pbo.oiiiii 0.13
AS i 0.11 V4 | R 0.003
Niciiii 0.17 ) | DO 0.0052
Bi.ii 0.0011 Feoovviii 0.0012

To theoretically evaluate the influence of impurities
on the oxygen activity in the melt, data on the chemical
composition of blister and anode copper, as well as the
assumptions used in the thermodynamic assessment of
impurity oxidation (Me;), were applied. The evaluation
of impurity influence was carried out in the following
sequence:
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The molar interaction parameters (see above) were re-
calculated to mass-based parameters using the equation:

. A . A, -4
eij :L 1 rMe Slj + ri rMe , (14)
100 In10 | 4, A

ri

where A, is the atomic mass of copper (g/mol); 4,; is
the atomic mass of the i-th impurity (g/mol); Sij is the
molar interaction parameter.

Mass-based interaction parameters in the Cu—
Me,;—O system:

Ag . 0,00125 S —0,226
Sbucciiiiin 0,000083 Pb..ccooinis —0,00544
AS.ooiiiiii 0,0129 Zn ., —0,01
Nicoooiiiiinnn —0,0257 ) | SRR —0,001162
Bi. 0,000075 Feovviii —0,58

An average oxygen concentration in the melt of
0.6 wt. % was assumed.

Using expression (9), the oxygen activity in the cop-
per melt was calculated. For blister copper, the oxygen
activity was ajg; = 0.515 %, and for anode copper —
ajo; = 0.59 %.

Results

The calculation results, ordered by the impurity va-
lues, show good convergence with the practice of fire re-
fining of copper. The residual concentration of impuri-
ties in copper decreases with an increase in their affinity
for oxygen, a reduction in the impurity oxide activity in
the slag, and an increase in the oxygen activity in the
copper melt. The calculations of the residual concentra-
tion of impurities such as As, Sb, Pb, and Ni showed va-
lues that differed from the practical data of anode cop-
per. This discrepancy is explained by the following: first,
the oxidation of copper during refining does not reach
the saturation limits, so the copper oxide activity in the
slag is not equal to I; second, the activity of impurities
in the slag is much lower than that of the pure impurity
in the melt; finally, impurity solutions in metals are not
ideal. Overall, the calculations indicate that the maxi-
mum impurity content in copper melt depends on the
refining temperature, the oxygen saturation of the melt,
and the slag phase composition.

The calculation of oxygen activity in copper for two
melts with different chemical compositions revealed a
significant difference in the extent to which impurity
concentrations affect it. Overall, impurities reduced the
oxygen activity in the blister copper melt by 14.2 %. This
indicates that, at such impurity concentrations, they do
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not have a major impact on the physicochemical proper-
ties of the melt; however, they do considerably decrease
the activity of dissolved oxygen. In anode copper, the re-
duction in oxygen activity was 1.6 %.

Analysis of the chemical compositions of blister and
anode copper presented above shows that impurities
with a higher affinity for oxygen exert a greater influ-
ence on oxygen activity. Theoretical calculations of the
effect of impurities on oxygen concentration in copper
melt should be taken into account at the stage of impu-
rity oxidation, particularly at its initial stage, in order to
optimize the air-blowing rate.

Conclusion

Considering the activity coefficients of impurities and
the selected weighted ideal slag composition, the ther-
modynamic possibilities of oxidizing impurities (Me;) in
copper melt were assessed by calculating the final impu-
rity concentrations at a temperature of 1150°C, charac-
teristic for the oxidation stage of refining. It was shown
that fire refining of copper by blowing the melt with air
under a weighted ideal slag has thermodynamic limita-
tions, with the final impurity concentration depending
on the oxygen activity in the melt and the impurity oxide
activity in the slag. As the impurity oxide activity in the
slag decreases, the refining process improves due to the
shift in the equilibrium of the oxidation reaction towards
the interaction products.

The theoretical assessment of the impact of impuri-
ties on the oxygen activity in copper for two melts with
different chemical compositions was also justified.
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Finite element modeling and analysis
of the technological feasibility of a new cladding scheme
for aluminum-lithium alloy 1441 ingots

A.M. Pesin', AV. Razinkin?, V.A. Zamaraev’, D.O. Pustovoitov'

' Nosov Magnitogorsk State Technical University
38 Lenin Ave., Magnitogorsk, Chelyabinsk Region 455000, Russia

2PJSC “Kamensk-Uralsky Metallurgical Plant”
5 Zavodskaya Str., Kamensk-Uralsky, Sverdlovsk Region 623405, Russia

4 Denis O. Pustovoitov (pustovoitov_den@mail.ru)

Abstract: Using the QForm software package, a finite-element analysis was conducted to assess the technological feasibility of
implementing a new cladding scheme for 360-mm-thick aluminum—lithium alloy 1441 ingots under the production conditions of
PJSC “KUMP”. Instead of the traditional cladding scheme, in which the cladding plates are roll-bonded to the ingot over four passes
with an absolute reduction of 6 mm per pass, the cladding plates are seated in pre-machined recesses milled into the top and bottom
surfaces of the ingot and roll-bonded in a single pass with an absolute reduction of 24 mm. The analysis showed that the new cladding
scheme prevents extrusion of the cladding plates from the ingot surface at high reductions, enabling the use of thinner plates (10 mm
instead of the conventional 15 mm). The new approach also significantly reduces the total number of passes and inter-deformation pauses
during rough rolling, thereby improving the thermal condition of the workpiece before finish rolling. A reduction of three passes and
three pauses (10 s each) leads to an average temperature increase of approximately 23 °C. The deformation behavior of the base metal
(alloy 1441) and the cladding layer (ACpl alloy) was analyzed. The mean accumulated strain in the ingot after rolling according to the new
scheme was found to be twice as high as under the traditional scheme, while the deformation distribution within the cladding layer was
more uniform. The obtained results can be used to enhance and optimize hot-rolling parameters for clad sheets and strips of aluminum—
lithium alloy 1441 at PJSC “KUMP”.
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KoneuHo-3/1eMeHTHOE MOJieJIMPOBaHUE

M AaHAJIU3 TEXHOJOTrHYeCKOi BO3MOKHOCTH NPUMEHEHH S
HOBOM cXeMbl IVIAKUPOBAHUSA CJIUTKOB

U3 aJIOMUHUI-INTHEBOrO ciiiasa 1441

A.M. Hecun', A.B. Pasunkun?, B.A. 3amapaes?, JI.0. ITycroBoiitos'

! MarnuToropckuii rocyrapcTsennslii rexunyeckuii yausepcuter um. I.1. Hocosa
Poccus, 455000, YensiouHckast 06:1., r. Marautoropck, np-t Jlenuna, 38

2ITAO «KameHCK-YpaabCKHii MeTaLTy prudecKuii 3aBoj»
Poccus, 623405, CeepniioBckast 06:1., . KameHck-Ypanbckuit, yi. 3aBoackas, 5

< Menuc Onerosuu IlycroBoiiTos (pustovoitov den@mail.ru)

Annotamus: C ucrorb30BaHUeM MporpaMMbl «QForm» mpoBeneH KOHEYHO-2JIEMEHTHBIN aHAJIN3 TeXHOJIOTMIeCKON BO3MOXKHOCTHU TIPHU-
MEHEHUsI HOBO CXeMBI IIJIAKMPOBAHMS CIUTKOB TOJIMIMHON 360 MM U3 alIOMUHUA-TUTHEBOTO ciiaBa 1441 B ycinoBusax [TAO «KYM3».
B3aMeH TpanuIIMOHHOI CXeMbl IIAKUPOBAHUS, TIPelycMaTPUBAIONIEel MPUBAPKY IUIAHIIETOB K CIUTKY 3a 4 mMpoxoaa ¢ abCOMIOTHBIMU
00KaTUSMU TIO0 6 MM, TIPEIIOKEHO YKJIAABIBATh MJIAHILIETHI B CIIELMATbHbBIC YITYOJICHUsI, IPeIBAPUTEIbHO BBIMOTHEHHbIE (hpe3epoBa-
HUEM Ha BepXHell 1 HUXKHEl MOBEPXHOCTSIX CIUTKA, a TPUBAPKY OCYIIECTBIIATH 3a 1 mpoxoza ¢ abcomoTHeIM obxaTtuem 24 mm. [TokazaHo,
4YTO HOBAsI CXeMa MJIaKMPOBAHUSI TO3BOJISIET MPEIOTBPATUTH BbIAABAMBAHME MJIAHIIETOB C MOBEPXHOCTHU CIAMTKA MPU BBICOKUX a0COTIOT-
HBIX 00XaTUsIX. DTO AaeT BO3MOXHOCTb MCMOJAb30BaTh 00jiee TOHKME MJIaHLIETh! (ToJMHON 10 MM) B3aMeH TpaiuLMOHHBIX (15 MM).
YcTaHOBJIEHO, YTO 1O HOBOM CXeMe MJIaKMPOBAHUS CYLIECTBEHHO COKpalllaeTcst obliee KOJIMYeCTBO MPOXOI0B U MexX1e(DOPMALIUOHHBIX
rnay3 pyv YepHOBOI MPOKATKe U 3a CYET ITOr0 yJyylllaeTcs TeNJI0BOE COCTOsSIHME packaTa Mepes YUCTOBOM npokaTkoii. [Ipu cokpalueHuu
3 mpoxonoB U 3 Mexae(opMallMOHHBIX T1ay3 cpeliHee MOBBIIIeHNEe TeMIepaTypbl coctaBiseT ~23 °C. MccienoBaHo necopMupoBaHHOE
COCTOSIHME OCHOBHOT'0O MeTaJiia (criiaB 1441) u rurakupytotiero cios (crutaB ALLmn). [TokazaHo, 4TO CpeaHsisl HAKOTUJIeHHast [eopmariust
B CJIUTKE (MaTeMaTU4YecKoe OXXMIaHue) TIocie TPOKATKY Mo HOBOM cxeMe B 2 pa3a BbIIIe B CPABHEHU Y C TpalUIIMOHHOI cxeMoit. [1pu aTom
xapakTtep aeGpopMaIuy MIaKUPYIOIIEro cosi Tpu MPpoKaTKe Mo HOBOU cxeMe GoJiee paBHOMEPHBIN. Pe3ybTaTsl MOTYT OBITH HCTIONB30-
BaHBI JIJISI COBEPIICHCTBOBAHUS U ONTUMM3AIIUK TEXHOJIOTMIECKUX PEKUMOB TOPsSIUeil MPOKATKYU IJIAKMPOBAHHBIX JIUCTOB U TMOJIOC U3
aTIOMUHUI-TUTUEBOTO crtaBa 1441 B ycnousx [TAO «KYM3».

Karouesble cjioBa: aTloMUHUIA-TUTHUEBBIN cIiiaB 1441, ropsiuasi mpokarka, rnjiakMpoBaHUe, PeXUMbI f1ehopMaliuu, MOAeIUPOBaHUE METO-
JIOM KOHEYHBIX 2JIEMEHTOB, Halpsi>keHHO-1e(HOPMUPOBAHHOE COCTOSIHUE, TeMIIepaTypa.

