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UDC 66.01 Research article
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Investigation of the conditions (nature)
of pentacoordinated aluminum oxide formation

P.A. Solodovnikova!, M.A. Mashkovtsev'-2, V.N. Rychkov!, G.V. Ginko',
T.E. Telegin', M.V. Ugryumova'

! Ural Federal University n.a. the First President of Russia B.N. Eltsin
19 Mira Str., Ekaterinburg 620002, Russia

2 Institute of High Temperature Electrochemistry of the Ural Branch of the Russian Academy of Sciences
20 Akademicheskaya Str., Ekaterinburg 620137, Russia

4 Polina A. Solodovnikova (solly.polly@yandex.ru)

Abstract: Aluminum oxide is widely used as a catalyst carrier, including in internal combustion engine systems, where operating temperatures
exceed 1000 °C. As such, aluminum oxide must exhibit enhanced thermal stability. This property is linked to the presence of pentacoordinated
centers on the surface of the y-phase of Al,O5. This paper examines the effect of the pH during aluminum hydroxide precipitation on the
formation of pentacoordinated centers on the surface of aluminum oxide. The samples of aluminum hydroxide were synthesized via controlled
double-jet precipitation, followed by thermal decomposition into oxides. Precipitation was carried out at constant pH levels, and for comparison,
parallel samples were synthesized at pH values of 5, 6, 7, 8, and 9. The precursors for precipitation were a I M aluminum nitrate solution (A]3+)
and a 10 wt. % ammonia solution (NH,OH). The solutions were introduced into the reactor in a dropwise mode with continuous stirring.
The resulting aluminum oxide samples were analyzed using X-ray diffraction and nuclear magnetic resonance techniques. The data show a
direct correlation between the pH of aluminum hydroxide precipitation and the presence of pentacoordinated centers on the aluminum oxide
surface: the higher the pH, the lower the content of pentacoordinated atoms. Additionally, a relationship was observed between the pH value
and the size of the coherent scattering region, with an increase in coherent scattering observed at higher pH levels.

Keywords: pentacoordinated aluminum oxide, thermostability, controlled double-jet precipitation.

For citation: Solodovnikova P.A., Mashkovtsev M.A., Rychkov V.N., Ginko G.V., Telegin T.E., Ugryumova M.V. Investigation of the conditions
(nature) of pentacoordinated aluminum oxide formation. Izvestiya. Non-Ferrous Metallurgy. 2024;30(4):5—10.
https://doi.org/10.17073/0021-3438-2024-4-5-10

Uccaenosanue ycaoBuii (IpUpoabl) 00pa3oBaHUsA
MEeHTAKOOPAMHUPOBAHHOTO OKCHIA AJTIOMUHMS

I1.A. Cononosunkosa', M.A. Mamkosues'?, B.H. Porukos', I.B. T'unbko',

T.E. Teaerun', M.B. Yrpiomosa'
! VYpanbckuii penepanbHbiii yHuBepcuTeT UM. epBoro Ilpesnaenta Poccun b.H. Enbuuna
Poccus, 620002, r. EkatepunOypr, yi. Mupa, 19

2 MlucTHTYT BBICOKOTEMIIEPATYPHOI 31ekTpoxumun YpO PAH
Poccus, 620137, r. ExatepuHOypr, yi1. Akagemudeckas, 20

P< Tlonuna AnekcanaposHa CononoBHuKoBa (solly.polly@yandex.ru)

AnHoranusa: OKCHUI aTIOMUHUST HAXOIUT IHUPOKOE MPUMEHEHHEe B Ka4eCTBE HOCUTEJ ST KaTaIU3aTOPOB, B TOM YHCJIe B CUCTEMaXx JIBUTA-
TeJielli BHYTPEHHEro cropaHusi aBToMoOMIei, rae padboyre TeMmepaTypbl focturatot cBbiie 1000 °C, B ¢BSI3M ¢ UeM OH JIOJIKeH 00J1aaTh
MTOBBIIIICHHON TEPMUYECKOI YCTOMYUBOCTBIO, MU TEPMOCTAOMIBHOCTBIO. JJaHHBI MapaMeTp CBSA3BIBAIOT C HATUYUEM TIEHTAKOOPINHU-
POBAHHBIX LIEHTPOB Ha MOBEPXHOCTH Y-(a3sl Al,O;. B HacTos1el paboTe onucano BausiHue pH ocaxxaeHus ruapokcuaa alloMUHUS
Ha TIPUCYTCTBUE TIEHTAKOOPINHUPOBAHHBIX IIEHTPOB Ha MOBEPXHOCTU OKCU/IA ATIOMUHU L. METOIOM KOHTPOJIMPYEMOTO IBYXCTPYWHOTO
OCaX/JIeHUSI CHHTE3MPOBAIU 00pa3ilbl THIPOKCHIA aTIOMUHMS C €r0 TOCIEeAYIOUIMM TePMUYECKUM pa3iokeHHeM 10 okcuaoB. Ocaxie-

© 2024 P.A. Solodovnikova, M.A. Mashkovtsev, V.N. Rychkov, G.V. Ginko, T.E. Telegin, M.V. Ugryumova
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HUE MPOBOAWIIM ITPYU TOAIEPKAaHUK ITOCTOSTHHOTO 3HaueHust pH, 1 1J1st cpaBHEeHM ST ObLIM CUHTE3MPOBaHBI TTapaJlJiesIi MPH MMOCTOSTHHBIX
suavenusax pH = 5, 6, 7, 8 u 9. MicxomHbie peareHThl MUTst OCaXKISHHS TTPEACTABISIN coGoit pacTBOp HUTpara amiomunust (AIPT =1 M)
u pactBop ammuaka (10 mac. % NH,OH). PactBopel nogaBaiu B peakTop B KareJbHOM pexXMMe IPU OCTOSTHHOM repemeninBaHui. [lo-
JIydeHHbIe 00pa31bl OKCU/IA aTFOMHUSI UCCIIENI0BATN METOaMU PEHTTeHO(ha30BOro aHaan3a U siIePHOro MarHUTHOTO pe3oHaHca. [Tony-
YEeHHBIE JaHHbBIC CBUIETEIbCTBYIOT O MPSIMOM 3aBUCMOCTHU MEX Iy 3HaueHeM pH ocakieHusI TUAPOKCUIOB aTIOMUHUS U 06pa30BaHUEM
MEHTAKOOPAMHUPOBAHbIX IEHTPOB HA TOBEPXHOCTH MOJTY4YaeMbIX OKCUIOB aTIOMUHMSI: YeM BbIlle 3HaueHHe pH ocakaeHMs1, TeM MEHbllle
conepkaHue MEHTAKOOPANHUPOBAHHBIX aTOMOB. Kpome Toro, Gbij1a 06HapyXKeHa 3aBUCUMOCTh MeX 1y 3HaueHueM pH ocaxaeHus u pas-
MepaMU 00J1acTH KOTePEHTHOTO paccestHUsT — HabJonaics ee pocT ¢ yBeandeHuem pH.

Kxiouesbie cjioBa: MeHTaKOOPAMHUPOBAHHBII OKCUJ aJTIOMUHUSI, TEPMOCTAOMIBHOCTh, KOHTPOJUPYEMOe ABYXCTPYiiHOE ocaxKIeHUe.

Jna uutupoanusa: CosonoBHukoBa [1.A., MamkosBueB M.A., PeiukoB B.H., I'uubko I.B., Tenerun T.E., YrpiomoBa M.B. Mccneno-
BaHWE YCIOBUI (IIPUPOIbI) 0Opa3oBaHWs MEHTAKOOPAWHUPOBAHHOTO OKCUIA alOMWHWS. Hzeecmus 6y306. lleemnas memaniypeus.

2024:30(4):5—10. https://doi.org/10.17073/0021-3438-2024-4-5-10

Introduction

Aluminum oxide is widely used in industry due to
its highly developed specific surface area, which is sig-
nificantly influenced by the synthesis method and con-
ditions [1—13]. Aluminum oxide powder is a key com-
ponent of automotive catalysts, serving as a carrier for
precious metal particles on its surface [7—9; 11]. For
automotive catalysts, aluminum oxide powders must ex-
hibit a stable structure, high specific surface area, and
developed porosity, while being resistant to extreme
operating temperatures up to 1100 °C. These properties
largely depend on the presence of pentacoordinated alu-
minum oxide atoms (A1), also known as penta-centers
[13—17].

Precipitation is the most common method for syn-
thesizing pentacoordinated aluminum oxide due to the
process’s simplicity from a technological perspective.
Aluminum salt solutions are often used as the precur-
sor, with the choice of precipitant solution depending
on the pH. A specific case is the controlled double-jet
precipitation (CDJP) method, where the process is con-
ducted at a constant pH with discrete dropwise addition
of solutions into the reactor. After precipitation, the re-
sulting suspension undergoes various processing steps,
including filtration, drying, and calcination, producing
aluminum oxide [18; 19].

The calcination temperature significantly affects
the structure of the resulting oxide [18]. For instance,
low-temperature phases of aluminum oxide form at tem-
peratures up to 700 °C, while high-temperature phases
form at temperatures above 700 °C [20].

Particular attention is given to the y-phase of alu-
minum oxide, which is a metastable, transitional,
structurally polymorphic form [21—26]. The bulk and
surface structures of y-aluminum oxide, along with its
formation and thermal stability, have been the subject
of numerous studies [21—26]. However, due to the low
crystallinity and corresponding small particle size of
v-aluminum oxide, traditional analytical methods for

6

determining its surface structure are significantly li-
mited.

Several authors have reported that pentacoordi-
nated AI’" atoms are present on the surface of the
v-phase of aluminum oxide [13—17], which affect the
material’s thermal stability by interacting with the ca-
talytically active phase. The detection of coordination
centers (tetra-, penta-, or octa-) is possible using nuclear
magnetic resonance (NMR).

It should be noted that the literature lacks data on the
influence of the synthesis pH on the formation of pen-
tacoordinated centers, as well as on the relationship be-
tween the presence of pentacoordinated centers and the
crystallite characteristics of aluminum oxide obtained at
various pH levels.

The aim of this study is to investigate the effect of the
synthesis pH of aluminum hydroxide on the formation of
pentacoordinated AI** atoms in its oxide.

Materials and method

Controlled double-jet precipitation of aluminum
hydroxides at constant pH in batch mode was selected
as the synthesis method for the samples. After precipi-
tation, the samples were dried and calcined, resulting in
aluminum oxide.

The synthesis of the samples was conducted as fol-
lows: aluminum nitrate and ammonia solutions were
added dropwise while maintaining a constant pH
throughout the precipitation process. The selected pH
values were 5, 6, 7, 8, and 9.

The concentrations of the precipitation solutions
were as follows: C(AI*") = 1 M and 10 wt. % NH,OH.
To produce 100 g of aluminum oxide, 2 L of alumi-
num nitrate solution was used. The process was car-
ried out at room temperature, with the stirrer set at
500 rpm, and aluminum nitrate solution was fed at a
rate of 10 mL/min. Drying was conducted in an oven for
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4 h at 130 °C. The thermal treatment involved heating
at a rate of 500 °C/h to 500 °C, holding at 500 °C for
4 h, followed by cooling in the furnace to room tem-
perature.

After synthesis, the content of pentacoordinated
aluminum oxide atoms was determined by nuclear mag-
netic resonance (NMR), and the values of the coher-
ent scattering region (CSR) were calculated after con-
ducting X-ray phase analysis.

2’A1 NMR spectra were recorded at room tempera-
ture using an “Agilent VNMR 400” pulsed spectrometer
(USA) at a frequency of 104.23 MHz with magic angle
spinning (MAS). The rotor spinning frequency was
10 kHz. The spectra were processed using the “Dmfit”
program.

The phase composition of the samples was deter-
mined using X-ray diffraction analysis. Measurements
were performed over angles ranging from 10° to 80°. The
X-ray patterns were processed using the “OriginPro”
software, with baseline subtraction and smoothing of
the peaks.

Results and discussion

The obtained nuclear magnetic resonance (NMR)
results are presented in Fig. 1. Data are shown for the
two samples that differ most significantly in terms of
penta-center content, synthesized at pH = 5 and pH =
= 9. The samples were labeled accordingly. NMR spec-
trum analysis revealed that the sample labeled pH = 9
does not have pentacoordinated aluminum atoms on its
surface, as indicated by the absence of the corresponding
peak. In contrast, the sample labeled pH = 5 is charac-
terized by the presence of a peak, which corresponds to
the presence of pentacoordinated centers.

Figure 2 presents the X-ray diffraction patterns for
the same samples. The X-ray diffractograms show that
the degree of crystallization of the samples varies de-
pending on the pH of the precipitation, and all samples
consist of y-Al,O; (JCPDS, 10-0425). No impurities
of aluminum hydroxide or high-temperature phases of
aluminum oxide were detected. As the precipitation pH
increases, a decrease in peak width at half maximum
is observed, indicating an increase in crystallite size.
The X-ray diffractograms of the sample at pH = 9 are
characterized by sharp peaks, with the pH = 9 sample
exhibiting higher crystallinity than the pH = 5 sample.
Additionally, the pH = 5 sample shows the highest num-
ber of defects.

The crystallite sizes of the aluminum oxide samples
were calculated using the Scherrer method. It was found
that the crystallite size increases with the rise in the pH
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Fig. 1. NMR spectra of aluminum oxide samples
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Fig. 2. XRD diffractograms of aluminum oxide samples
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of the precipitation process. The data obtained are pre-
sented below:

Al-6  Al-7  Al-8  Al9

1,71 2,52 3,31 3,67
Based on the research results, correlations were es-
tablished between the pH values of the precipitation and
the proportion of pentacoordinated AP atoms, as well
as the size of the coherent scattering region (CSR). A de-
pendence of the studied parameters on the pH of precip-
itation was demonstrated: the proportion of pentacoor-
dinated AI’" atoms decreases with increasing synthesis
pH (Fig. 3), while the crystallite size, on the other hand,

increases (Fig. 4).
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The sample labeled pH = 5 exhibits the highest
number of defects and the greatest proportion of pen-
tacoordinated aluminum atoms, while the sample labe-
led pH = 9 is characterized by the fewest defects and a
significantly lower content of pentacoordinated atoms.
Overall, as the pH of precipitation and the size of the
CSR increase, the content of penta-centers in alumi-
num oxides decreases significantly.

Conclusion

The study demonstrated that the pH of aluminum
hydroxide precipitation has a substantial effect on the
content of pentacoordinated atoms in the resulting
oxides. As the pH of precipitation and the size of the
CSR increase, the proportion of pentacoordinated
atoms on the surface of aluminum oxide decreases.

Content Alv, %

26.83

0 :
4 5 6 7 8 9 pH

Fig. 3. Correlation between pH value and AlY content
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1 T T T T T
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Fig. 4. Correlation between pH value and CSR size

Puc. 4. Koppensiuus mexay 3Hauenuem pH
u pazmepamu OKP

These findings can be applied in further research into
the mechanism of pentacoordinated atom formation
on the surface of aluminum oxide, which holds prac-
tical value in the production of catalyst supports and
adsorbents.
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Abstract: The article focuses on researching the technology of cementation purification of zinc sulfate solutions from impurities that adversely
affect the electrolysis of zinc. The purpose of this work is to explore new approaches for deep cementation purification of solutions, aimed at
reducing the consumption of zinc dust and activating additives (antimony and copper compounds) in the technological process, while improving
the quality of the purified solution by decreasing the content of cobalt, nickel, and cadmium in the solution supplied for zinc electrolysis. In this
study, a new technology for the cementation purification of industrial solutions was developed, which includes the following stages of impurity
removal using zinc dust: preliminary purification stage to remove copper to a concentration of 90—110 mg/L; co-precipitation of copper,
cadmium, cobalt, and nickel with the addition of antimony trioxide; deep purification of the solutions from all impurities remaining after the
first stage. The purification process was conducted under the following conditions: the preliminary deposition took place at a temperature
of 50 °C, with a duration of 30 min and a zinc dust consumption of 0.2—0.4 g/L; the first purification stage occurred at a temperature
of 80 °C, for a duration of 1 h, with a zinc dust consumption of 2—3 g/L, and an antimony dosage of 3—6 mg/L; the second purification stage
was carried out at a temperature of 75—80 °C, for a duration of 1 h, with a zinc dust consumption of 2—3 g/L, and dosages of copper sulfate and
antimony at 50 mg/L and 2—3 mg/L, respectively.
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Annoranusa: CTaTbsl MOCBSIIEHA MCCIENOBAHUSM TEXHOJOTMU LEMEHTAIIMOHHON OYUCTKM CyAbGaTHBIX LIUHKOBBIX PACTBOPOB OT
npumMeceii, OTpULIATENbHO BAUSIONIMX Ha DJIEKTPOIU3 HMHKA. Lleab paboThl — MOUCK HOBBIX BApMAHTOB INYOOKOI LIeMEHTallMOHHOM
OYHMCTKH PAaCTBOPOB, MO3BOJISIIOLUINX COKPATUTh PACXObI LUHKOBOU MbUJIM U AKTUBUPYIOLIMX 100aBOK (COCAMHEHM A CYpPbMBI U ME1U) B
TEXHOJIOTUYECKOM Tpollecce M YIYUIIUTh Ka4eCTBO OUMIIIEHHOTO pacTBOpa (CHUXEHUEM B HEM COlepXKaHU i KoOaabTa, HUKeJ s, Kall-
MUsT), TTIOlaBaeMOT0 Ha 3JIEKTPOJIN3 IMHKa. PazpaboTaHa HOBast TEXHOJOTH S IEMEHTAIIMOHHOW OUMCTKY MPOMBINIIJIEHHBIX PACTBOPOB,
BKJTIOUAIOIIAS CIENYIONNe TPU CTAAUM IEMEHTALNMU MTpUMeceil IMHKOBOU MBLIBIO: TPEABAPUTEIbHAS — OUMCTKA PACTBOPOB OT MEIU
1o koHueHTpauuu 90—110 Mr/n; mepBasi — COBMECTHOE OCaxkeHUe MeAU, KaAMUsl, KOOaJIbTa, HUKEJ s ¢ T0OaBKOW TPUOKCUIa CYPbMBI;
BTOpasi — r1y0oKasi 0O4UMcTKa paCTBOPOB OT BCEX OCTABILMXCS Moce 1-ii cTaauu npumeceii. TH cTallu OCYLIeCTBIISIIUCH TPU CIAEAYI0-
KX peXrMax: MpelBapuTesbHOEe OCaXAeHue npoTekaso npu remmeparype ¢+ = 50 °C, npopojkuTeabHOCcTH T = 30 MUH U pacxone
uHKoBOM mbtu m = 0,2+0,4 1/1; 1-s1 ctagust ounctku — ¢t = 80 °C, 1= 14, m = 2+3 1/1, 103UPOBKa MO CypbMe — 3—6 MT/J; 2-51 CTaausi
ounctku —t=75+80°C, 1= 14, m = 2+3 /71, 103UPOBKA METHOTO KyTnopoca 1o menu — 50 Mr/J1, o cypbMe — 2—3 mr/n. PazpaboTaHHBbIi

© 2024 A.V. Kolesnikov, E.I. Ageenko

1



lzvestiya. Non-Ferrous Metallurgy 2024 « Vol. 30 « No.4 e P. 11-21

Kolesnikov A.V., Ageenko E.I. On the cementation purification of zinc solutions

METOJIl TO3BOJISIET CHU3UTD COlepPXKaHUe IPUMECEl B UCXOIHOM PacTBOpPE 110 HE0OXOIMMBbIX NPEacaoB Jid 3JIEKTPOJIM3a BBICOKOKa4Ye-
CTBEHHOTO HMHKAa MapKu SHG. an/I 3TOM PAcXoJ LMHKOBOW IMbIJU HA MEPBYIO M BTOPYIO CTAAUU LEMEHTALIUU JOJXKEH YMEHBILIUTHCS

1o 35 Kr/T IMHKa.

Kirouesble ciioBa: lieMeHTalMsl, KOOAIBT, KAAMU1, HUKEb, Me/lb, IMHKOBAS IblJIb, TPUOKCU/ CYPbMBbI, TEMTIEpaTypa, OUMIIEHHBII 1151

9JIEKTPOJIM3a PACTBOP.

Jna uutupoanusi: KosnecHukos A.B., Areenko E.M. K Bomnpocy 1eMeHTalLlMOHHON OYUCTKU LIMHKOBBIX PACTBOPOB. HM36ecmus 8y306.
Lleemnas memannypeus. 2024;30(4):11-21. https://doi.org/10.17073/0021-3438-2024-4-11-21

Introduction

In recent years, there has been an increasing de-
mand for high-quality zinc of the “Special High Grade”
(SHG), in which the zinc content is 0.015 wt. % higher
compared to the TsOA grade zinc (Table 1).