BaaronapuocTu: VccienoBaHus BEITOJTHEHBI 3a cueT rpaHTa Poccuiickoro HayyHoro ¢onaa (cormamernue Ne 23-79-30015) u B pamkax
noroopa o copuHancupoanun Ne KK0987F-2023.

Jna uutupoBanus: [lecun A M., Pasunkun A.B., 3amapaes B.A., [1yctoBoiitoB /1.0. KoHeUHO-316eMEHTHOE MOJICIMPOBAHNE U aHAJIU3
TEXHOJOTUYECKOI BO3MOKHOCTH MPUMEHEHUST HOBOI CXeMBbI TIJITAKUPOBAaHU S CIMTKOB U3 aTIOMUHUN-TUTUEBOTO criiaBa 1441. Uzeecmus
8y306. Lleemnas memannypeus. 2025;31(4):37—49. https://doi.org/10.17073/0021-3438-2025-4-37-49

Introduction

Compared with conventional aluminum alloys
such as D16 (AA2024 analogue), aluminum—Ilithium
alloys possess a unique combination of properties,
including lower density, higher stiffness, superior
strength and fatigue resistance, as well as good cor-
rosion resistance and satisfactory weldability [1—7].
The full technological cycle for manufacturing
sheets and strips from aluminum—Ilithium alloys has
been developed and industrially implemented at the
Kamensk-Uralsky Metallurgical Plant Joint Stock
Company (KUMZ JSC), which remains the only

38

producer and supplier of these alloys in Russia. Alu-
minum—Ilithium alloy 1441 of the AlI—Cu—Mg—Li
system belongs to the second generation of Al—Li
alloys; its production at KUMZ JSC began in 1990
[8]. This structural alloy is widely used in aircraft and
spacecraft manufacturing [9—13].

Cladding is a distinct hot-rolling operation intended
to cover ingots of aluminum alloys with a thin layer of
pure aluminum (> 99.3 %) or the ACpl alloy to ensure
additional corrosion protection [14, 15]. In the case of
aluminum—Ilithium alloys, cladding also significantly
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increases the product yield by improving edge and sur-
face quality of sheets and strips [16].

Three main cladding types are distinguished [17]:

— technological cladding (B), aimed at creating
more favorable deformation conditions during rolling
of low-ductility alloys (cladding-layer thickness not ex-
ceeding 1.5 % of sheet thickness);

—normal cladding (A), providing corrosion pro-
tection (cladding-layer thickness of at least 2 % for
sheets thicker than 1.9 mm, and at least 4 % for thinner
sheets);

— thickened cladding (U), ensuring enhanced cor-
rosion protection (layer thickness of at least 4 % for
sheets thicker than 1.9 mm, and 8 % or more for thinner
sheets).

For the production of clad sheets and strips from alu-
minum—Ilithium alloy 1441, flat ingots with cross-sec-
tions of 225%950 mm, 275x1100 mm, 300x1100 mm,
390x1360 mm are used [8]. Before rolling, both the in-
got (base-metal blank) and the cladding plates (blanks
of cladding metal) undergo special preparation. To re-
move casting defects and ensure high-quality two-sided
(top and bottom) roll-bonding of the plates, the wide
faces of the ingots are milled by 5—15 mm per side [17].
The mating surfaces of the ingot and plates are then de-
greased. The plate thickness (/) s calculated from the
ingot thickness (H;,,) and the required cladding-layer
thickness [17]:

hoy = Hingd/100a + 28, )

where a = 0.8 is a coefficient accounting for the dif-
ference in deformation of the ingot and the plates in the
first passes, and & is the upper limit of cladding-layer
thickness specified in the relevant standards.

Before hot rolling, the aluminum—Ilithium 1441 in-
gots with the attached cladding plates are heated to no
more than 460 °C. Roll-bonding of the plates is carried
out during the first four passes with an absolute reduc-
tion per pass not exceeding 6 mm in cylindrical rolls,
without applying a lubricant—coolant mixture (LCM).
The LCM is intentionally excluded during these first
passes to prevent its penetration under the plates and the
formation of sub-plate blisters. In subsequent roughing
and finishing passes, rolling is performed with the ap-
plication of a water—oil emulsion containing 1—2.5 %
rolling oil.

According to [4], the recommended temperature
range for hot rolling of aluminum—Ilithium alloy 1441 is
460—390 °C. However, under industrial conditions the
actual range is 460—340 °C for rough rolling and 340—
300 °C (or even lower) for finish rolling. The tempera-

ture drop results from heat losses during a large number
of roughing passes (up to 19) and the corresponding in-
ter-pass delays, when the workpiece cools in air. Intensi-
fying deformation during rough rolling is limited by the
roll-bonding stage, at which the absolute reduction per
pass must not exceed 6 mm (= 1.5 % relative reduction);
otherwise, extrusion of the plate material from the ingot
surface occurs.

Numerous studies [18—27] have been devoted to
improving the cladding process for aluminum alloys
during hot rolling; nevertheless, the issue of increas-
ing the efficiency of plate bonding to the ingot remains
unresolved.

The aim of the present work is to perform finite-ele-
ment modeling and analyze the technological feasibility
of applying a new cladding scheme for aluminum—
lithium 1441 ingots in order to reduce the number of
passes and inter-pass pauses during rough rolling.

Materials and methods

Finite element modeling and analysis of the co-
rolling process of the ingot (base-metal blank)
with two cladding plates (blanks of cladding metal)
placed on the top and bottom surfaces were carried
out using the QForm 11.0.1 software package in a
two-dimensional plane-strain formulation (license
No. R0-U2497-170719U197, licensee — Nosov
Magnitogorsk State Technical University). The in-
got material was aluminum—lithium alloy 1441
(Al—1.7 Cu—0.8 Mg—1.8 Li). The initial state cor-
responded to the condition after single-stage homo-
genization annealing at 450 °C for 8 h.

Experimental data on the flow stress of alloy 1441
were obtained from hot torsion tests on a Gleeble 3800
thermomechanical simulator equipped with a Torsion
module. Cylindrical specimens of total length 165 mm
and diameter 14 mm were used, with a working zone
length L = 20 mm and radius R = 5 mm. One specimen
end was rigidly fixed, while a torque was applied to the
other (rotating) end. Tests were conducted at 450, 400,
350, 300, and 250 °C with strain rates of 0.01, 1, 10, and
50 s~!. The flow-stress curves of alloy 1441, described by
the relationship

6, = f(. £ 1), Q)

where € is the equivalent strain; € is the strain rate (s_l);
t is the temperature (°C), were approximated by a tabu-
lated function.

The cladding layer material was aluminum alloy
ACpl (97.8 %), with a chemical composition in accor-
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dance with GOST 4784-2019. As an example, Fig. 1 pre-
sents the flow-stress curves of aluminum—Ilithium alloy
1441 and the ACpl alloy at a strain rate of 10 s~! and var-
ious temperatures.

The simulation was performed under the operat-
ing conditions of the Quarto 4600 roughing mill stand
of the hot-rolling facility at KUMZ JSC. According
to the traditional process, roll-bonding of the clad-

G,, MPa

140
Alloy 1441

120

100

80 -

60

N

0

ACpl alloy

350 °C
400 °C
450 °C

0.2 0.4 0.6 0.8 €

Fig. 1. Flow-stress curves of aluminum—lithium alloy 1441
and ACpl alloy at a strain rate of 10 s~
and different temperatures

Puc. 1. KpuBbie conpoTuBiieHUs neopMaliiu
aJTIOMUHUN-TUTUEBOTO crijiaBa 1441

¥ aJIIoOMUHKMEBOTO crutaBa ALLTr mpu ckopoct
nedopmarmu 10 ¢~ 1 pasTHUHBIX TeMIepaTypax

1100

15

360

1360
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A
, 1260 b
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Fig. 2. Traditional () and new (6) schemes cladding plate
placement schemes on the ingot

Puc. 2. TpanuuuonHas (a) u HoBasl (b) cxeMbl yKJIaIKu
MJIAHIIETOB Ha CIIMTOK
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ding plates is carried out during the first four passes
according to a cross-rolling scheme, where the length
of the ingot becomes its width after edge-turning (ro-
tation by 90°). Therefore, for the two-dimensional fi-
nite element model, the following initial dimensions
of the ingot after milling were adopted: 360x1360 mm
(thickness x length). The ingot had a rectangu-
lar shape without chamfers or corner rounding.
The initial dimensions of the cladding plates were
151100 mm (thickness x length). The total di-
mensions of the ingot with the top and bottom
plates placed on it were 390x1360 mm (thickness x
length). Hot rolling was simulated in working rolls of
1150 mm diameter. The ingot with the plates was
heated to 450 °C in a furnace. The transfer time
from the heating furnace to the rolling stand was
empirically taken as 8 min. The rolling speed in
each roughing pass was assumed to be 1 m/s, and
the inter-pass pause was 10 s.

To describe frictional conditions at the contact with
the rolls, Levanov’s friction law was used:

T =mk(l — e"-23%0/%), 3)

where 1 is the shear friction stress (MPa); m is the fric-
tion factor; G, is the normal contact pressure (MPa);
o, is the flow stress (MPa); and £ is the maximum shear
stress (MPa), proportional to ¢, according to the rela-
tionship &k =0,/4/3.

Since roll-bonding of the plates is carried out without
a lubricant—coolant mixture, the friction factor at the
contact between the work rolls and the workpiece was
taken as m = 0.95.

For the contact between the aluminum—Ilithium al-
loy 1441 ingot and the ACpl alloy plates during the bond-
ing stage, the same Levanov friction law (Eq. 3) was ap-
plied with m = 1.

Finite-element modeling was used to compare two
cladding schemes: 1) the traditional scheme (Fig. 2, a),
in which cladding plates are placed on the flat top and
bottom faces of the ingot and roll-bonded over four
passes with an absolute reduction of 6 mm per pass; and
2) the new scheme (Fig. 2, b), in which the plates are
seated in pre-machined recesses milled into the top and
bottom faces and roll-bonded in a single pass with an
absolute reduction of 24 mm.

Results and discussion

During the 8-minute transfer of the ingot with
cladding plates from the heating furnace, where the
temperature was 450 °C, to the rolling stand, the
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workpiece cooled in air. The calculated temperature
field of the ingot with plates before rolling is shown
in Fig. 3.

Because of the large difference in the geometric di-
mensions of the ingot and the plates, particular atten-
tion was paid to mesh refinement of the modeled objects.
Fig. 4 shows the general view of the finite-element mesh.
The maximum element sizes were as follows: global —
no more than 30 mm; local — no more than 10 mm; and
in the contact zone (Fig. 5) — no more than 1 mm. For
the rolls along a 90° arc, the minimum number of ele-
ments was set to 180.

The temperature fields after roll-bonding the plates
to the ingot for both cladding schemes are presented
in Fig. 6. The mean ingot temperature (mathematical

expectation) after four passes with absolute reductions
of 6 mm was 399 °C (Fig. 7, a). After rolling in a sin-
gle pass with an absolute reduction of 24 mm, the mean
temperature was 422 °C (Fig. 7, b).

Thus, reducing three passes and, accordingly, three
inter-pass pauses of 10 s each results in an average tem-
perature increase of about 23 °C for the rough-rolled
workpiece.

Although the absolute reduction per pass in the tra-
ditional scheme is quite small (only 6 mm), extrusion of
the cladding plates from the ingot surface still occurs
(Fig. 6, a). This effect arises because deformation is
largely localized in the softer cladding layer (ACpl al-
loy) rather than penetrating into the stronger ingot core
(alloy 1441).

,°C

422.5
420.0
417.5
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412.5
410.0
407.5
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402.5
400.0
397.5
395.0
392.5
390.0
387.5
385.0
382.5

Fig. 3. Temperature field of the ingot with cladding plates before rolling

Puc. 3. TemniepatypHoe IoJie CJIMTKA C MJIaHIIeTaMU Tiepe/l Haya oM MPOKaTK 1

\_

Fig. 4. General view of the finite-element mesh

Puc. 4. O6].[IPII>T BUJ CETKW KOHEYHbIX 3JICMCHTOB
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The change in cladding-layer thickness during
rolling differs significantly between the two schemes
(Fig. 8). After four passes with reductions of 6 mm,
the cladding-layer thickness decreases from the ini-
tial 15 mm to 8.8 mm. After rolling in a single pass
with a 24 mm reduction, the thickness decreases from
10 mm to 9.3 mm. These results confirm that the new
cladding scheme prevents plate extrusion from the

ingot surface even under high absolute reductions,
thereby allowing the use of thinner plates (10 mm in-
stead of 15 mm).

The total initial thickness of the ingot with plates
(390 mm) and the total absolute reduction (24 mm) were
identical for both schemes. However, the deformation
state of the base metal (alloy 1441) and the cladding layer
(ACpl alloy) differed substantially (Fig. 9).

Fig. 5. Finite-element mesh in the contact zone

Puc. 5. CeTka KOHEUHBIX 2JIEMEHTOB B 30HE KOHTAaKTa

a \
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300
b
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- Fa20
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375
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345
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315
300

Extrusion of the cladding plate
from the ingot surface

t,°C

t,°C

Fig. 6. emperature field after roll-bonding of cladding plates to the ingot for the traditional () and the new (b) schemes

Puc. 6. TemmnepaTypHOe moJie mocJie MPUBApKY IJIAHIIETOB K CIUTKY MO TPaAUIIMOHHOM (@) 1 HOBOI (b) cxemam
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Fig. 7. Temperature distribution histograms over the ingot volume (V) after roll-bonding according

to the traditional () and the new (b) schemes

Puc. 7. [uctorpaMMBbl pacripeneeHus TeMITepaTypsl 1o o0beMy (V) cimTka mociie MpruBapKy MIaHIIeTOB

110 TPaINLIMOHHOU (@) ¥ HOBOI (b) cxemMam

The deformation state was characterized by the ac-
cumulated plastic strain (€), a dimensionless integral
quantity. In QForm, the accumulated strain € was cal-
culated by numerical integration of the strain-rate inten-
sity at each node [28]:

E=Y& Ab,, @)

where € is the strain-rate intensity (s71); Ab,, is the time-
step increment (s), and #» is the number of calculation
steps.

The mean accumulated strain in the ingot (mathe-
matical expectation) after four passes with reductions
of 6 mm was 0.05 (Fig. 10, a). After a single-pass
rolling with a 24 mm reduction, it doubled to 0.10
(Fig. 10, b).

In the cladding layer, on the contrary, the mean
accumulated strain (mathematical expectation) af-
ter rolling according to the traditional scheme was
higher — 0.98 (Fig. 11, @) — compared with 0.66 af-
ter rolling according to the new scheme (Fig. 11, b).
Comparing the strain-distribution histograms in Fig. 11
shows that deformation in the cladding layer is more
uniform when rolling is performed according to the
new scheme.

For the Quarto 4600 roughing stand of KUMZ
JSC, the energy—force parameters of both schemes

5 Cladding layer thickness, mm

Roughing passes

Fig. 8. Variation in cladding-layer thickness after rolling
according to the traditional (a) and the new (b) schemes

Puc. 8. MI3MeHeHMe TOMMIMHBI MJIAKUPYIOLIETo CJI0S
10 TIPOXOJIaM TTOCJIe TTPOKATKY 110 TPAAUIITNOHHOM (@)
U HOBOI1 (b) cxemam

were evaluated. Because 2D modeling does not ac-
count for spread, the total strip width was assumed
constant at 3300 mm. According to the simulation, in
the traditional four-pass scheme (6 mm per pass), the
maximum rolling forces ranged from approximately
21200 kN in the first pass to 25100 kN in the fourth
(Fig. 12). For the new single-pass scheme with a 24 mm
reduction, the maximum force was about 34000 kN
(Fig. 12).

Importantly, the calculated rolling forces for
both schemes did not exceed the permissible limit of
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Fig. 9. Strain field after rolling according to the traditional () and the new (b) schemes
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Fig. 10. Distribution histograms of accumulated strain (€) over the ingot volume (V) (base metal) after rolling according
to the traditional (@) and the new (b) schemes
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Fig. 12. Rolling forces in the traditional and new cladding schemes

Puc. 12. Ycunus npu npokartke no TpaauliuOHHONW U HOBOM

80000 kN, corresponding to the rated capacity of the
Quarto 4600 roughing stand at KUMZ JSC.

Therefore, the finite-element analysis confirms
the technological feasibility of the proposed cladding

cxeMmam

scheme for aluminum—Ilithium alloy 1441 ingots. For
flat ingots of 390 x 1360 mm, implementation of the new
scheme requires adjustment of the milling configuration
on the wide faces (Fig. 13).
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l Portion of the ingot removed by milling
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Fig. 13. Portion of the ingot surface to be removed by milling in the new cladding scheme

Puc. 13. Ynansemas ppezepoBaHreM 9acTh CIUTKA IIPU peaan3aini HOBOU CXeMBbI TIAKUPOBAHMUS

Conclusions

1. A finite-element analysis was carried out to as-
sess the technological feasibility of implementing a new
cladding scheme for aluminum—lithium alloy 1441 in-
gots. Instead of the traditional scheme, which involves
roll-bonding of cladding plates to the ingot in four pas-
ses with absolute reductions of 6 mm per pass, the new
approach proposes placing the plates into pre-machined
recesses on the upper and lower surfaces of the ingot and
achieving roll-bonding in a single pass with an absolute
reduction of 24 mm.

2. The new cladding scheme makes it possible to sig-
nificantly reduce the total number of passes and inter-pass
pauses during rough rolling, thereby improving the ther-
mal condition of the workpiece before finish rolling. It is
expected that the higher temperature will reduce the like-
lihood of edge cracking during finish rolling. A reduction
of three passes and three 10-second pauses increases the
mean temperature by approximately 23 °C.

3. The proposed scheme prevents extrusion of the
cladding plates from the ingot surface even at high
absolute reductions. This allows the use of thinner
cladding plates — 10 mm instead of the conventional
15 mm.

4. The deformation state of the base metal (alloy
1441) and the cladding layer (ACpl alloy) differs substan-
tially between the two schemes. The mean accumulated
strain in the ingot after four passes with 6 mm reductions
was 0.05, while after a single-pass rolling with a 24 mm
reduction it doubled to 0.10. At the same time, deforma-
tion of the cladding layer in the new scheme was more
uniform.

5. The results of the finite-element modeling can
be used to improve and optimize the technological pa-
rameters of hot rolling for clad sheets and strips made
of aluminum—Ilithium alloy 1441 under the production
conditions of KUMZ JSC.
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Abstract: The study investigates the structural and mechanical characteristics of permanent joints produced by laser welding of VT1-0/VT1-0
titanium alloys after cutting with a newly designed PMVR-5.3 narrow-jet plasma torch, which features a gas-dynamic stabilization (GDS)
system with several design innovations. The improved GDS efficiency enhances cutting precision and surface quality, thereby increasing the
radiation absorption coefficient, weld penetration, and overall laser-welding efficiency. Experimental results show that continuous-wave
CO, laser welding of VT1-0/VTI1-0 plates forms a narrow weld with a structure corresponding to the as-cast state of the alloy and large
equiaxed grains in the central part of the weld, which decrease in size toward the root compared with those in the surface region. Although
gas shielding does not completely prevent the formation of fine micropores in the weld metal, their amount is insignificant; they do not
form critical clusters within the microvolumes of the weld and have no adverse effect on the strength characteristics of the welded joint. The
average microhardness of the weld metal was found to be higher than that of the base metal. According to tensile and microhardness testing,
the weld metal demonstrates high strength, significantly exceeding that of the titanium alloy, and exhibits a ductile fracture morphology.
Under cyclic loading, fracture occurred in the base metal rather than in the weld metal, with the fraction of the final rupture zones increasing
as the maximum cyclic stress rose. The findings confirm the applicability of precision narrow-jet air-plasma cutting and continuous-wave
CO, laser welding technologies for producing VT1-0/VT1-0 welded joints with high efficiency and mechanical strength comparable to those
of the base material.
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Annorauus: VccienoBanbl 0c0O0eHHOCTH (DOPMUPOBAHUSI CTPYKTYPBI M CBOWCTB HEPA3bEMHbBIX COSIMHEHU N MTPU JIa3ePHOIA CBApKE TUTa-
HoBBIX criaBoB Tumna BT1-0/BT1-0, mony4eHHBIX MOCE Pe3KU HOBBIM y3KOCTPYHHBIM M1a3MoTpoHoM Tumia [IMBP-5.3, umetoimum psa
KOHCTPYKTUBHBIX 0COOEHHOCTE B cucTeme razogrHaMudeckoii crabunusanuu (IAC) niaa3MeHHOR ayru. JJOCTUTHYTOE MPEUMYIIECTBO
BaddexkTuHocTu ['JIC criocobCTBYET MOBBIIIEHUIO CTENEHU MPEIIM3NOHHOCTH M KAYeCTBa pe3a 1, KakK CJIE/ICTBUE, YBETUYeHH IO K0abdhu-
LIMEHTa TMOTJIOUICH YT U3ydeHusl, KoadduiineHTa nporiaBieHus u 3bdekTuBHOCTHU Ja3epHoii cBapku. [1o pesyabratamM ncciaefoBaHU I
MOKa3aHo, YTO MPH MOJYYEHUHU YIICKUCIOTHBIM JIa3epoM CBapHbIX coenrHeHuit Tuna BT1-0/BT1-0 npoucxonut opmMupoBaHue y3K0ro
1IBa CO CTPYKTYPO#, COOTBETCTBYIOIICI TUTOMY COCTOSTHUIO CIIJIaBa, M yYaCTKOB C KPYMTHBIMYU PABHOOCHBIMU 36pHAMU B LICHTPAIbHON
YacTH 1B, YMEHbBILIAIIIMMUCS MO pa3MepaM B TOHHOI YaCTH MO0 CPABHEHUIO C PACIIOJIOXKEHHBIMU B IIOBEPXHOCTHOI 00JacTu. 3amura
CIIJIaBa OT Ta30HACHIIIEHNS B CTPYKTYpEe CBAPHOTO I1Ba HE TO3BOJISIET U36eKaTh GOPMUPOBAHUSI MEJTKUX MUKPOIIOP B CTPYKTYpE CBap-
HOTO 11Ba, OAHAKO MX KOJMUYECTBO HE3HAYUTEIHHO M OHU HE CO3MAI0T KPUTUYECKUX CKOIJICHUN B MUKPOOOBEMax IIBa U HE BIUSIOT
Ha MPOYHOCTHBIE XapaKTEePUCTUKU HEPA3beMHOTO COENMHEHW ST, TIPU 9TOM CPeIHUE 3HAUEHU I MUKPOTBEPIOCTU MaTepuaa IBa BbIIle,
yeM MaTepuajia OCHOBBI. B pe3ysibrare MCIBITAHUI HA CTATUYECKOE PACTSIKEHUE, a TAKXKe OMpeaesieHUs] 3HaYCHUsT MUKPOTBEPAOCTH
YCTAHOBJIEHO, YTO MaTepuall CBAPHOTO I1IBA SIBJISICTCS JOCTATOUYHO MPOYHBIM M CYIIECTBEHHO MPEBBILIACT TPOYHOCTh CAMOTO TUTAHO-
BOrO CIJIaBa, a pesibed MOBEPXHOCTU pa3pylleHUsi 00pas3iioB COOTBETCTBYET BSI3KOMY paspylieHuo. [Ipy MUKINIeCKUX UCTIBITAHUSIX
00pa3iioB CBAPHBIX COCIUHEHU I pa3pylIeHUe MPOUCXOIUIIO HE IO IIBY, & IO OCHOBHOMY METaJIJIy C POCTOM [0JIU 30H J0JIOMa B CEYCHU U
00pa3iioB MpHU YBEJINYCHU U 3HAUCHU T MAaKCUMaJIbHOTO HATMpPsSIKeHUs Lukia. [1o pe3yiabraTamM UCCIeN0BaHUI MOXHO CIeIaTh BBIBOM O
MPUMEHUMOCTH TEXHOJIOTHUl MPELU3NOHHON Y3KOCTPYIWHON BO3AYLUIHO-TIJIA3MEHHON PE3KH U CBAPKH YTJIEKUCIOTHBIM JIa3ePOM Herpe-
PBIBHOTO ICUCTBUS IJISI peau3aluuy Ipolecca nmojaydeHus capHbix coenuHeHmnii BT1-0/BT1-0 ¢ BbicoKo# cTeneHblo 3(pHEeKTUBHOCTU 1