One of the main requirements for producing
high-quality zinc is obtaining solutions that are deeply
purified from cobalt and nickel. This becomes more
challenging at facilities with high levels of organic
matter, iron, and other impurities in the electrolytes,
which are processed for cementation purification. The
operational practices of zinc plants show that cobalt is
the primary impurity in zinc solutions, and other trace
impurities are highly correlated with it. In 95 cases out
of 100, it can be assumed that removing cobalt from
the solutions to concentrations of less than 1 mg/L re-
duces the other impurities to levels acceptable for elec-
trolysis [1; 2].

Analysis of studies on the Kinetics
of cementation with zinc dust

As a rule, the cementation process proceeds quick-
ly compared to corrosion and cannot be characterized
by a single mechanism from start to finish. The entire
cementation process, from the moment the cementing
metal comes into contact with the solution to the final
stage of reaction slowdown, can be divided into several
distinct periods, each governed by its own laws [3].

A typical kinetic curve of the cementation process
rate is presented in Fig. 1. Its form allows for the iden-
tification of four periods in the cementation process. As
noted in the study [3], period [ is observed only when

passivating films are present on the surface of the metal
and is associated with their removal due to dissolution
upon interaction with the electrolyte. However, if the
metal surface is in an active state (without passivating
films) at the moment of contact with the solution, the
surface activation period is absent, and cementation be-
gins immediately after the metal isimmersed in the elec-
trolyte, i.e., without an induction period.

According to [3], the second period (/]) is associ-
ated with the process of forming the cathodic surface,
which cannot be separated from the process of its growth
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Dependence of cementation rate on time
1, 11, 111, IV — periods of the cementation process

3aBUCUMOCTD CKOPOCTHU LIEMEHTAIIUU OT BPEMECHU

1, 11, I11, IV — nepuobl mpoliecca [eMeHTaluu

Table 1. Chemical compositions (wt. %) of zinc grades TsOA and SHG

Ta6auua 1. Xumuveckuii coctaB (Mac. %) umHka Mmapok LIOA u SHG

) 7n Impurities, not more than
Zinc grade | ’ h
not less than P | cd Fe Cu Sn Al
TsOA 99.98 0.01 0.003 0.003 0.001 0.001 Not standardized
SHG 99.995 0.003 0.003 0.002 0.001 0.001 0.005
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in thickness. As soon as the first crystallization centers
of the reduced metal appear, the growth of the existing
centers begins simultaneously with the formation of new
ones.

The third period (/1) is the main phase of the pro-
cess, during which the precepitation of the reduced met-
al primarily grows, and the concentration of its ions in
the solution decreases. The rates of side reactions during
the main period can generally be neglected.

The fourth period of cementation (/V) is the final
phase of the reaction’s slowdown, which is typically ac-
companied by a significant increase in the role of side
reactions (see the dashed line in Fig. 1). These side reac-
tions often terminate the reduction process long before
thermodynamic equilibrium is reached [3].

In the hydrometallurgical production of zinc, the
neutral zinc solution (pH = 5.0+5.2) obtained after the
complete dissolution of roasted zinc concentrate in sul-
furic acid undergoes cementation purification to remove
copper, cadmium, nickel, cobalt, antimony, thallium,
and certain uncontrolled trace impurities.

Cementation precipitation of impurity metals
(MeZ™) from the solution is carried out using metallic
zinc. This process is based on the fact that zinc does
not contaminate the zinc solution and is more elec-
tro-negative than the precipitated impurities, which is
why it acts as a reducing agent for impurity cations. The
impurities precipitated on the zinc during cementation
form the following decreasing series in terms of cemen-
tation rate at temperatures <70 °C: Cu > Cd > Ni > Co,
while Fe?* does not precipitate. At temperatures above
80 °C, as noted in the literature, cadmium precipitates
less than nickel and cobalt. This order is typical for the
impurity concentrations encountered in zinc produc-
tion.

The tasks of cementation purification of zinc solu-
tions from impurities include the following:

— improving the degree of solution purification;

— increasing the cadmium content in the cementa-
tion precipitates (a raw material for cadmium produc-
tion);

— reducing the specific consumption of the cement-
ing agent (zinc dust).

The factors influencing the cementation process
include temperature, pH level, the quantity and ratio
of precipitated impurities, the mass of solid suspended
particles in the initial solution, the duration of the oper-
ations, and the methods for separating the cementation
precipitates from the solution [1].

The degree of cementation purification of the neu-
tral solution effectively increases only during a limit-
ed contact time between the zinc dust and the solution

(20—30 min). After that, the oxidation of the reduced
cadmium begins to dominate over the precipitation of
impurities, and the purification performance no longer
improves, and may even worsen if “fresh” cementing
agent is not added [1].

Thus, the intensification of cementation, as shown in
the aforementioned studies, is achieved by the following
methods:

— increasing the specific consumption and dispersi-
ty of the zinc dust;

— using activators for zinc dust;

— increasing the temperature to the optimal level;

— increasing the stirring rate of the solution;

— avoiding prolonged contact between the solution
and the cementing agent.

In the initial stages of cementation purification,
copper and cadmium are usually removed. Copper is
relatively easily removed from the solution with a sto-
ichiometric consumption of zinc, while complete re-
moval of cadmium is more challenging, as its cementa-
tion precipitate can redissolve. The presence of arsenic,
antimony, germanium, and oxidizers like Fe’" in the
zinc solution promotes the dissolution of cadmium pre-
cipitates [2].

An understanding of which metals can be precipi-
tated from a solution via cementation with zinc can be
gained by comparing the standard electrode potentials
of the metals. Electrochemical theory suggests that all
metals with a standard potential more positive than
—0.763 V can be cemented with zinc.

Practical approaches to purifying zinc
solutions from impurities that negatively
impact zinc electrolysis

Based on data from the information-analytical
database [1], we analyzed the technologies and puri-
fication parameters used by 32 plants worldwide for
cobalt removal, considering both periodic and con-
tinuous schemes, the number of purification stages,
activators, purification temperatures, and the cobalt
content in the purified solutions. The majority of
plants use continuous impurity removal processes,
typically with two or three stages. In 22 % of the cases,
o.—B-naphthol is used as an alternative to zinc dust
for cobalt removal. The most common temperature
range for cobalt purification is 60—70 °C. The level
of cobalt removal is relatively consistent, with final
concentrations ranging between 0.1 and 2.0 mg/L.
Common zinc dust activators include Sb,03, As,0s3,
CuSO,, with Schlippe’s salt and potassium tartrate
used less frequently.
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One zinc plant implemented a two-stage purifica-
tion process using zinc dust with different particle si-
zes: +0.063—0.25 mm in the first stage and —0.063 mm
in the second. In the second stage, copper sulfate and
antimony compounds were added as activators. This
stage operated at a temperature of 70—90 °C. The first
stage was designed to reduce copper and cadmium con-
centrations in the solution to less than 1 mg/L (Cu) and
7—10 mg/L (Cd), resulting in a copper-cadmium cake
that could be used for cadmium production. The se-
cond stage focused on purifying the solution from nickel,
cobalt, cadmium, and other impurities to meet the spe-
cifications required for SHG zinc electrolysis [1]. How-
ever, when the new scheme was introduced, challenges
emerged in preparing the solutions for zinc electrolysis.
The situation became more complex when the plant pro-
cessed zinc concentrates and oxidized ores with high
cobalt and nickel content, leading to increased levels of
these metals in the zinc solutions undergoing cemen-
tation purification. This situation necessitated a more
thorough investigation of the cementation process for
cobalt and nickel.

It is well established [I; 2] that the most common
method for purifying zinc solutions from cobalt is ce-
mentation with zinc dust, along with the addition of
activators, most frequently arsenic and antimony in
the form of salts, oxides, or elemental substances. Zinc
dust activation is typically enhanced when antimony
and arsenic are introduced into the solution along with
copper ions. Some studies have demonstrated the ad-
vantages of using pentavalent antimony as an activator
for the removal of Co?" and Ni*" at concentrations of
0.25—0.4 mg/L [4].

Zinc dust containing inclusions of lead, aluminum,
copper, and antimony is also employed for the cemen-
tation of Co?* and Ni2* [5—7]. In one study [5], it was
proposed to purify zinc sulfate solutions from impu-
rities using zinc dust with the following composition,
in %: 0.001—0.03 Al, 0.05—1.0 Pb, and occasional-
ly 0.02—0.1 Cu. The alloy for producing zinc dust is
prepared by adding lead and zinc to a zinc-aluminum
alloy [5—7]. The purification process with zinc dust is
conducted in two stages, following a counter-current
principle. Zinc dust containing these impurities is add-
ed in excess during the second stage of cementation,
where cobalt and nickel are removed from the solution.
At least part of the cementation precipitate, along with
excess zinc dust, is directed back to the first stage of
cementation to precipitate cadmium and copper from
the solution.

The authors of study [8] examined the effect of PbO
and oxides formed during the first stage of the Harris
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process, which represents a mixture of lead and anti-
mony oxides. Their findings showed that lead oxides
in the solution promote more complete precipitation
of cobalt and nickel during cementation with zinc
dust. To enhance nickel precipitation efficiency, it was
suggested to introduce zinc cakes, as well as lead and
zinc sulfides [1]. Another study [9] proposed that in
addition to antimony, the purification process could
benefit from the addition of lead salts (20—100 mg/L),
sulfur (100—5000 mg/L), activated carbon, bentonite,
and limestone.

The Debari zinc-electrolyte plant in India was
commissioned in 1967 [10], and its production capacity
was expanded to 45000 tons in 1976. During this ex-
pansion, an electrolyte purification process was intro-
duced, which involved the addition of K—Sb-tartrate
to zinc dust for cementation of impurities. Initially, the
zinc dust consumption was 62 kg per ton of zinc, but
starting in 1977, the specific consumption steadily in-
creased, reaching 80 kg per ton due to the declining
quality of zinc sulfide raw materials. Based on studies
aimed at reducing zinc dust consumption, a two-stage
purification scheme was developed. The first stage in-
volved a reduced amount of zinc dust, and the resulting
copper-cadmium cake was removed from the process.
In the second stage, additional zinc dust was intro-
duced, and the cake separated by a hydrocyclone was
returned to the first purification stage. The implemen-
tation of this two-stage method reduced zinc dust con-
sumption to 35—40 kg per ton.