MMPOYHOCTH Ha YPOBHE COEAMHSIEMbIX MATEPUAJIOB.
KuroueBbie ciioBa: 1azepHasi cBapka, Ija3MeHHasi pe3Ka, THTAHOBbIE CIJIaBbl, CBAPHOIA 1LIOB, 30HA TEPMUYECKOTO BIMSHUSI, CTPYKTYPHbBIE
npeBpalleHus, 1eheKTbl, KauecTBO, 3(PHEKTUBHOCTD.

Baaropapnoctu: PaGora BeimosiHeHa rpu noaaepxke rpanta PH® Ne 23-29-00111.

ABTOpBI Bhipaxkatot 6saromapHoctb E.b. TpylinHoii 3a moMolilb B MpOBeIeHUN UCCIen0BaHUI hpakTorpaduu MmoBepXHOCTH 00pa3loB
rocJjie MeXaHM4eCcKoro ucrnpitTaHus u K.T.H. JI.1. BeruyxXaHuHY 3a TOMOUIb B TPOBEACHUU MEXAaHUYECKUX UCTIBITAHU.

s murupoBanus: AnaxoB C.B.,|I'yzanos b.H.|, Muuypos H.C. Brusinue oco6eHHOCTe# TIJTa3MeHHON Y3KOCTPYHOM pe3KH Ha Ka4eCTBO
CBapHOTO I1Ba IPU JIa3ePHOI CBapKe TUTAHOBBIX CILIABOB. M3gecmus 6y306. Lleemnas memannypeus. 2025;31(4):50—61.
https://doi.org/10.17073/0021-3438-2025-4-50-61

Introduction

Extensive research on titanium and its alloys con- mon ones such as steel and aluminum. The continuous
ducted in recent years has unequivocally demonstrated growth in their application is attributed to the fact that
that, in terms of their physical, mechanical, chemical, titanium alloys combine low density with high strength
and technological properties, these materials surpass and heat resistance at moderate temperatures while
most modern structural alloys, including the most com- maintaining excellent corrosion resistance. These ad-
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vantages have made titanium a versatile structural ma-
terial, particularly in high-technology industries where
titanium alloys with diverse properties are often essen-
tial — or even irreplaceable — for strategic sectors such
as aerospace, nuclear power, shipbuilding, and chemical
engineering [1—3].

The development of welding methods capable of
producing high-quality, permanent joints has signifi-
cantly expanded the use of titanium and its alloys in
manufacturing complex engineering components and
metal structures. However, welding titanium alloys
presents certain technological challenges. These are
primarily associated with the high chemical reactivity
of titanium with nitrogen, oxygen, and hydrogen at ele-
vated temperatures and in the molten state. As a result,
the material may lose ductility due to the formation of
stable compounds with atmospheric gases, as well as de-
velop defects such as porosity. To prevent such issues, it
is essential to ensure reliable shielding of both the weld
zone and the root side from atmospheric contamination
and to minimize the heating time of the joint during
welding [4].

A major drawback of titanium alloys is their tendency
to form a coarse-grained structure during welding, both
in the weld metal and in the heat-affected zone (HAZ).
This structural heterogeneity leads to a decrease in the
mechanical strength of the joint due to the formation of
a microstructure that differs from that of the base me-
tal [5; 6]. Since different regions within the welded joint
are exposed to varying thermal cycles, grains of diffe-
rent sizes form, complicating the selection of welding
parameters that minimize the thermal impact on the
HAZ. From this perspective, laser welding is considered
a promising alternative to conventional welding me-
thods [7]. The localized and short-duration high-energy
exposure of the laser beam provides the most favorable
conditions for forming sound welds in titanium and its
alloys [8; 9].

Technologies
and research objective

While laser technologies have a number of unde-
niable advantages in welding processes for the fab-
rication of various metal structures [10; 11], certain
features of beam processing must also be taken into
account. Chief among them is the relatively low effi-
ciency of the process, as the effectiveness of laser weld-
ing largely depends on the reflective properties of the
metal surface. Several approaches are known to im-
prove the absorption coefficient — and consequently,
the penetration depth and overall welding efficiency.
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As demonstrated in [12], the absorption coefficient is
affected by the material properties, as well as by the
quality and method of edge preparation, which deter-
mine surface roughness and the geometry of the joint
gap in butt-welded plates. Comprehensive studies eva-
luating the relationship between absorption coefficient
and cut-edge quality have shown a significant increase
in reflected radiation from rougher surfaces compared
with polished ones [13—15]. Thus, it should be noted
that surface roughness produced during sheet cutting
in the preparation stage varies widely depending on the
cutting method used.

The authors conducted comparative studies to
evaluate the cut-edge quality achieved using various
high-energy cutting techniques for the preparation
of welded joints. The results indicated that the most
favorable outcomes across all standardized parame-
ters were obtained when using precision air—plasma
cutting of metallic materials with the PMVR-5.3 plas-
ma torch, developed by NPO Polygon LLC (Ekater-
inburg, Russia) [16]. A distinctive feature of this de-
sign is the implementation of a new gas—air flow path
with symmetric plasma-forming gas injection into the
flow-splitting system and a gas-dynamic flow stabili-
zer. The stabilizer employs two swirlers (forming and
stabilizing) with a variable number of swirl channels,
providing efficient gas-vortex stabilization of the plas-
ma arc. The evaluation focused on standardized quali-
ty indicators such as the presence of burrs, droplets,
and temper colors, as well as oscillations (variations
in the linearity of surface micro-irregularities) and
deviation of the cut edge from verticality. To substan-
tiate the visual inspection results quantitatively, sur-
face microrelief parameters were measured using a
TR-200 surface roughness tester [17]. The results are
presented in Table 1.

According to geometric and surface-quality cha-
racteristics after high-energy cutting, the most favora-
ble results for subsequent laser welding were obtained
using the PMVR-5.3 plasma torch, designed as a do-
mestic alternative to imported plasma systems of this
class. Moreover, as demonstrated in [17], enhanced weld
penetration and improved weld formation during laser
processing were achieved when the cut-edge rough-
ness ranged between Ra ~ 2.0+6.3 um, which promotes
a higher absorption coefficient on the prepared surfaces.
With further increases in roughness, however, the
joint gap between the welded plates widens, allowing
a substantial portion of the laser beam to pass through
without absorption. Consequently, the absorption coef-
ficient decreases, resulting in lower weld quality and a
higher incidence of defects.
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Table 1. Comparison of average surface roughness parameters for various high-temperature cutting technologies

Tabauua 1. CpaBHeHUE CpeIHUX MMoKa3aTeseil IepoXoOBaTOCTH pe3a
MPU Pa3IUIHbBIX TEXHOJIOTUSIX BBICOKOTEMIIEPATYPHOM pa3aeiku

Specimen Cutting technology Equipment Cutting parameters Ra Rz Rt
I=175A
Plasma torch YK200H U=155B
1 Air—plasma (Huayuan FLG-400HD, . 3.30 4.22 34.82
. V'=1500 mm/min
China)
Dosme = 1.9 mm
I1=175A
Plasma torch PMVR-5.3 U=137B
2 Air—plasma (NPO Polygon LLC, V= 1500 mm/min 2.17 2.70 58.48
Russia) Dnozzle = 1.9 mm
P=45atm
Mechanized Po,=5atm
3 Gas—oxygen gas-cutting system Longteng PC3H3 =0.5atm 3.71 4.65 33.86
(China) V'=1500 mm/min
Trulaser 5030 Classic, CO N=L7kw
rulaser assic, CO, f=2kHz
4 Laser (Trumpf Group, . 10.78 12.61 69.41
V=600 mm/min
Germany)
P=10.6Dbar

In view of the above, the objective of this study was to
investigate the structural and mechanical characteristics
of permanent joints formed during laser welding of tita-
nium alloys, where the plates were cut using narrow-jet
air—plasma cutting technology implemented with the
PMVR-5.3 plasma torch.

Materials and methods

Titanium alloys are known for their tendency to
undergo hardening due to the presence of alloying
elements that promote the formation of nonequilibri-
um microstructures and reduce ductility, sometimes
resulting in cold cracking [18, 19]. For this reason,
commercially pure titanium VTI1-0 was selected as
the material for this study. During welding, this alloy
forms a cast structure characteristic of pure titanium in
the joint zone, allowing the assessment of weld quality
without the influence of additional phase or structural
transformations.