In study [11], a three-stage purification process is de-
scribed. In the first stage, recycled zinc dust from the
second and third stages is introduced, and at a tempe-
rature of 70—75 °C, copper and cadmium are completely
precipitated, along with a significant portion of cobalt.
The precipitate is separated in two thickeners, each
9 meters in diameter. The overflow is heated to 95 °C
and sent to the second stage (a cascade of four tanks).
Here, the remaining cobalt is removed by adding Sb,0;
powder to the first tank and zinc dust to the first, third,
and fourth tanks. The excess zinc dust, together with the
cobalt precipitate, is separated from the solution in hyd-
rocyclones and returned to the first purification stage.
The hydrocyclone overflow is sent to the third stage,
which serves as the final purification and acts as a buffer
before the solution is sent for filtration. A small amount
of zinc dust is added in the third stage to prevent cobalt,
cadmium, and copper from re-dissolving into the solu-
tion. The pH of the solution is maintained at 3.6—3.8
for better filterability. Filtration is carried out using filter
presses with polypropylene fabric and kraft paper. The
filtered solution is then sent to electrolysis.
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Several studies have demonstrated the effectiveness
of removing cobalt from solutions using butyl xanthate
and other organic substances such as hydroxylamine,
ethylenediamine, urea, and water-soluble nitroso com-
pounds, water-soluble salts of nitroso compounds [12;
13], as well as salts of tartaric acid [14]. At the same time,
it has been noted [1] that the presence of organic sub-
stances significantly slows down the cementation of co-
balt due to their adsorption on the cathodic areas of the
zinc metal. Therefore, the methods developed for impu-
rity removal [15] are of practical importance not only for
wastewater treatment but also for obtaining high-quality
solutions for electrolysis.

It has been established [16] that the addition of no-
nylphenol polyethylene glycol and polyethylene glycol
negatively affects the cementation of cobalt, while the
addition of dinaphthylmethane-4,4-disulfonic acid does
not influence the cementation process. It was shown
that copper has a positive effect on cobalt cementation,
whereas antimony has a negative effect. It was also not-
ed that at a temperature of 65—85 °C, the cementation
reaction of Co®" proceeds in a kinetic regime and fol-
lows first-order reaction kinetics. The studied process
includes two periods: an initial period (up to 4 min) and
a main period (up to 10 min), which is associated with
intensive hydrogen evolution.

Publications [17; 18] xplore the effect of surfactants
(SAA) on the cementation of nickel using zinc powder
with a particle size of 54—74 um from solutions con-
taining 180 mg/L of nickel and 200 mg/L of copper,
respectively. Surfactant additions ranged from 15—
30 mg/L. It was found that the presence of surfactants
inhibits the nickel cementation process, resulting in
smaller grain sizes and lower porosity of the cementation
precipitates. As the temperature increases, nickel crystal
size and precipitate porosity also increase.

Study [18] also investigated the effect of adding
nonylphenol polyethylene glycol on cadmium cemen-
tation using zinc powder with a particle size of 54—
74 um from solutions containing 202 mg/L Cd?* and
200 mg/L Cu?®' at a pH of 4.5. It was found that, un-
like the negative effects on nickel cementation observed
with all tested surfactants, the cadmium cementation
process was accelerated. The rate constant for cad-
mium cementation in the presence of copper (K-10°,
cm/s) decreased in the following order: from 4.2 in
the presence of nonylphenol polyethylene glycol, to 3.7
(without additives), to 3.3 with the addition of polye-
thylene glycol, and to 2.6 in the presence of dina-
phthylmethane-4,4-disulfonic acid.

The authors of study [19] noted that in organizing a
continuous process for purifying solutions to permissi-

ble levels of impurities that negatively affect zinc electro-
lysis, the presence of surfactants in the initial solution
would require an increased consumption of zinc dust to
achieve the desired level of purification.

In study [20], Sb,0O5 powder was used as an activator
for cobalt cementation. Optimal conditions were deter-
mined for cobalt cementation from zinc sulfate solutions
containing 150000 mg/L ZnSO, and 24 mg/L cobalt.
The Co?" concentration in the solution was reduced to
1 mg/L under the following cementation conditions:
zinc dust with a particle size of 120—150 um was used
at a dosage of 5 g/L; Sb,O5 was added at 4 mg/L; the pH
of the solution was 4.5; and the temperature was 85 °C.
The optimal conditions for cobalt removal with anti-
mony (/1) oxide were established as follows [20]: tem-
perature of 80—85°C, Cu?" concentration of 200—
300 mg/L, and Sb to Co ratio of (0.5—2):1.

In study [21], a modified method for deep puri-
fication of zinc sulfate solutions from cobalt was de-
scribed. The initial solution contained (in mg/L): 80—
180 Cu, 300—450 Cd, 4—8 Co, 4—8 Ni, 5—12 Ti, and
0.1—0.15 As. Under optimal conditions—zinc powder
dosage of 3.0—3.5 g/L, potassium antimony tartrate
(K(SbO)C4H,40¢) at 1 mg/L, CuSO,4 at a minimum of
25 mg/L, pH = 4.5+4.8, temperature of 80—85 °C, and
a contact time of 3.0—3.5 h a purified solution was ob-
tained, containing 0.1 mg/L Co, less than 0.3 mg/L Ni,
and increased levels of copper (0.13—0.15 mg/L), cad-
mium (1.0 mg/L), and thallium (2.0 mg/L).

Study [22] investigated the conditions for purifying
zinc sulfate solutions from cobalt, with zinc concen-
trations of 154000 mg/L and impurities (in mg/L) as
follows: Cu — 290, Cd — 610, Co — 22, Fe — 3, Ni —
6, Sb — 2. Cementation was carried out in two stages
at a temperature of 70 °C, pH = 4.5, with the addition
of 20 mg/L Cu?*, 100 mg/L As, and 2 g/L zinc pow-
der. In the first stage, the degree of cobalt purifica-
tion reached 50 %. After the second stage, cobalt con-
centrations in the solution were reduced to less than
0.75 mg/L.

Research [23] investigated the impact of metal salt
additives (Cu, Cd, Pb, Sb, Sn) on the kinetics of co-
balt cementation using zinc powder with particle sizes
ranging from 50 to 750 um and a specific surface area
of 1.74 mz/g. The optimal conditions for cementation
were identified as follows: temperature of 85 °C, and ad-
ditive concentrations (in mg/L) of Cu — 15, Cd — 10,
and Sb — 2. The cobalt cementation process was found
to follow a first-order kinetic model, with an activation
energy of 51 kJ/mol. Significant differences were noted
between the cementation behavior of cobalt in industrial
and synthetic solutions.
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Research conducted in study [24] demonstrat-
ed that when Sb,05 is added during cobalt cementa-
tion, antimony co-precipitates with cobalt, resulting
in a cementation product containing a metallic CoSb
compound.

Study [25] explored the cementation of cobalt using
zinc powder from a solution containing (in mg/L):
13—28 Co, 3.0 Sb,O3, and 150000 Zn at a pH of 5.0.
The optimal cementation conditions, which reduced the
cobalt concentration to less than 0.5 mg/L, were deter-
mined to be: temperature 85 °C, contact time 90 min,
stirring speed of the pulp 300 rpm, and zinc powder con-
sumption (particle size <55 um) of 1.6 g/L.

Optimal conditions for cobalt and nickel cemen-
tation in the presence of CuSO, and K(SbO)C4H,O4
as activators were identified in study [26]: temperature
80 °C, contact time 75 min, and zinc powder consump-
tion of 1500 % of the stoichiometric amount, with an
Sb : Co = 1. It was noted that extending the purification
time beyond 75 min resulted in partial dissolution of the
cementation precipitates. The absence of copper in the
solution significantly affected nickel cementation, while
the absence of arsenic had a lesser impact.

Study [27] highlighted the negative effect of high
zinc concentrations on cobalt cementation. It was noted
that at zinc concentrations greater than 50000 mg/L,
only a few percent of cobalt was removed from the solu-
tion after 3 h. The cementation process was carried out
on a rotating zinc disk at 90 °C, with an initial cobalt
concentration of 10 mg/L, pH = 3.3, and no activators.

Study [28] examined the mechanism of cobalt re-
moval using zinc dust with the addition of As,O5; and
Cu in a galvanic cell with a membrane, a zinc anode,
and a copper cathode. The cell design was described,
and the following cathodic reactions were presented:
2H' +2¢~=H, (1), 2Co*" + 2HAsO, + 6H' + 10e~ =
= 2CoAs + 4H,0. The anodic reaction was: Zn =
= Zn?" + 2e. It was shown that the degree of cobalt
removal increased with higher temperatures and the
amount of added As,0O;. The addition of Cu®" accele-
rated cobalt precipitation, explained by the formation
of a galvanic couple between zinc and copper. The
pattern of cobalt cementation changed significantly
with the addition of activators. Comparative data on
cobalt cementation rates (relative units) were provided
in studies [28, 29]: 1 (no additives), 1.1 (copper added),
3.0 (antimony added), 18.0 (copper + antimony added)
at a temperature of 73 °C, with initial solution concen-
trations (in mg/L): Co — 30, Cu — 30, Sb — 1.5, and
zinc dust consumption of 4 g/L, pH = 3.6.

Studies [2; 9; 30] have noted that the effect of sur-
factants (SAA) on cementation processes lies in their
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adsorption on the surface of cementation elements,
creating additional resistance in the electrical circuit,
which reduces the current. In macroelectrolysis, the de-
sired current can be easily maintained by adjusting the
voltage supplied to the bath, but in low-power cemen-
tation systems, overcoming this additional resistance
would require selecting a galvanic couple with a high
electromotive force (EMF). Ultimately, the presence of
surfactants in solutions undergoing cementation leads
to an increase in the time required to achieve the target
residual concentration of the precipitated metal in the
solutions [30—34].

An analysis of the literature shows that nearly all
plants have implemented a three-stage purification
scheme, which includes an intermediate stage for par-
tially removing copper from the process. It is known that
for deep purification of solutions from cobalt and nickel,
increased consumption of zinc dust with a particle size
of less than 55 um is necessary, along with the manda-
tory addition of antimony compounds and the presence
of copper in the solution. A significant reduction in zinc
dust consumption was achieved at the “Zinkgruvan”
plant (Kokkola, Finland) by using arsenic trioxide dur-
ing the cementation stage [1]. Additionally, this plant
differs from other known purification schemes in the
sequence of operations: after the intermediate stage of
partial copper precipitation, the first stage involves deep
purification from cobalt and nickel (while at most other
plants, the first stage targets copper and cadmium), and
the final stage focuses on deep cadmium purification
(while other facilities prioritize cobalt and nickel at this
stage).

In light of the above, the present study investigated a
purification scheme involving deep precipitation of co-
balt and nickel in the first stage.

The aim of the study is to explore new approaches
for deep cementation purification that would reduce
the consumption of zinc dust and activating additives
(antimony and copper compounds) in the technologi-
cal process, while improving the quality of the purified
solution lowering the concentrations of cobalt, nickel,
and cadmium supplied in the solution used for zinc
electrolysis.