Laser welding of 3 mm-thick titanium plates, pre-
viously cut by plasma, was carried out using a contin-
uous-wave CO, laser with a maximum power of 3 kW.
The laser was equipped with a zinc selenide (ZnSe)
focusing lens (focal length 254 mm) and produced a

plane-polarized beam with a diameter of 30 mm. The
welding parameters were as follows: welding speed V' =
= 46.6 mm/s, laser power W = 2.1 kW, and focal off-
set F = 0 mm. Protection of the weld pool and heat-
affected zone was provided by a shielding gas mixture
of carbon dioxide and air in a ratio of 1 : 7, in accord-
ance with GOST R ISO 14175-2010', at a pressure of
12 Torr (1.6 kPa). Metallographic analysis was per-
formed using an optical microscope Neophot 21 (Ger-
many). The titanium structure and weld morphology
were revealed by chemical etching, which was also used
to prepare the surface for microindentation testing.
The weld and adjacent zones were analyzed on speci-
mens cut from different areas of the joint, taking into
account structural features formed during solidifica-
tion following high-temperature processing. Grain size
was determined in accordance with GOST 21073.3-752

'GOST R ISO 14175-2010. Welding materials. Gases and gas
mixtures for fusion welding and related processes. Moscow:
Standartinform, 2011. (In Russ.).

2 GOST 21073.3-75. Non-ferrous metals. Determination
of grain size by counting border crossings. Moscow: Publ.
Standards, 2002. (In Russ.).
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Fig. 1. Schematic representation of the specimen used for tensile testing

Puc. 1. Cxematudeckoe n3obpaxeHue odpasna s UCTIBITAHNN Ha pacTSIKeHUe

using the grain boundary intersection counting me-
thod. Microhardness across the weld was measured
by instrumented Vickers microindentation using a
Fischerscope HM 2000 XYm microhardness tes-
ter (Helmut Fischer GmbH, Germany). The tensile
strength of the welded joints was evaluated using a
servo-hydraulic testing machine Instron 8801 (In-
stron, USA) in accordance with GOST 6996-66".
Flat specimens of type B, designed for determin-
ing weld metal strength, were used. To ensure frac-
ture propagation through the weld, a special notch
was machined along the weld width, reducing the
cross-sectional area of the specimen by 30 % (see
Fig. 1).

Cyclic fatigue tests on flat specimens were per-
formed under a sinusoidal loading cycle at a frequen-
cy of 5 Hz and a stress ratio (R) = 0, in accordance
with RD 50-345-82%. The fracture surface morpho-
logy after mechanical testing was examined using a
Tescan Vega-11 XMU scanning electron microscope
(Carl Zeiss, Czech Republic) and described follow-
ing the terminology and definitions specified in
RD 50-672-88.

' GOST 6996-66. Welded joints. Methods for determining
mechanical properties. Moscow: Standartinform, 2006.
(In Russ.).

2 RD 50-345-82. Methodological guidelines. Calculations
and strength tests in mechanical engineering. Methods of
cyclic testing of metals. Determination of crack resistance
characteristics (fracture toughness) under cyclic loading.
Moscow: Publ. Standards, 1983. (In Russ.).

3 RD 50-672-88. Methodological guidelines. Calculations
and strength tests. Classification of types of metal fractures.
Moscow: Publ. Standards, 1989. (In Russ.).
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Results and discussion

During the formation of the VT1-0/VT1-0 welded
joint, a narrow weld was obtained with a shape fac-
tor (the ratio of penetration depth to weld width) of 2.5
(Fig. 2). Despite the high cooling rates, the grain size
in both the fusion zone (FZ) and the heat-affected zone
(HAZ) was significantly larger than in the base metal
(Table 2). The structure of the FZ corresponds to the
as-cast state of titanium: the central region consists of
equiaxed polyhedral grains, while the outer regions are
composed of larger, elongated grains oriented along the
direction of heat removal (Fig. 3, a). In the lower por-
tion of the weld, the grains were 1.5—2 times smaller and
more equiaxed compared to those in the upper surface
area (Fig. 3, b).

The microstructure of the as-cast VT1-0 alloy con-
sists of B-transformed grains of about 300 pm, contain-
ing parallel o-lamellae 4—10 pm thick, with a length
comparable to the size of the prior B-grains. It is known
[20; 21], that during the B — o polymorphic transfor-
mation, the o.-phase grows according to the principle of
orientation and dimensional conformity, forming paral-
lel a-lamellae aligned in the same direction. As a result,
colonies of a.-lamellae form a characteristic intragranu-
lar texture within the former B-grains.

At the interface between the heat-affected zone
(HAZ) and the base metal, a mixed microstructure
was formed, consisting of light-colored polyhed-
ral B-phase grains and a-phase lamellae (Fig. 3, ¢).
It should be noted that the o-phase grain size in the
HAZ was approximately 1.5—2 times larger than in
the base metal (Table 2). Overall, the HAZ material
was characterized as partially recrystallized, contain-
ing numerous deformed o-phase grains with a high
level of residual stresses, which affect crystal orienta-
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Table 2. Characteristics of the VIT1-0/VT1-0 welded joint material

Tabauua 2. XapakTepucTUKUA MaTeprana cBapHoro coeauHeHust BT1-0/BT1-0

FZ parameters HAZ parameters Grain size, pum
Specimen HV, s HV, 05 Rase
[, mm [, mm tal HAZ FZ
max min average max min average il
1 1,2 370 210 280 0,75 280 195 230 20 40 300
2 1,2 275 175 230 0,70 275 220 247 20 50 300

200 pm

Fig. 2. Macrostructure of the VT1-0/VT1-0 welded joint

Puc. 2. MakpocCTpyKTypa CBAapHOTO COETUHEHUST
BT1-0/BT1-0

tion, promote texture formation, and determine the
specific features of the structure formation in the weld
metal itself (Fig. 3, d).

The examination showed that, despite shielding
protection against gas absorption, the weld structure
contained small micropores about 2—3 pum in size,
which can be observed in the micrograph of a local area
of the chevron fracture (Fig. 7, b). It should be noted
that their number is insignificant, and they do not
form critical clusters within the microvolumes of the
weld metal and, overall, have no effect on the strength
characteristics of the welded joint (Table 3). VTI1-0,
being a single-phase oi-alloy, contains a small amount
of secondary B-phase, which appears as thin lamellae
along the o-grain boundaries. The two-phase struc-
ture causes a nonuniform microhardness distribution,
where minimum values correspond to the B-phase and
maximum to the o-phase [22]. As shown above, the
weld metal exhibits a mixed microstructure in which
B-phase—enriched regions, upon rapid solidification

from the melt, attain high strength. This leads to an
overall increase in the average microhardness across
the weld width, reaching its maximum in the cast mic-
rostructure of the weld metal [23]. At the same time,
the refinement of the formed phases contributed to a
greater scatter of microhardness values along the mea-
surement line. The averaged microhardness distribu-
tion is presented in Fig. 4.

Tensile test results showed that, despite minor in-
ternal porosity, the weld metal exhibited high strength
(Table 3), significantly exceeding that of the base al-
loy. The fracture surface morphology after static ten-
sion corresponded to ductile failure (Fig. 5, a, b). The
fracture surface of the weld metal contained dimples of
varying depth and isolated regions of cellular relief—
clusters of small, flat dimples resembling a honeycomb
pattern (Fig. 5, b), typical for the fracture of cast alloys.
This morphology indicates a limited degree of local
plastic deformation at failure, but still belongs to the
ductile fracture mode, characteristic of plastic mate-
rials [20; 24].

During cyclic testing of VT1-0/VT1-0 welded joint
specimens at a stress ratio of o/c, > 0.72, fracture oc-
curred not along the weld metal but within the base me-
tal. In this case, considerable plastic deformation was
observed, accompanied by the formation of a neck dur-
ing the final loading cycles. This phenomenon is ex-
plained by the fact that the VT1-0 alloy exhibits cyclic
softening behavior [18].

The fracture surfaces of all specimens displayed
characteristic features of fatigue fracture — distinct sur-
face regions differing in morphology, including the crack
initiation area, fatigue striations, and ridges representing
traces of coalescence of separately initiated neighboring
cracks propagating in the same direction, usually from
the initiation site. In addition, final fracture zones with
features of ductile failure were identified. The fracture
surface morphology of VT1-0/VT1-0 welded joint spe-
cimens is shown in Fig. 6.
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Table 3. Mechanical test results for VT1-0/VT1-0 welded joint specimens

Tabauua 3. PesynbraThl MeXaHWUECKUX UCIIBITAHUI 00pa31ioB cBapHoro coeauHeHus BT1-0/BT1-0

Tensile test Fatigue test
Specimen Material
Fract}lre o,, MPa Number 6. MPa 5 /Gu*
location of cycles
1 Base metal - 500 Not determined
2 Weld metal Weld metal 620 5770 433 0.7
3 Weld metal Weld metal 660 485856 257 0.4
* Specimens were compared at equal ratios of the maximum cyclic stress (o) to the ultimate tensile strength (o,) determined
in tensile tests.

Fig. 3. Microstructure of the VT1-0/VT1-0 welded joint

a — upper part of the fusion zone (area / in Fig. 2); b — root of the fusion zone (area 2 in Fig. 2);
¢ — boundary between FZ and HAZ (area 3 in Fig. 2); d — heat-affected zone (area 4 in Fig. 2)

Puc. 3. MukpoctpykTypa cBapHoro coequHenust BT1-0/BT1-0
a — BepxHsis yactb 3CI (30Ha 7 Ha puc. 2); b — kopenb 3CII (30Ha 2 Ha puc. 2); ¢ — rpanuua 3CII u 3TB (30Ha 3 Ha puc. 2);

d — 3TB (30Ha 4 Ha puc. 2)

Fracture in the crack-initiation regions is brittle and
feather-like, propagating along several directions. While
the overall direction of fatigue crack growth is preserved,
it changes in neighboring grains (Fig. 7, a). This beha-
vior is governed by the lamellar a-phase morphology in
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the weld metal: smooth, polished facets alternate with
relief steps that might be mistaken for cleavage, although
they are, in fact, the lateral surfaces of a-lamellae.

In the vicinity of micropores, local areas of chevron
fracture were observed (arrowed in Fig. 7, b). This fea-
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Fig. 4. Variation of microhardness across the width of the VT1-0/VT1-0 welded joint

Puc. 4. XapakTep U3MEHEHUSI MUKPOTBEPIOCTHU 110 IIMpUHE cBapHOTo coeauHeHust BT1-0/BT1-0

I mm

Fig. 5. Macro- (a) and micro- (b) relief of the fracture surfaces of a VT1-0/VT1-0 welded joint specimen
after tensile testing

Puc. 5. Maxkpo- (@) u Mukpo- (b) penbed MoBepXxHOCTHU pa3pylieHust oopasia cBapHoro coennuerust BT1-0/BT1-0
MOCJIe CTATUYECKOTO PACTSIKEH U ST

Fig. 6. Macroscopic fracture surface of a VT1-0/VT1-0
welded joint specimen at a maximum cyclic load
of 265 MPa

Puc. 6. Makpopenbed MOBEpXHOCTH pa3pylleHM s
ob6pasia cBapHoro coenuHenust BT1-0/BT1-0
NPy MaKCUMaJbHOM Harpyske nukia 265 MIla
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Fig. 7. Macroscopic fracture surface of a VT1-0 alloy specimen
a — change in fatigue crack propagation direction near the initiation site

b — microregion of a chevron fracture near a micropore (indicated by an arrow)

Puc. 7. Muxpopenbed MOBepXHOCTHU pa3pylleHUsT oopasua crraBa BT1-0

a — N3MEHEHUEe HAITPaBJIeHMs POCTa YCTAIOCTHON TPEIMHBI BOJIM3U oyara
b — MMKPOYYACTOK IIIEBPOHHOTO M3JIOMa BOJIM3KM MUKPOITOPHI (OTMEUYEH CTPEJTKOI)

ture indicates limited plastic deformation and forms
under tension with bending in regions of unstable
crack growth or during brittle transgranular fatigue
fracture. The pores deflect the path of fatigue cracks,
which appears as changes in the orientation of fatigue
striations. Within initiation zones, isolated areas of
ductile fatigue fracture with striations and plateaus, as
well as segments of intergranular fatigue crack growth,
are present.