Experimental

The following technology for cementation purifica-
tion of industrial solutions is proposed:

Preliminary stage — cementation purification of
the solutions from copper to a concentration of 90—
110 mg/L (=50 °C, t = 30 min, zinc dust consumption
m=0.2+04g/L),
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Stage 1 — co-precipitation of copper, cadmium, co-
balt, and nickel with the addition of antimony trioxide
#=80°C,t=1h, m=2+3g/L, antimony dosage —
3—6 mg/L);

Stage 2 — deep purification of the solutions from all
impurities remaining after the first stage (r = 75+80 °C,
T =1h m = 2+3 g/L, copper sulfate dosage —
0—50 mg/L, antimony dosage — 2—3 mg/L).

The overall consumption of reagents was as follows:
zinc dust — 4.2—6.4 g/L, copper sulfate dosage —
50 mg/L, antimony dosage — 5—9 mg/L. The varia-
tion in reagent consumption is due to the differing im-
purity content in the neutral industrial zinc solution
used in the experiments.

The following starting materials were used:

— neutral industrial zinc solutions with the fol-
lowing average composition (in mg/L): Zn — 136800,
Co —4.09, Cd — 562, Cu — 306, Ni — 3.85, Sb — 0.41,
As — 0.35, total Fe — 91.1, Fe?" —22.9;

— antimony trioxide solution — a suspension with a
solid concentration of 800 mg/L;

— copper sulfate solution;

— fine zinc dust.

During the preliminary precipitation stage, copper
was cemented from zinc solutions obtained during the
leaching of roasted zinc concentrate, using zinc dust
(40—60 % fraction size —0.063 mm).

As a result of the preliminary precipitation, fil-
trates with varying copper concentrations were ob-
tained and used in the first stage of cementation pu-
rification:

Filtrate number .......... 1 2 3 4 5 6 7
Cu,mg/L.....ccuee... 65 93 100 115 124 200 300

In the first stage of cementation, the starting fil-
trate with different residual copper concentrations
(from 65 to 300 mg/L) after the preliminary preci-
pitation was treated with antimony as a Sb,O5; pulp
(with an Sb: (Co + Ni) ratio of 1: 1), and zinc dust
with a particle size of —0.063 mm was added for im-
purity precipitation (Cu, Cd, Co, and Ni) at a dosage
of 2.5 g/L. Cementation at this stage was carried out
at 80 °C for 1 h. The parameters (zinc dust consump-
tion, temperature, and duration of the process) were
determined through additional experiments using
filtrates obtained after preliminary copper precipita-
tion to concentrations of 90—110 mg/L. The effect of
copper content in the filtrates after preliminary pre-
cipitation on the residual cadmium and cobalt con-
tent in the solution after the first stage of cementation
was established:

Cu, mg/L...... 65 93 100 111 124 200 300

Cd, mg/L.....0,12 0,13 0,15 0,25 2,6 4,8 104,5
Co, mg/L.....0,26 0,21 0,22 0,27 0,30 0,35 2,62

It is clear that the cadmium and cobalt concentra-
tions in the solution after the first stage of purification
decrease as the copper content in the solution follow-
ing the preliminary cementation is reduced. Thus, a
preliminary conclusion can be made that to achieve
acceptable levels of cadmium and cobalt for zinc elec-
trolysis, the copper concentration in the solution after
the preliminary cementation should be between 90 and
110 mg/L.

As mentioned earlier, additional experiments were
conducted to establish more accurate purification
conditions, determining the temperature, duration,
zinc dust dosage, and activating additives. It was also
proven that the preliminary stage of copper precipita-
tion to the indicated concentrations (90—110 mg/L) is
necessary. The results of the experiments are presented
in Table 2.

The data in Table 2 show that increasing the tempe-
rature reduces the concentration of certain impurities in
the filtrate. However, at 85 °C, after 1 h, cobalt undergoes
reverse dissolution, leading to a rise in its concentration.
Therefore, a temperature of 80 °C is considered optimal,
as the concentrations of other impurities remain within
acceptable limits at this level.

Experiments were also conducted on the cementa-
tion of impurities at the first and second stages of pu-
rification with varying zinc dust dosages (Table 3), with
copper and antimony concentrations of 50 and 2 mg/L,
respectively.

As seen from the data (Table 3), acceptable purifica-
tion results were obtained at the first stage with zinc dust
dosages ranging from 2.5to 4.0 g/L. At the second stage,
with high-quality solutions after the first stage, consist-
ently high purification levels for cobalt and cadmium

Table 2. Chemical analysis of solutions (mg/L)
after the first stage of purification from impurities
that negatively affect zinc electrolysis

Tabnauua 2. XuMU4IeCcKUit aHaIU3 PacCTBOPOB (MT/JT)
rocie 1-i cTagum OYnMCTKYU OT IPUMeECei,
OTPULIATEILHO BIUSIIONINX HA 3JIEKTPOJIU3 [IUHKA

t,°C Cd Co Ni
75 0.15 0.39 0.31
80 0.11 0.22 0.31
85 0.07 0.41 0.21
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Table 3. Concentration of impurities (mg/L) in the solution after purification at different zinc dust dosages (g/L)

Tabnuua 3. KoHueHTpalus mpuMeceil B pacTBope (Mr/J1) mocjie OUMCTKU MPU Pa3HbIX 103MPOBKaX

LIMHKOBOM mblLIK (T/J71)

Stage | Stage 11
Zinc dust Cd Co Ni Zinc dust Cd Co Ni
25 0.24 0.20 0.29 1.5 0.105 0.233 0.218
3.0 0.23 0.19 0.23 2.0 0.103 0.209 0.162
4.0 0.22 0.13 0.19

Table 4. Impurity content in the solution after purification with zinc dust when varying the dosage of activating
additives at the second stage of cementation (t = 1 h, = 80 °C, zinc dust consumption 2.5 g/L)

Tabnuua 4. ConepxxaHue mpuMeceil B pacTBOpe MOC/e OUMCTKU LIMHKOBOM IMbLIbIO TPU UBMEHEHUU JTO3UPOBKU
aKTUBUPYIOIIMX 100aBOK Ha 2-ii cTanuu uemeHTauuu (T =14, = 80 °C, pacxol LUMHKOBOW MblIU 2,5 /1)

Dosage of reagents at the second
stage of cementation (mg/L) i gL Eley gL

Solution Purified solution Solution Purified solution
Cu Sb after the first stage after the second after the first stage after the second

of cementation stage of cementation stage

0 2 0.32 0.11 0.37 0.33

50 2 0.20 0.10 0.35 0.14

50 0 0.15 0.10 0.26 0.28

50 4 0.35 2.59 0.45 0.43

were achieved (at 0.2 and 0.1 mg/L, respectively) with a
zinc dust dosage of 1.5 g/L.

Experiments were conducted using different rea-
gent additives as cementation catalysts, specifically
with a copper sulfate solution (50 mg/L Cu) and anti-
mony in the form of Sb,0; pulp (6—7 mg/L Sb) at the
second stage of purification. The results are shown in
Table 4.

The data in Table 4 show that at the second stage of
cementation, the introduction of 50 mg/L copper and
2 mg/L antimony minimizes the impurity content in
the purified solution. However, increasing the antimony
dosage to 4 mg/L, along with the additional introduc-
tion of 50 mg/L copper ions during the second stage of
purification, worsens the solution quality. In the purified
solution, the cadmium content increases to 2.59 mg/L,
and cobalt to 0.43 mg/L.

Table 5 provides data on the effect of cementation
duration during the first stage on the quality of the ob-
tained solution. The zinc dust consumption was 2.5 g/L.
During the first stage of cementation, the solution used
came from the leaching of roasted zinc concentrates
without the preliminary copper precipitation stage, and
its copper content was 300 mg/L.

18

Table 5. Cobalt and cadmium content (mg/L) at the first
stage of purification with increasing process duration

Ta6nuna 5. Cogepkanue Ko0aabTa U KaaMus (Mr/ 1)
Ha 1-if cTaguM OYMCTKY NP YBeJINIeHUN
NPOJOIKUTETLHOCTH NMpoIecca

T, min Cd Co
0 516 3.54
30 15.5 1.41
60 15.8 0.73
90 59.3 1.64
120 104.5 2.62

According to Table 5, the lowest impurity content
is observed after 60 minutes of the first stage, while in-
creasing the duration results in higher cadmium and
cobalt concentrations, indicating their reverse dissolu-
tion. The data in Table 5 further confirm the necessity
of preliminary copper cementation in the solution to a
concentration of 90—110 mg/L.

Table 6 presents comparative data on cementation
purification of solutions according to the known [1] and
developed technologies.



13BecTis By30B. LiBeTHaOs MeTanAyprng o 2024 o T.30 o N24 « C. 11-21

KonecHukos A.B., AreeHiko E.M. K BONpocCy LLeMeHTALMOHHOM O4MCTKM LIMHKOBBIX PACTBOPOB

Table 6. Comparative data of the known and developed technologies

Ta6nuia 6. CpaBHUTEIbHBIE TaHHBIE U3BECTHOM M pa3pabOTaHHOM TEXHOIOI I

Ne Known technology

Developed technology

1 | Partial cementation purification from copper

Preliminary stage of cementation purification from copper
to a concentration of 90—110 mg/L in the solution

2 | First stage of cementation — copper-cadmium
purification

First stage of cementation — purification from impurities:
Co, Ni, Cd, Cu, etc.

3 | Second stage of cementation — purification
from Co, Ni, and other cementation impurities

Second stage of cementation — deep purification
from cementation impurities remaining in the filtrate
after the first stage

4 | Total consumption of zinc dust (particle size —0.63 mm)
for the 1% and 2" stages — 75 kg/ton

Total consumption of zinc dust (particle size —0.63 mm)
for the 1 and 2" stages — 35 kg/ton

5 | Purified solution content (mg/L):
Co—0.28; Cd —0.53; Ni — 0.31; Sb — 0.12; Cu—0.18

Purified solution content (mg/L):
Co—0.1;Cd—0.1; Ni — 0.2; Sb — 0.015; Cu — 0.069

Conclusions

1. A new scheme for cementation purification of zinc
solutions has been proposed, which includes:

— preliminary cementation of impurities using
zinc dust in solutions after the leaching stage of roas-
ted products, reducing copper concentrations to 90—
110 mg/L;

— conducting the first stage of cementation for co-
balt, nickel, and other impurities using zinc dust with a
particle size of —0.063 mm at 80 °C, with the addition
of antimony compounds;

— carrying out the second stage of cementation for
cadmium and other impurities using zinc dust with a
particle size of —0.063 mm at 80 °C, with the addition of
copper and antimony compounds.

2. The necessity of preliminary copper precipita-
tion from leaching solutions to concentrations of 90—
110 mg/L before the first purification stage has been ex-
perimentally proven, which significantly improves the
performance of cementation purification.

3. The developed method allows for reducing the
impurity content in the initial solution to the levels re-
quired for the electrolysis of high-quality SHG zinc.
At the same time, the zinc dust consumption for the
first and second stages can be reduced to 35 kg per ton
of zinc.
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Effect of ultrasonic treatment on tin recovery

from decommissioned displays in sulphuric, hydrochloric,
and methanesulphonic acid solutions
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Abstract: The study investigates the physicochemical patterns of tin leaching from the surface of glass substrates from decommissioned displays
in hydrochloric, sulphuric, and methanesulphonic acids. The effects of acid concentration (0.1—1.0 N), duration (10—60 min), temperature
(298—353 K), and ultrasonic treatment intensity (UST) (120—300 W/cmz) on leaching performance were evaluated. It was demonstrated
that ultrasonic treatment positively impacts sulphuric acid leaching of tin, increasing its recovery by 14—16 %. However, during leaching
in hydrochloric and methanesulphonic acid solutions, UST led to a reduction in tin recovery to 28 % and 1.7 %, respectively, due to acid
decomposition under ultrasound. The partial reaction orders for tin leaching in HCI, H,SO,4, and CH3SO3;H were determined to be 0.8, 1.4,
and 1.1, respectively, and changed to 1.5, 1.1, and 0.3 under ultrasound for the corresponding acids. An increase in temperature from 298 K
to 333 K significantly improved tin recovery in sulphuric and hydrochloric acids. However, raising the temperature to 353 K led to a decrease
in tin ion concentration after 10—20 min, likely due to tin hydrolysis and precipitation. The calculated apparent activation energies of tin
oxide dissolution in HCI solutions were 40.4 kJ/mol without UST and 22.9 kJ/mol with UST. For H,SO,, the apparent activation energy
was 4.0 kJ/mol, increasing to 29.0 kJ/mol under ultrasonic treatment. Therefore, the study showed that tin leaching from glass substrates
of decommissioned displays proceeds in a kinetic regime when HCl is used and in a diffusion regime in H,SO, solutions, with ultrasonic
treatment facilitating the transition to a mixed regime.

Keywords: tin, sulphuric acid, hydrochloric acid, methanesulphonic acid, leaching, ultrasound.
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AnHoranus: M3ydyeHbl GUBMKO-XMMUUYECKHE 3aKOHOMEPHOCTHU BBIIEJAYMBAHUS 0JIOBA C TIOBEPXHOCTU CTEKJISTHHBIX MOIJIOXEK OTCIY-
JKMBIIMX TUCTLJIEEB B COJISIHOM, CEPHOU M METaHCY1b(OHOBOI KUCIOTaX. YCTAHOBJICHO BAMSHUE KOHLEHTPALIMY yKa3aHHBIX KucaoT (0,1—
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1,0 ), mpomomxuTenbrocTH (10—60 MuH), TeMmepatypsl (298—353 K) 1 MHTeHCHBHOCTH YIIBTPa3ByKoBoii 06pacotk (Y30) (120—300 Br/cm?)
Ha ToKa3aTesu BhllenaunBaHus. [loka3aHo, UTO yIbTPa3ByKOBOE BO3IAEHCTBUE OKA3bIBAET MOJOXUTEIbHOE BIMSHUE Ha CEPHOKUC-
JIOTHOE BhIlIEJauMBaHUE OJIOBA, MO3BOJISISI MOBHIIIATH ero u3BaeyeHue Ha 14—16 %. [lpu BhllenaunBaHUU B PACTBOPAX COJISTHOM U
MeTaHcyl1bhoHOBOI KucaoT Y30 npuBoaunia K CHUXEHUIO U3BJIeYeHUs 010Ba 10 28 u 1,7 % COOTBETCTBEHHO, YTO CBSI3aHO C UX Pa3Jio-
JKEHUEM o[ IefCTBUEM YabTpa3ByKa. YacTHbIE MOpsAAKY peakiinii Beimenadynanus onosa no HCI, H,SO, u CH3SO5H cocrasuiam 0,8,
1,4 u 1,1, npu BO3AEUCTBUM YJIbTPa3ByKa YaCTHbBIE MOPSA KU U3MEHSIJIUCH CJIENYIOIIUM 00pa3oM I COOTBETCTBYOIIUX Kucyor: 1,5, 1,1
u 0,3. YBenuueHue temrepatyps ¢ 298 1o 333 K 3HaUMTETbHO MOBBIIIATIO U3BIEUYEHUE OJI0OBA B CEPHOU M COISTHOU KucaoTax. [loBbimie-
HUe TeMTepaTypsl 10 353 K mpuBOIMIO K CHUKEHHWIO KOHIIEHTPAllMY MOHOB oyioBa uepe3 10—20 MuH mpoiiecca, 4To, BeposiTHEE BCETo,
CBSI3aHO C TUAPOJU30M U OCaXAeHUEM oJioBa. PaccuuTaHHbIE BETMYMHBI KaXKyLIeHCsl 9HEPTUU aKTUBALIMKM PACTBOPEHU Sl OKCH 1A 0JI0OBa
6e3 u ¢ ucnosnbszopanuem Y30 B pactBopax HCI cocrasuiu 40,4 u 22,9 k[1xx/Moab cooTBeTCTBEHHO. B ciyyae ncrnonbzosanus H,SOy
Kaxyuasicsi aHeprust aktuBauuu cocrasuia 4,0 k/Ix/mMoib, a npu akyctuyeckom Bozaeiicteun — 29,0 kJIx/mMonb. Takum obpazom,
MPOBEIECHHBIE UCCIIETOBAHU S MTOKA3aJIU, YTO BbIIIEJIaUMBaHKUE OJIOBA U3 CTEKOJ OTCIYXHMBIIMX AUCIIJIEEB TPOTEKAET B KUHETUYECKOM
pexume ripu ucnonb3oBanun HCl u B nuddysnonnom pexume B pacrsopax H,SOy, a Y30 criocobCcTBYeT repexony mpoieccoB B cMe-

HIAHHBIN PEXUM.

Kuarouesbie ciioBa: 0JIOBO, CE€pHasd KUCJI0Ta, CoJidHasd KucJjiora, MCTaHCyJ’[bCI)OHOBaﬂ KHCJI0Ta, BhIIICIa4YuMBaHUE, YIbTPa3BYK.
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Introduction

One of the main types of decommissioned electronic
devices consists of screens and monitors. This catego-
ry accounts for approximately 10 % of the total mass of
generated electronic waste. Nearly all screens and mo-
nitors contain indium tin oxide (ITO) in their displays.
ITO (90 % In,03, 10 % SnO,) is transparent to visible
light, possesses electrical conductivity, and is used as
a conductive layer applied to the glass substrate of the
display [1]. Additionally, ITO is widely used in the pro-
duction of solar panels, optical coatings, antistatic films,
and thermal protection.

Approximately 75 % of the ITO produced is used in
the manufacture of flat panel displays. These displays
consist of multiple layers, including polarisation fil-
ters, glass substrates, and liquid crystals. A layer of ITO,
50—200 nm thick, is applied to the surface of the glass
substrate [2], while a polariser made of polyvinyl acetate
film is attached to the opposite side. The indium content
in the glass substrates ranges from 100—350 mg/kg [3,
4], and the tin content ranges from 25—60 mg/kg [5, 6].
Although the indium content in glass substrates is rela-
tively low, it is comparable to that found in zinc concen-
trates extracted from sulphide ores [7]. This makes de-
commissioned monitors a highly promising secondary
source of indium.

Tin is a scarce metal [8, 9], classified as a strategic
metal in many countries. With the accelerating develop-
ment of the semiconductor and electric vehicle indus-
tries, tin consumption has also increased. Recovering

tin from secondary sources will help alleviate the short-
age of mineral resources and reduce environmental pol-
lution.

In studies focused on the recycling of liquid crystal
displays, the emphasis is often placed on the behaviour
of indium due to its high content in ITO. Although the
tin content in I'TO is relatively low, exploring ways to ex-
tract it will provide a comprehensive solution for recy-
cling decommissioned displays.

The recycling of glass substrates begins with
pre-treatment, which may include steps such as polariser
removal, crushing, grinding, and beneficiation [10—13].
Subsequent metallurgical processing can be carried out
using pyrometallurgical methods (reduction and distil-
lation of indium and tin compounds) [14] and/or hy-
drometallurgical methods (leaching, liquid recovery,
cementation, etc.) [15—19].

In this study, a comparative assessment of the tin
leaching rate from the surface of glass substrates in
hydrochloric, sulphuric, and methanesulphonic acids
was conducted. The acids used in the study are strong
acids and can be arranged in the following order based
on increasing strength, as expressed by the dissociation
constant (pKy): CH3;SO;H (—1.86), H,SO, (-3), HCI
(—7) [20—22]. Ultrasonic treatment (UST) was used to
accelerate the ITO leaching process, providing ther-
mal, mechanical, and sonochemical effects [23—30].

The aim of this work was to investigate the influence
of ultrasonic treatment, temperature, concentration,
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and type of acids on the physicochemical patterns of tin
dissolution from the surface of crushed glass substrates
from decommissioned liquid crystal displays.

Experimental methodology

Researmh materials, equipment,
and methods

The glass substrates from decommissioned liquid
crystal displays were pre-washed with water, air-dried,
and then heated to 463 K to soften and manually remove
the film. The cleaned glass substrates were crushed in a
rod mill. A fraction of the crushed material smaller than
1 mm was separated by sieving and used for further ex-
periments. After thoroughly homogenising the material,
a representative sample was taken by quartering for sub-
sequent chemical analysis using an atomic absorption
spectrophotometer (AAS) “novAA 300” (Analytik Jena,
Germany). The particle size distribution of the material
was determined using a HELOS&RODOS laser diffrac-
tion particle size analyser (Sympatec GmbH, Germa-

%,
4

15kV

X500  50pm

11 60 BEC
Element Measurement area number

001 | 002 | 003 | 004 | o0s | oos | 007

Mg 21 17 09 1.6 4.0
Al 103 190 50 233 183 128 19.8
Si 778 672 732 617 678 488 695
Ca 29 121 21 13 123 385 67
Cr - - 7 - - -
Fe — - 3.2 — - - —
Mo - - 23 171 - - -
In 55— - - - _  _
Sn 1.3 — — — — — —

Fig. 1. SEM image and elemental composition (%) of crushed
glass substrates from displays

Puc. 1. COM-usobpaxeHue u 3JieMeHTHBbII cocTaB (%)
MU3MEJIBYCHHBIX CTEKJISIHHBIX MOJIOKEK TUCTIIIeeB
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ny). The morphology of the crushed material samples
and their chemical composition were examined with
a JSM-6390LA scanning electron microscope (JEOL,
Japan), equipped with a JED-2300 energy-dispersive
microanalysis system (JEOL, Japan).