Analysis of fracture-surface relief after fatigue
tests at different maximum cyclic stresses showed
that, at a maximum cyclic stress of 264 MPa, the fi-
nal rupture zone occupied 35 vol. % of the specimen
cross-section. Under these conditions, the area ra-
tio of the fatigue-fracture zone to the final-rupture
zone increased to 1.9. In all examined specimens,
the final rupture zones exhibited a dimpled fracture
with relatively deep dimples, indicating high fracture
energy.

As the maximum cyclic stress increased, the frac-
tion of the final rupture zone in the cross-section in-
creased as expected; at a maximum cyclic stress of
425 MPa, these zones occupied 55 vol. %. This finding
indicates a substantial contribution of the final rupture
zone to the strength of titanium alloy specimens with
welded joints under fatigue loading. Since a dimpled
fracture corresponds to relatively high fracture energy,
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the specimens that endured a greater number of cycles
were those in which the volume of material involved
in fatigue crack growth was about half that of the final
rupture zone.

Conclusions

1. Precision narrow-jet air—plasma cutting with
PMVR-5.3 torches is suitable for joint preparation,
delivering high cut accuracy and surface quality while
increasing the absorption coefficient — and, conse-
quently, weld penetration and overall laser-welding ef-
ficiency.

2. Continuous-wave CO, laser welding of VT1-0/
VT1-0 produces a narrow weld whose structure corre-
sponds to the as-cast state of the alloy. The central weld
region contains large equiaxed grains that become elon-
gated along the heat-flow direction toward the bounda-
ries and decrease in size toward the root compared with
the surface region. The weld microstructure comprises
light polyhedral grains and o-phase lamellae; in the
HAZ, the a-phase grain size is 1.5—2.0 times larger
than in the base metal.

3. Shielding does not completely eliminate fine mi-
cropores in the weld metal, which leads to a nonuni-
form microhardness distribution. Nevertheless, owing
to the fine-lamellar o-phase morphology, the average
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microhardness in the weld metal is somewhat higher
than in the base metal. Tensile tests show that, despite
minor porosity, the weld metal exhibits high strength,
significantly exceeding that of the base alloy, and the
fracture surface morphology corresponds to ductile
failure.

4. Under cyclic loading, VT1-0/VT1-0 specimens
fracture in the base metal rather than in the weld metal.
With increasing maximum cyclic stress, the fraction of
the final rupture zone increases, indicating its substan-
tial contribution to the strength of welded titanium alloy
specimens under fatigue loading.

5. The combined use of precision narrow-jet air—
plasma cutting and continuous-wave CO, laser welding
enables the fabrication of VT1-0/VT1-0 welded joints
with high efficiency and strength comparable to the pa-
rent material.
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Abstract: This paper presents the results of a study on two titanium-based alloys — Ti—10wt.%Mo and Ti—15wt.%Mo — aimed at assessing
their potential for use as base materials in implantable medical devices for osteosynthesis. The alloy samples were examined in three conditions:
as-fabricated, after annealing at 1000 °C, and after high-pressure torsion. The microstructure of the alloys was analyzed using scanning
electron microscopy and X-ray diffraction. The Young’s modulus, microhardness, and nanohardness values were measured, and the effect of
the alloys on the viability and surface adhesion of human multipotent mesenchymal stromal cells during in vitro incubation was investigated.
Comparative analysis of the obtained results revealed that the annealed Ti—15wt.%Mo alloy sample is the most promising candidate for
orthopedic applications, as it exhibits an optimal combination of good biocompatibility, enhanced stimulation of cell adhesion, and relatively
low microhardness (283 HV) and Young’s modulus (106 GPa).
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Annoramus: [IpeacraBiieHbl pe3yIbTaThl HCCIEI0BAHNSI IBYX CIIJIaBOB Ha ocHoBe THTaHa: Ti—10mac.%Mo u Ti—15mac.%Mo — 1i1st oLeHK1’
MEPCHNEeKTUB UX UCIOIb30BAHUS B KAU€CTBE OCHOBBI MMILIAHTUPYEMbIX MEIUIIMHCKUX U3AENU N1 ocTeocHTe3a. OOpa3iibl CIJIaBOB
ObIJIM U3YYEHBI B TPEX COCTOSIHUSIX: UCXOAHOM (ITOC/I€ U3rOTOBJIEHMS), mocie oTxxura npu temreparype 1000 °C u nocje KpydeHust Mo
BBICOKUM JiaBJieHueM. bbljia nccienoBaHa MUKPOCTPYKTYpa CIJIABOB C MOMOIIBIO CKAHUPYIOIINIA 2JIEKTPOHHON MUKPOCKOITUM U PEHT-
TeHOCTPYKTYPHOTO aHanu3a. bbutn u3MepeHbl 3HaueHU T MOayJ st FOHTa 1 MUKPO- M HAHOTBEPIOCTH CIIABOB,  TAKKE U3YUEHO BIUSTHUE
CIJIaBOB NIPU MHKYOAIIUH i1 Vitro Ha XXMU3HECTIOCOOHOCTD U MOBEPXHOCTHYIO aIT€3UI0 MYJIBTUITOTEHTHBIX ME3EHXMMATbHBIX CTPOMAJTh-
HBIX KJIETOK yeoBeka. CpaBHUTEIbHBIN aHATU3 XapaKTePUCTUK UCCIENOBAHHBIX 00pa3IoB MOKa3aj, YTo Haubosiee MepCreKTUBHBIM
IUUIsI UICTIOJIb30BAaHUsI B KAY€CTBE OCHOBBI OPTOIEIMYECKIX U3ACIUIT SIBISIETCS OTOXXKEHHBIN o0pasel craBa Ti—15mac.%Mo, KOTOpbIit
ONTHUMaJbHO COYETAET XOPOLIYI0O OMOCOBMECTUMOCTD, aKTUBHYIO CTUMYJISILIMIO KJIETOYHOM aATe3MU U HU3KHE 3HAUEHU I MUKPOTBEPI0-
ctu (283 HV) u monynst FOura (106 I'Tla).

KuoueBbie cJioBa: CTijiaBbl THTAH—MOJIMOIEH, OIOCOBMECTUMOCTD, KJIeTOUHAS anre3ust, ha3oBblie MPeBpaIleH s, KPyIeHHUE MO/ BHICOKUM
NaBJeHUEeM, HAHOMHICHTUPOBaHUe, TePMOOOPaboTKa.

BaaronapHocTu: VMccienoBaHue BoITIOJIHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro ¢oHma No 24-22-00222,
https://rscf.ru/project/24-22-00222/

Beipaskaem riy6okyto npusHareibHOCTh LIKIT UDTT PAH 3a BO3MOXHOCTB MPOBEACHU S PEHTTEHOCTPYKTYPHOTO U (Da30BOTr0 aHAJIM30B.
g uuruposanus: l'opHakosa A.C., KopHuesa Cypmau A., Hospy3os K.M., lllaiicynranos [I.I"., Abonukosa H.C., Crpayman B.b., Tiopun

A.WN., Topun B.A., Jasasiu I.C. BivsiHue jierupoBaHusi BTOPOI KOMIIOHEHTOI Ha OMOCOBMECTUMOCTb U MEXaHUYECKME CBOMCTBA CIlJIa-
BoB Ti—Mo. Uzsecmus gy306. lleemnas memannypeus. 2025;31(4):62—76. https://doi.org/10.17073/0021-3438-2025-4-62-76

Introduction

Metallic implants play a dominant role as structural numerous review papers have been published on the mate-
biomaterials in reconstructive surgery, particularly in or-  rials currently available [1—4]. Among these, B-titanium
thopedics, and in recent years have also been applied to  alloys occupy a special position as promising biomate-
non-osseous tissues such as blood vessels. These implants  rials intended to replace first-generation c-titanium al-
are continuously being modernized and improved, and loys, commercially pure titanium, and the VT6 alloy.
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Although titanium alloys have stood the test of
time and are now widely used for various orthopedic
and dental purposes [1], ongoing research seeks to
modify their composition and surface characteristics
to develop materials with the most favorable combina-
tion of mechanical and chemical properties. Owing to
the unique properties of titanium, the elastic modulus
of titanium alloys can be tailored to approach that of
bone, primarily through alloying with elements that
alter the volume fractions of structural phases in the
material [2].

The interest in Ti—Mo alloys [5—9] as promising
materials for biomedical applications has persisted for
more than three decades. Alloying titanium with molyb-
denum imparts high strength and a low elastic modulus
to the material.

The choice of Ti—10wt.%Mo and Ti—15wt.%Mo
alloys for this study was guided by the following consi-
derations. First, titanium is characterized by extremely
low toxicity to the human body, high corrosion resis-
tance, and resistance to biodegradation, as confirmed
by the long-standing clinical use of titanium and its
alloys in medicine. Second, molybdenum is a B-phase
stabilizing element with low toxicity; its content in the
range of 15—20 wt. % can reduce the elastic modulus
and align the mechanical properties of the alloy with
those of human bone tissue. An important goal of imp-
lant—tissue interaction is to prevent corrosion or deg-
radation, bone destruction, physiological changes, or
implant instability. Titanium alloys are biologically
inert; however, modification of surface morphology
(roughness), wettability, and other surface parameters
can enhance the adhesion of connective tissue cells,
particularly osteogenic cells. Titanium and its alloys
spontaneously form a very stable oxide layer that sepa-
rates the alloy from adjacent tissues and provides excel-
lent corrosion resistance [10].

This study addresses not only the improvement of
the mechanical properties of the investigated alloys
through various processing methods but also the evalu-
ation of how these treatments affect the biocompatibili-
ty of Ti—Mo alloys.

One of the material processing techniques capable
of significantly altering both the mechanical properties
[11—13] and the microstructure and phase composition
[13; 14], of the alloy is severe plastic deformation [15—
21]. In this work, one such technique — high-pressure
torsion (HPT) — was applied to evaluate the influence
of this processing method on the biological activity of
the alloys.

The aim of this study is to investigate the effect of
alloying element content and processing method (heat
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treatment and high-pressure torsion) on the mechanical
properties and biocompatibility of Ti—10 wt. % Mo and
Ti—15 wt. % Mo alloys.

Materials and methods

Ingots of Ti—10wt.%Mo and Ti—15wt.%Mo al-
loys were produced by vacuum arc melting of the
components in a high-purity argon atmosphere using
a water-cooled copper mold. The purity of alloying
elements was at least 99.9 wt. %. To ensure chemical
homogeneity, the ingots were inverted and remelted at
least ten times. The melting process was carried out
using an Arc-Melting AM200 unit (Bodelshausen,
Germany). The resulting ingots, 10 mm in diameter,
were cut into discs 0.7 mm thick. The first series of
samples was studied in the as-fabricated condition, the
second after heat treatment (HT) at 1000 °C for 24 h,
and the third after HT followed by high-pressure tor-
sion (HPT). HPT processing was performed at room
temperature: five revolutions under a pressure of 7 GPa
at a rotation rate of 1 rpm using a computer-controlled
Bridgman-type anvil apparatus (W. Klement GmbH,
Lang, Austria). After HPT, the sample thickness was
0.35 mm. The microstructure and phase composition
of all samples were analyzed. The phase composition,
phase fractions, and lattice parameters were deter-
mined using X-ray diffraction (XRD). Diffraction
patterns were recorded on a SmartLab diffractometer
(Rigaku Corporation, Japan) with CuKg ., radia-
tion (A = 0.15419 nm). The lattice parameters were
calculated using the PowderCell 2.4 software package
(PowderCell for Windows, Version 2.4, 08.03.2000,
Werner Kraus & Gert Nolze, BAM, Berlin). The
microstructure of the samples was examined using a
high-resolution scanning electron microscope (SEM)
Quanta 3D FEG (Thermo Fisher FEI Company,
USA) equipped with an additional FIB ion column
and integrated EDAX Trident system.

Nanoindentation of the sample surface was per-
formed using a Hysitron TI 950 Tribolndenter (Bru-
ker, USA) equipped with a Berkovich indenter. Measu-
rements were carried out along the sample diameter
(70 £ 10 indents) at a constant loading rate of 40 mN/s.
Before testing, the sample surfaces were polished with
1 um diamond paste. The numerical values of na-
nohardness (H) and Young’s modulus (£) were de-
termined using the Oliver—Pharr method based on
characteristic P—h curves [21—23]. Microhardness
was measured with an ITV-1-MS tester (LLC Meto-
test, Russia) equipped with an MC-5.3 camera and
LOMO-Microsystems MCview software. The average
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microhardness values were obtained from ten indenta-
tions under a load of 100 g.

Human multipotent mesenchymal stromal cells
(MSCs) obtained from the collection of the N.N. Blo-
khin National Medical Research Center of Onco-
logy were used as a biological model. The cells were
suspended in RPMI-1640 growt.h medium (PanEko,
Russia) supplemented with 10 % fetal bovine serum,
1 % penicillin, and 2 mM L-glutamine (PanEko, Rus-
sia). The cell concentration was 132000 cells/mL.

The alloy samples were ultrasonically cleaned
(Odaservice, Russia) in distilled water at 21 = 1 °C for
15 min, immersed in 60 % ethanol for 4 h, air-dried
under sterile conditions, and then placed individually
in the wells of 24-well culture plates (Costar, USA).
A 20 pL cell suspension was applied to each sample
surface and incubated for 20 min at 37 °Cina 5 % CO,
atmosphere. For control, an equal volume of cell sus-
pension was placed directly on the well bottom. Then,
2 mL of growt.h medium was added to each well, and
incubation continued for 1 and 5 days under the same
conditions.

Biocompatibility of the studied alloy samples was
assessed by comparing the viability of MSC cultures
after 1 day of incubation using the MTT assay. The
procedure was performed as described previously [22].
After 4 h of incubation, the supernatant was careful-
ly removed, dimethyl sulfoxide was added to the cell
sediment, and the optical density of the resulting solu-
tion was measured at 540 nm using a Spark microplate
reader (Tecan, Switzerland) against the intact growt.h
medium. The alloys were considered biocompatible
if their exposure did not result in a statistically sig-
nificant decrease in cell viability compared with the
control.

To evaluate cell adhesion, alloy samples with at-
tached MSCs were treated with Calcein AM solution
(Sigma, USA) according to the manufacturer’s pro-
tocol after 5 days of cultivation. Cells on the sample
surfaces were examined using fluorescence micro-
scopy on a LionHeart FX cell imaging system (Perkin
Elmer, USA). For quantitative assessment of surface
cell adhesion intensity, the alloy samples with adhered
cells were transferred to empty wells, and growt.h
medium was removed from the control wells. Then,
1 mL of fresh growt.h medium was added to both
sample and control wells, and the viability of adhered
cells was evaluated using the MTT assay as described
above.

Statistical analysis was performed using at least
three samples of each alloy type for every parameter.
The results for MSC viability and cell adhesion were

expressed as mean * standard deviation based on trip-
licate measurements. Comparative analysis was carried
out using the median criterion, and differences from
the control were considered statistically significant at
p <0.05.

Results

Microstructure and phase composition
of samples in the as-fabricated, annealed,
and HPT-processed states

SEM and XRD results were obtained for both inves-
tigated alloys in three conditions: as-fabricated (after
ingot production), after annealing, and after high-pres-
sure torsion (HPT). The samples in the as-fabricated
condition (Fig. 1, a, b) and after annealing (Fig. 1, ¢, d)
exhibited coarse-grained polycrystalline structures. It
should be noted that the distribution of alloying com-
ponents was nonuniform (Fig. 1, @), and each grain
consisted of subgrains with an average size of 100—
150 nm.

Significant changes in the microstructure occurred
after HPT processing (Fig. 1, e, f). The grain size
could not be determined from the SEM images; how-
ever, other structural features, such as shear bands,
were clearly visible. On the surface of the Ti—15Mo
alloy (Fig. 1, f), these bands appear as separate re-
gions, which most likely correspond to differently
oriented grains.

Fig. 2 presents the X-ray diffraction patterns for both
alloys in the three studied states.

Tables 1 and 2 summarize the XRD data, including
the phase composition, lattice parameters, and volume
fractions of phases in the Ti—10Mo and Ti—15Mo al-
loys. In all investigated samples, the main phase was the
B-Ti phase.

Based on the X-ray diffraction analysis, the volume
fraction of the B-Ti phase (Fig. 3, a) and its lattice pa-
rameters (Fig. 3, b) were calculated for both alloys in
all three conditions. In the as-fabricated and annealed
conditions, the samples exhibited coarse-grained
structures, and the volume fraction of the B-Ti phase
was nearly identical. The lattice parameters of the an-
nealed samples differed significantly from those in the
as-fabricated condition due to the enrichment of the
B-Ti phase with molybdenum. In the Ti—10wt.%Mo
alloy, all molybdenum atoms are incorporated into the
B-Ti phase, whereas in the Ti—15wt.%Mo alloy, the
excess molybdenum forms a secondary cubic B-Mo
phase.

Phase transformations induced by HPT processing
altered not only the B-Ti/B-Mo phase ratio but also the
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Ti-10Mo Ti-15Mo

Ti-10Mo Ti-15Mo
1000°C 1000°C

Ti-15Mo
HPT

Shear band steps

Fig. 1. SEM micrographs of the alloy microstructures

a, b — as-fabricated; ¢, d — after annealing; e, f— after high-pressure torsion (HPT) processing
a, ¢, e — Ti—10Mo alloy; b, d, f— Ti—15Mo alloy

Puc. 1. COM-u3o6paxkeHuss MUKPOCTPYKTYP CIIAaBOB

a, b — B UICXOJHOM COCTOSIHUM; ¢, d — TI0C/Ie OTXXUTa, e, f— nocyie KB/1-06paboTku
a, ¢, e — cruiaB Ti—10Mo; b, d, f— crutaB Ti—15Mo
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Table 1. Phase composition, lattice parameters, and phase fraction
for the Ti—10Mo alloy

Ta6nuua 1. da3oBblii cocTaB, TapaMeTphl peleToK 1 noJs da3 mis crutaBa Ti—10Mo

o BTi BMo
Alloy condition
V, % a, nm ¢, nm V, % a, nm V, % a, nm
As-fabricated 4 0.2951 0.4688 84 0.3257 12 0.3216
After annealing
(1000 °C) — — — 100 0.3275 — —
After HPT - — — 99.5 0.3259 — -
= P e b
=13
=
i 2
[= - 58 =2 -5
z 2 g S z iz 8% 8%
7] g = ) 7] E = .‘:E
: A1 1 il
30 50 60 70 80 90 30 40 50 60 70 80 90

20, degrees 20, degrees

Fig. 2. X-ray diffraction patterns of Ti—10Mo and Ti—15Mo alloys in three conditions:
as-fabricated (), annealed at = 1000 °C (2), and HPT-processed (3)

a — Ti—10Mo, b — Ti—15Mo

Puc. 2. PentreHorpammMbl 00pa3uos criaBos Ti—10Mo u Ti—15Mo

B ucxoaHOM cocTosiHuu (1), mocae otxkura ripu £ = 1000 °C (2) u nociie KB/I-o6pabdotku (3)
a — Ti—10Mo, b — Ti—15Mo

Table 2. Phase composition, corresponding lattice parameters of the solid-solution
lattice parameters, and phase fraction phases.
for the Ti—15Mo alloy

Ta6nuua 2. ®a30Bblii cocTaB, TapaMeTPhl PELIETOK Mechanical properties

u nois ¢as pia cruiaBa Ti—15Mo of the alloys

The microhardness of the studied samples was
BTi BMo measured (Fig. 4, a), while nanoindentation was used
Al!oy to determine the average values of nanohardness
ondition v, % a, nm V,% | a,nm (Fig. 4, b) and Young’s modulus (Fig. 4, ¢). The de-
pendences of microhardness and nanohardness ex-
As-fabricated 100 0.3257 - - hibited similar trends for both alloys. An increase
in molybdenum content in the titanium alloy re-
After annealing sulted in lower values of these parameters. The mic-

(1000 °C) 94 0.3246 4 0.3189 . .
rostructure, phase composition, and mechanical
After HPT 55 0.3246 45 0.3196 properties of the.as—fa}bricated ar.ld annealed.sam—
ples were almost identical. Essentially, annealing at
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B-Ti phase, vol. % B-Ti phase lattice parameter, nm
0.3280
a b
Ti—10Mo ]
100
i 0.3270
80
Ti—15Mo 0.3260 -
607 0.3250
40 T T T 0.3240 T T T
As-fabricated Annealed HPT As-fabricated Annealed HPT
Condition Condition

Fig. 3. Volume fraction of the B-Ti phase (@) and lattice parameter of the B-Ti phase (b)
for Ti—10Mo and Ti—15Mo alloys depending on the processing method

Puc. 3. 3aBucumoctu o6beMHoit noau BTi-dassl (a) u mapameTpos perietku BTi-dassr (b)
nutst crutaBoB Ti—10Mo u Ti—15Mo ot Buna o6pabotku

HV H, GPa
500 9
a b
Ti—10Mo
450 - 8 -
Ti—10Mo
400 - 77
6 -
350
5 .
300 - Ti-15Mo Ti-15Mo
¢ ’ ]
250
T T T 3 T T T
As-fabricated Annealed HPT As-fabricated Annealed HPT
Condition Condition
E, GPa
160
c

150
140 Ti-10Mo Fig. 4. Dependences of microhardness (a),

nanohardness (b), and Young's modulus (£) (¢)
of Ti—10Mo and Ti—15Mo alloys

1307 on processing method

1204 Puc. 4. 3aBucuMoCTN MUKPOTBEPIOCTH (@),

HaHoTBepaocTH (b) u monyns FOnra (E) (¢)
1107 Ti-15Mo crunasos Ti—10Mo u Ti—15Mo

100 4 OT TUIIa 00pabOTKU

90 T T
As-fabricated Annealed HPT

Condition
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1000 °C served as a homogenization treatment that
eliminated chemical and structural inhomogeneities
in the samples. It is well known that severe plastic
deformation refines the grain size and induces phase
transformations in metals and alloys, which conse-
quently alters their mechanical properties. For the
Ti—10 Mo alloy, such changes were not observed. It
can be assumed that the key factor influencing the
mechanical properties of the investigated alloys was
the phase transformation induced by HPT process-
ing, specifically the formation of the f-Mo phase in
the Ti—15 Mo alloy, which led to changes in the me-
chanical behavior.