The majority of the material (>85 %) consisted
of irregularly shaped particles smaller than 300 pm
(Fig. 1). Elemental analysis, along with previous stu-
dies, showed that the material was primarily composed
of aluminium, silicon, and calcium oxides. Indium and
tin compounds were detected on the glass surface (Fig. 1,
point /), while molybdenum compounds were found
on the surface of the conductive tracks (Fig. 1, points 3
and 4). The crushed glass substrates from the displays
contained the following concentrations, in mg/kg:
indium — 174.8, tin — 1.7.

The experiments used sulphuric acid (H,SOy, che-
mically pure), hydrochloric acid (HCI, chemically pure),
and methanesulphonic acid (CH3;SO;H, chemically
pure). The initial acid solutions were prepared by di-
luting concentrated acids with stirring on a magnetic
stirrer.

Ultrasonic treatment was performed using the
UZTA-0.1/28-0 apparatus (LLC Ultrasound Techno-
logy Centre, AItSTU, Biysk), equipped with an immer-
sion-type emitter, at a frequency of 28 + 2.5 kHz and
ultrasonic intensity (/) ranging from 120 to 300 W/cm?.

Crushed glass leaching

Leaching experiments were conducted in a thermo-
statically controlled reactor with a volume of 0.5 dm?
at a temperature of 7 = 298+353 K, a duration of
T = 10+60 min, and acid concentrations of 0.1—1.0 N.
The liquid-to-solid ratio (L : S) was 10 : 1 (cm3/g).

Acid solutions with the required concentration were
poured into the reactor, sealed, and heated to the de-
sired temperature under constant stirring. Then, the
ultrasonic emitter was immersed in the reactor to a
fixed depth, 20 g of material was loaded, and the ultra-
sonic generator was turned on, with the pulp tempera-
ture being automatically maintained with an accuracy
of £2 K.

After leaching, the pulp was filtered, and the cake
was washed with distilled water. The cake was then
subjected to acid treatment at 7= 363 K in a 20 % hyd-
rochloric acid solution for several hours to ensure the
complete dissolution of metals into the solution. After
acid treatment, the cake was again filtered and washed
with distilled water. Samples taken during leaching, the
filtrates after leaching and acid treatment, and the wash
waters were analyzed for tin ion content using atomic
absorption spectrophotometry (AAS) (novAA300, Ana-
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lytik Jena, Germany). The overall tin recovery (og,) was
assessed based on its content in the filtrates and wash
waters.

Experimental data processing

The degree of tin recovery was calculated, taking in-
to account the volumes of collected samples, using the
following formula:

. -1
Cl(Vinitial - V;ample (i - 1)) + le (Ct Vsample)

Gs

ag, = 100, (1)

n

where olg, is the degree of tin recovery at the moment
of the i-th sample collection, %; C' is the concentration
of tin in the i-th sample, g/dm?; Veample 1S the volume of
the sample, dm?; V., is the initial volume of the leach-
ing solution, dm?; Gy, is the mass of tin in the material
sample, g.

Kinetic characteristics (reaction orders and appa-
rent activation energies) were determined by calculating
the instantaneous leaching rate at the initial moment of
time (vy) by constructing tangents to the curves og, =
= f(1). The tangents were drawn through the origin of
the coordinate system.

Results and discussion

Effect of ultrasonic treatment intensity
on tin recovery

The intensity of ultrasonic treatment had varying
effects on the systems under investigation (Table 1). In
the case of sulphuric acid leaching, increasing the ultra-
sonic treatment intensity to / = 120 W/cm2 improved
tin recovery by 14.5 %. Further increasing the intensity
did not result in a significant rise in tin recovery, which
can be attributed to the weakening of cavitation pro-
cesses due to the excessive growth of cavitation bubble
radius [31].

In hydrochloric acid leaching with ultrasonic treat-
ment, tin recovery decreased to 28—29 %, which was
comparable to the results of sulphuric acid leaching. The
reduction in the efficiency of hydrochloric acid leach-
ing with ultrasonic treatment is likely due to a decrease
in hydrogen chloride solubility in the aqueous solution,
caused by local overheating at the hot spots formed by
the collapse of cavitation bubbles [32].

During ITO leaching in methanesulphonic acid,
ultrasonic treatment reduced tin recovery across the
entire studied range of ultrasonic intensities to 1.7—
4.3 %. This could indicate thermal decomposition of

Table 1. Effect of ultrasonic treatment intensity on tin
recovery during leaching in sulphuric, hydrochloric,
and methanesulphonic acids

(Cyeigs = 0.2 N, T= 333 K, T = 60 min)

Tabauua 1. Bausinue unreHcuBHocTH Y30

Ha M3BJICYCHUE OJI0OBA IIPU BbILICIaYMBaAHUU

B CEPHOIA, COJITHOU U MeTaHCyIb(MOHOBOI KHCI0TaX
(Crnenor = 0,2 H, T=333 K, 1= 60 MUH)

Tin recovery, %
1, W/ecm?
H,S0, HCI CH,SO;H
0 14.9 47.5 5.6
120 29.4 28.0 1.7
180 29.0 28.5 2.8
240 31.6 28.8 2.8
300 31.2 29.3 4.3

methanesulphonic acid during acoustic cavitation [33].
The slight increase in tin recovery with rising ultraso-
nic intensity is likely related to the weakening of cavi-
tation processes.

Subsequent investigations into the effect of acid con-
centration and temperature were conducted at a con-
stant ultrasonic intensity of 7= 180 W/cm?.

Effect of acid type and concentration
on tin recovery

According to the obtained data (Fig. 2), during ITO
leaching without ultrasonic treatment in hydrochloric
(Fig. 2, a) and sulphuric (Fig. 2, ¢) acid solutions, the
most intensive dissolution of tin occurred in the first
20—40 min, after which the process rate significantly
decreased due to the reduction in unreacted I'TO and
the concentration of H" ions. When leaching in me-
thanesulphonic acid solutions (without ultrasonic treat-
ment), the graphs of og, = f (1) showed linear behaviour
(Fig. 2, e) due to the low recovery and the large amount
of unreacted tin oxide.

Tin dissolution without ultrasonic treatment was
most intensive in hydrochloric acid solutions, where re-
covery reached 76 % in a 1.0 N HCl solution. In sulphu-
ric and methanesulphonic acid solutions, the maximum
tin recovery was 53 % and 48.5 %, respectively (C,iq =
= 1.0 N). It is clear that the high tin recovery in hydro-
chloric acid is due to its higher degree of dissociation
compared to sulphuric and methanesulphonic acids.

Ultrasonic treatment enhanced tin leaching in sul-
phuric acid, increasing recovery by 13—30 %, with a
maximum of 66% (Fig. 2, d). In contrast, acoustic treat-
ment reduced tin recovery in both hydrochloric (Fig. 2, b)
and methanesulphonic (Fig. 2, f) acids. For example,
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Fig. 2. Effect of leaching duration on tin recovery at various concentrations of hydrochloric (a, ), sulphuric (¢, d)
and methanesulphonic (e, f) acids without (a, ¢, e) and with (b, d, f) ultrasonic treatment

T=333K; 1= 180 W/cm?; C,iqe N: 0.1 (1), 0.2 (2), 0.4 (3), and 1.0 (4)

Puc. 2. BausiHue npoaoJiKUTeJIbHOCTHU BhIILETaYMBaHM I HA U3BJICUEHME 0JI0BA MPU Pa3TUYHBIX KOHIIEHTPALIUSIX

COJIsTHOI (a, b), cepHOii (¢, d) 1 MeTaHCYJIb(POHOBOII (e, f) KUCIOT 6€3 UCToJIb30BaHus (a, ¢, e)
U ¢ ucnojib3oBanueM (b, d, f) Y30

T=333K; 1= 180 Br/cm?; Cyonor H: 0,1 (1), 0,2 (2), 0,4 (3) 1 1,0 (4)
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Fig. 3. Evaluation of the partial reaction orders for tin dissolution in hydrochloric (), sulphuric (2), and methanesulphonic (3)

acid solutions without (@) and with (b) ultrasonic treatment

Puc. 3. OnpeneneHue 4acTHOro NMopsiiKa peakiuii pacTBOPEeHMsI 0J0Ba B pacTBOpax coJisiHol (1), cepHoii (2)
1 MeTaHCY1bGhOHOBOI (3) KMCJIOT 6€3 ucnoib30BaHus (a) U ¢ ucnojb3oBaHueMm (b) Y30

without ultrasonic treatment, tin recovery in a 0.2 N
hydrochloric acid solution reached 48 %, while with
ultrasonic treatment, it decreased by 20 %. In metha-
nesulphonic acid, ultrasonic treatment reduced tin
recovery by 2 to 6 times, with only 10 % of tin enter-
ing the solution after 60 min of leaching in a 1.0 N
solution. This significant reduction in tin recovery
in hydrochloric and methanesulphonic acids is most
likely due to acid decomposition under ultrasonic in-
fluence.

The partial reaction orders for tin oxide leaching
in the studied acids change significantly under the in-
fluence of ultrasound (Fig. 3, Table 2). This effect is

Table 2. Partial orders of tin oxide leaching reactions
by sulphuric, hydrochloric, and methanesulphonic acids
Tabnanua 2. YacTHbIC MOPSIAKKA peaKUMil BbIIIeJTaqMBaHUS

OKCHJIa 0JIOBA MO CEPHOU, COJITHOM
1 METaHCYJb(hOHOBOM KMUCIOTaM

Reaction order by acids
Acid Without ultrasonic|  With ultrasonic
treatment treatment
HCI 0.8 1.5
H,S0, 1.4 1.1
CH;SO3;H 1.5 0.3

especially pronounced in hydrochloric and metha-
nesulphonic acids, which undergo the most significant
decomposition under acoustic treatment.

Effect of leaching temperature
on tin recovery

Increasing the temperature from 298 to 333 K sig-
nificantly intensified tin leaching in sulphuric (Fig. 4,
¢) and hydrochloric (Fig. 4, a) acid solutions. However,
at 7= 353 K, after 10—20 min of leaching, the concen-
tration of tin ions in the solutions decreased (Fig. 4, a, c,
curve 4), possibly indicating tin hydrolysis and precipi-
tation at higher temperatures [34].