Biocompatibility of the samples
and stimulation of cell adhesion

Human multipotent mesenchymal stromal cells
(MSCs) were used as a cellular model because, depend-
ing on external stimuli, they are capable of differenti-
ating into various connective tissue lineages involved in
the formation of bone, cartilage, stroma, muscle, blood
vessels, and tendons [23]. These are precisely the types
of tissues expected to interact with the developed im-
plants following their placement in osteoreconstructive
surgery. To ensure stable osteosynthesis, the metallic
implant material must comply with biocompatibility
requirements — namely, it should not exert cytotoxic

effects upon contact and should promote surface cell ad-
hesion.

Morphologically, MSCs are large polygonal cells
measuring approximately 20—50 pm in diameter.
They adhere effectively to the matrix surface, main-
tain viability and proliferative capacity in vitro, and
are capable of colonizing the surfaces of experimental
alloy samples (Fig. 5). Live-cell staining with Calcein
AM enables visualization of metabolically active cells
through the fluorescence emitted by the cytoplasm of
viable cells.

This methodological approach confirmed that the
cells adhered to the surfaces of all studied Ti—Mo
alloy samples (Fig. 6). The analysis showed that the
cells not only adhered actively during co-incubation
but also retained their ability to proliferate, forming
continuous cell layers on the alloy surfaces. Overall,
the degree of cell colonization was comparable among
the samples, though cell activity on the surface of
the Ti—15Mo alloy was slightly higher than on Ti—
10Mo. In contrast, the colonization of the Ti—10Mo
surface after HPT processing was somewhat reduced
compared to that of the as-fabricated and annealed
samples.

The data presented in Fig. 7, a indicate that none
of the studied samples exhibited statistically significant
cytotoxic effects on MSCs. After 24 h of incubation, no

Fig. 5. Morphology, viability, and adhesion potential of MSCs (control) used as a cellular model for evaluating

the adhesion properties of the studied alloys

a — phase contrast microscopy, unstained

b — fluorescence microscopy, with phase contrast Calcein AM cell staining

Puc. 5. Mopdonorus, Xn3HecrnocoOHOCTb U aare3uoHHbIi moreHuaa MMCK (KOHTpoJb),
WCTIOJIb30BAHHBIX B KAUECTBE KJIETOYHOW MOJIEJIH JJIsI OIIEHKY a/Ire3MOHHBIX CBOMCTB M3y4aeMbIX CTIJIaBOB

a — $Ha30BO-KOHTpACTHAsI MUKPOCKOTHS, O€3 OKpacKu

b — dyopecueHTHass MUKPOCKOTUS, IOTOJIHEHHAsI MCTTOJIb30BaHUeEM (ha30BOro KOHTpacTa, OKpacka kietok «Calcein AM»
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Ti-10Mo

Ti-10Mo Ti-15Mo
1000°C : 1000°C

Ti-15Mo
HPT

Fig. 6. Colonization and adhesion of MSCs on the surface of Ti—Mo alloy samples

Fluorescence microscopy, Calcein AM staining, green fluorescence
a, b — as-fabricated; ¢, d — after annealing (1000 °C); e, f— after HPT processing
a, c,e —Ti—10 Mo alloy; b, d, f— Ti—15 Mo alloy

Puc. 6. Kononuszauus u aare3ust MMCK Ha moBepxHOCTH 00pa31ioB crijiaBoB Ha ocHoBe Ti—Mo

DryopectienTHas MuKpockomust. Okpacka Kietok — «Calcein AM» (3eieHast hryopeciieHITHsI)
a, b — B icxomHoM cocTostHUH; ¢, d — mociie otxkura (1000 °C), e, f— nocie KBJl-06paboTku
a, ¢, e — cruiaB Ti—10Mo; b, d, f— cruiaB Ti—15Mo
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Cytotoxicity Cell adhesion
0.22 5
a b
0.204 014 Ti—10Mo
0.184 a
0.13 1 .
0. 16 u Ti—15Mo
Ti—10Mo
0.14- 0.12 1
E
0.12 § 0.11-
0.10
0.10 1
0.08 T T T T T T
As-fabricated Annealed HPT As-fabricated Annealed HPT
Condition Condition

Fig. 7. Dependences of cytotoxicity () and cell adhesion (b) of Ti—10wt.%Mo and Ti—15wt.%Mo alloys

on processing method

Puc. 7. 3aBUCMMOCTH HMTOTOKCUYHOCTH (@) U KJIeTouHoi aaresuu (b) criaBos Ti—10Mo u Ti—15Mo

OT BUJa 00paboTKU

decrease in cell viability was observed compared to the
control (p > 0.05), which meets the requirements for bio-
compatible materials intended for medical applications.
However, HPT processing appeared to induce a slight
trend toward reduced viability.

Quantitative assessment of cell activity on the alloy
surfaces at the end of the observation period demon-
strated that the highest activity was observed in annealed
samples, while the lowest values corresponded to the
HPT-processed samples.

Discussion of the results

Differences in fabrication methods and in the
purity of the starting components affect not only
the phase composition of the ingots, but also, con-
sequently, the mechanical properties of the alloys.
For example, in [5] a series of binary Ti—Mo alloys
containing 6—20 wt. % Mo was studied. The ingots
were produced by industrial arc melting, and the al-
loys were examined in the as-cast state without any
additional processing. Two alloys — Ti—10wt.%Mo
and Ti—15wt.%Mo — consisting solely of the
B phase exhibited different mechanical properties.
In particular, the bending strength and hardness of
the alloy containing 10 wt. % Mo were higher than
those of Ti—15wt.%Mo. However, when these data
are compared with the results of the present study,
differences in the phase composition of the same
nominal alloys become apparent, which in turn

lead to discrepancies in their mechanical proper-
ties.

In [6], Ti—10wt.% Mo and Ti—20wt.%Mo alloys
were investigated, and the authors demonstrated that
both the mechanical properties and the microstruc-
ture are strongly dependent on the processing method
(in that case, cold rolling). They concluded that the
Ti—Mo alloys under study are more suitable for bio-
medical applications than conventional metallic bio-
materials, as they combine a low yield strength with
good ductility, and highlighted Ti—10wt.%Mo as the
most promising composition. Although a direct com-
parison between [6] and the present work is not feasible
because of differences in processing and material cha-
racteristics, the results of [6] clearly support the view
that the processing method has a decisive influence on
both the phase composition and the properties of Ti—
Mo alloys.

In [7], a series of binary Ti—Mo alloys with 15—
18 wt. % Mo was examined. The Ti—17wt.% Mo alloy
exhibited low elasticity, high tensile strength, and good
ductility, making it a promising candidate for biome-
dical use.

The Ti—15.05wt.%Mo alloy developed by the group
of authors in [8] also demonstrated good potential for
orthopedic implant applications, with a hardness of
350 HV and an elastic modulus of 70 GPa.

It is also worth mentioning the study [9], in which
nanoindentation was used to measure the hardness
and Young’s modulus of individual phases. For the
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Ti—12Mo alloy, the difference in hardness between
the oo and B phases was approximately 35 % (3.96 and
5.97 GPa, respectively). The difference in Young’s modu-
lus between the two phases was about 20 % (114 GPa
for the  phase and 141.7 GPa for the o phase). The alloys
in [9] were produced by spark plasma sintering (SPS)
from titanium and molybdenum powders.

Based on current evidence regarding the impact of
fabrication and processing on material properties, we
focused this study on two alloys, Ti—10wt.%Mo and
Ti—15wt.%Mo, which exhibit mechanical characteris-
tics suitable for biomedical use. The present work pro-
vides a comprehensive characterization of these alloys,
including SEM and XRD analysis, nanoindentation,
and biocompatibility assessment.

Evaluation of cell viability during incubation
showed that all studied samples can be classified as
biocompatible according to this parameter, although
the annealed samples were found to be the safest for
MSC viability. According to the results of cell ad-
hesion testing, all Ti—Mo alloy samples stimulated
MSC adhesion to their surfaces, with the annealed
samples exhibiting the most pronounced activity.
Considering the osteogenic potential of MSCs, it
can be concluded that the Ti—10Mo and Ti—15Mo
alloys, after heat treatment at 1000 °C, can be char-
acterized as biocompatible materials with osteocon-
ductive potential, i.e., capable of promoting bone tis-
sue formation on their surface to accelerate implant
osseointegration.
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A possible correlation between cytotoxicity and cell
adhesion and such material parameters as phase com-
position, hardness, and Young’s modulus was analyzed.
A positive correlation coefficient (R = 0.5) was obtained
for the volume fraction of the B-Ti phase with both cyto-
toxicity (Fig. 8, a) and cell adhesion. Negative correla-
tion coefficients (R) were found for hardness (Fig. 8, b)
and Young’s modulus.

Based on the correlation coefficient analysis, it can
be proposed that the key factor determining the biocom-
patibility of Ti—Mo alloys is not their mechanical pro-
perties, but rather the phase composition and the type
of processing applied to the material.

Conclusion

The experiments performed in this study
demonstrated that all investigated Ti—Mo alloy
samples can be classified as biocompatible, since,
during in vitro incubation with non-transformed
cells, they did not exert any statistically signifi-
cant cytotoxic or hemolytic effects. In addition, all
samples were found to stimulate surface coloniza-
tion by cells with osteogenic potential, which sug-
gests that, following intrabony implantation, they
may undergo accelerated integration into bone tis-
sue by promoting callus formation in the contact
area.

It was shown that HPT processing of the materials
reduces both cytotoxicity and cell adhesion parameters
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for both Ti—Mo alloys. At the same time, higher levels
of cell adhesion and cytotoxicity were recorded for the
annealed Ti—Mo alloy samples.

The positive correlation coefficients calculated
for cytotoxicity and cell adhesion as a function of the
B-Ti phase fraction in both Ti—10wt.%Mo and
Ti—15wt.%Mo alloys indicate the predominant influ-
ence of phase composition on the biocompatibility of
the material.
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