In the absence of ultrasonic treatment, tin recove-
ry from ITO was highest in hydrochloric acid solu-
tions, reaching 47 % at T = 333 K. The application of
ultrasound reduced the efficiency of hydrochloric acid
leaching compared to experiments conducted with-
out ultrasound: tin recovery decreased by 19—22 % at
T=333—353 K (Fig. 4, b).

In contrast, sulphuric acid leaching of tin was in-
tensified by ultrasonic treatment across the entire tem-
perature range studied, with tin recovery increasing
by 2.0—3.4 times, reaching 30.5 % at T' = 313+333 K
(Fig. 4, d). Tin dissolution in methanesulphonic acid
was minimal, and tin ions were only detected in solu-
tions after leaching at 7= 333 K: without ultrasound,
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og, = 5.6 %, and with ultrasound, it dropped to 2.8 %
(Fig. 4, e).

Based on the obtained Kkinetic patterns, the ap-
parent activation energy (£,) for the dissolution of tin
oxide in hydrochloric and sulphuric acids was calcu-
lated (Fig. 5): HCI — 40.4 (22.9) kJ/mol, H,SO, —

28

aSn’ %
b
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T, min

0 20 40 60

T, min
Fig. 4. Effect of leaching duration in hydrochloric (a, b),
sulphuric (¢, d), and methanesulphonic (e) acids on tin recovery
at various process temperatures without (a, ¢) and with (b, d)
ultrasonic treatment
Coeigs = 0.2 N; 1= 180 W/em?; T, K: 298 (1), 313 (2), 333 (3), and 353 (4)

a
Puc. 4. BausiHue npomoakKUTeIbHOCTH BhIIeIad MBaAHUST
B coJisiHOI (a, b), cepHoIii (¢, d) u MeTaHCYJbL(POHOBOII (e)
KUMCJIOTaX Ha U3BJIEUEHUE 0JI0BA TTPU PA3TMIHBIX
TeMIlepaTypax npoiecca 6e3 UCIoib30BaHusl (a, ¢)

U ¢ ucnojb3oBanuem (b, d) Y30

Crenor = 0,2 1; T= 180 Br/em2; T, K: 298 (1), 313 (2), 333 (3) 1 353 (4)

KHMCII0T

4.0 (29.0) kJ/mol (the values in parentheses correspond
to leaching with ultrasonic treatment). The E, value
and the partial reaction order for tin oxide leaching in
hydrochloric acid (without ultrasound) indicate that
the process occurs in a kinetic-controlled regime. Un-
der acoustic treatment, the E, value for hydrochloric
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Fig. 5. Evaluation of the apparent activation energy for tin leaching reactions in hydrochloric (7) and sulphuric (2) acids

without () and with () ultrasonic treatment

Puc. 5. OnpenesneHue Kaxylieincst 9HEPrUM aKTUBALIMU PeaKlIMii BblllleJladMBaHM s 0JI0BA B COJISIHOM (1)
M cepHoIit (2) KucaoTax 0e3 UCIOJIb30BaHUs (@) U ¢ ucrnoab3oBaHuem (b) Y30

acid leaching of tin oxide decreases, suggesting a shift
to a mixed control regime. Sulphuric acid leaching of
tin oxide (without ultrasound) likely occurs in a dif-
fusion-controlled regime, while ultrasonic treatment
reduces the influence of diffusion factors, leading to a
transition to a mixed control regime.

Conclusions

The conducted studies aimed at determining the ef-
fects of acid selection, their concentrations, temperature
regimes, ultrasonic treatment, and leaching duration of
decommissioned displays on leaching performance re-
vealed the following patterns:

1. Ultrasonic treatment intensified the dissolution
of tin oxide in 0.2 N sulphuric acid solutions, increas-
ing tin recovery by 14—16 %. However, the application
of ultrasound during the leaching of indium tin oxide in
hydrochloric and methanesulphonic acids reduced tin
recovery to 28 % and 1.7 %, respectively.

2. The maximum tin recovery (76 %) without acous-
tic treatment was achieved in hydrochloric acid solutions
(Chcy = 1.0 N) at T = 333 K over 60 min. With ultra-
sonic treatment, the highest tin recovery (66 %) was ob-
tained in a 1.0 N sulphuric acid solution at 7= 333 K
over 60 min.

3. Increasing the leaching temperature significant-
ly enhanced the initial tin dissolution rates. The cal-
culated apparent activation energies for tin leaching in
hydrochloric acid indicate a kinetic-controlled process
without ultrasonic treatment and a mixed control re-
gime when ultrasound is applied. In sulphuric acid, tin
leaching occurs in a diffusion-controlled regime, while
ultrasonic treatment transitions the process to a mixed
control regime.
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Processing of chalcopyrite concentrate
by sulfating roasting
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Abstract: Chalcopyrite (CuFeS,) is one of the primary minerals processed on an industrial scale for copper production and often dominates
copper concentrates sent for pyrometallurgical processing. This study demonstrates the efficient and selective extraction of copper from
chalcopyrite concentrate through sulfating roasting, sulfuric acid leaching, and solvent extraction. At a roasting temperature of 700 °C for 1.5 h,
chalcopyrite fully decomposes into hematite (Fe,03) and chalcanthite (CuSO,). Leaching the calcine with a 0.02 M sulfuric acid solution
transfers most of the copper to the aqueous phase, while iron concentrates in the solid residue. Additionally, precious metals concentrate in
the residue after leaching of the calcine, with the following content in g/t: Pd — 41.61, Pt — 5.65, Ag — 96.22, Au — 4.81. The removal of iron
from the leach solution using solvent extraction with di-2-ethylhexyl phosphoric acid was highly effective: with a 25 % extractant solution
and an organic-to-aqueous ratio of 1:1 over two stages, the iron concentration in the aqueous phase dropped from 3.05 to 0.01 g/dm?>, and
with an organic-to-aqueous ratio of 1:2 over four stages, it decreased to 0.006 g/dm?>. After iron purification and solution evaporation,
copper sulfate was obtained with the following composition (%): CuSO,4-5H,0 — 99.84 (equivalent to 25.42 % copper), Ni — 0.014, Al —
0.007, Fe — 0.0003, As — 0.0002.

Keywords: copper concentrate, chalcopyrite, roasting, copper, iron, extraction, precious metals.
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Annoranua: Xanbkonuput (CuFeS,) siBisieTcst oIHUM 13 OCHOBHBIX MUHEPAJIOB, epepadaTbiBaeMbIX B TPOMBILIJIEHHOM MacluTabe as
IMOJTYUYEHMST MEIM, KOTOPBII 3a9acTyIO IpeBaJupyeT B MEIHBIX KOHIIEHTPATaxX, MOCTYMAIIINX Ha MOCIEAYIOMYIO THPOMETAJIIyprude-
CKyI0 repepaboTKy. B paboTe mokaszaHa BO3MOXHOCTb 3¢ (PeKTUBHOTO 1 CEJIEKTUBHOIO BBIAECIEH S MEAN M3 XaIbKOITMPUTOBOTO KOHIIEH-
TpaTta ¢ MpUMEeHEHUEeM CYIbMaTU3npyIoIIero 06XKura, CepHOKMUCIOTHOTO BhIIIEIaYMBaHMS U KHUIKOCTHON SKCTPaKIMU. YCTAaHOBJCHO,
yTo npu temnepatype ooxura 700 °C B TeueHue 1,5 4 MPOMCXOAUT MOJTHOE Pa3I0XKEHUE XaJIbKOUpUTa ¢ o6pazosaHueM remaTuta (Fe,053)
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u xanbkonnanuta (CuSOy). B pesynbraTe BollleadMBaHM sl Orapka paCTBOPOM CepHOI KMcI0Thl KoHUeHTpauueil 0,02 M B BonHylo hasy
TePEXOIUT OOJIBINASsI YACTh MEU, B TO BpeMsI KaK XeJie30 KOHIIEHTPUPYeTcs B TBepIOM ocTtaTke. KpoMe TOro, B pe3ybTaTe BhIIIeTaunuBa-
HUSI OrapKa B OCTaTKe KOHILEHTPUPYIOTCS U 0JaropoIHbIe METAJIIbI, COIePKAHUE KOTOPBIX cocTaBiseT, r/T: Pd — 41,61, Pt — 5,65, Ag —
96,22, Au — 4,81. OuucTka pacTBOpa BhILIEJa4MBaAHKSI OT KeJie3a MOCPEICTBOM XUAKOCTHON 3KCTPaKLIMU AU-2-3TuirekcuiabochopHoit
KUCJIOTO# MoKa3aja BEICOKYI0 3¢ (heKTUBHOCTD: MPU UCTOTb30BaHUU 25 %-HOTO pacTBOpa AKCcTpareHTa npu cootHomeHnn O : B=1:1
Ha JABYX CTYTMEHSIX KOHLIEHTpalMs XeJjie3a B BOJHOM Baze cHuxaetcs ¢ 3,05 no 0,01 r/J:LM3, anpu O : B=1:2 Ha yeTbIpex CTyIEHIX —
1o 0,006 F/JZ[M3. [Mociie Kene3004MCTKM M yIapuBaHUsl pacTBOPA MOJIyueH MeIHblil Kynopoc, coaepxaiunii, %: CuSO4-5H,0 — 99,84

(B mepecuete Ha Meab — 25,42), Ni — 0,014, A1 — 0,007, Fe — 0,0003, As — 0,0002.

KuoueBbie cioBa: MeIHbIIf KOHLIEHTPAT, XaJbKOMUPUT, O0KMUT, MElb, KeJIe30, IKCTPaKII1s, 0;1arOpOAHbIC METAJLIIBI.

Jns uutuposanusi: CoxkosoB A.1O., Kacukos A.T. [lepepaboTKa XaJbKOIMUMPUTOBOTO KOHILEHTpATa C IPUMEHEHUEM CYJIb(haTU3UPYIOLIEro
obxwura. Hzeecmus 8y306. Lleemnas memannypeus. 2024;30(4):33—42. https://doi.org/10.17073/0021-3438-2024-4-33-42

Introduction

Chalcopyrite (CuFeS,) is one of the main industrial
copper-bearing minerals, accounting for approximate-
ly 70 % of the world’s copper reserves. The predomi-
nant method for extracting copper from chalcopyrite
ores is froth flotation, which yields a copper-rich con-
centrate [1]. Most of the copper is produced using the
metallurgical process of smelting—converting—refin-
ing. During the smelting of high-grade sulfide ores or
concentrates, a matte containing up to 40 % Cu is ob-
tained [2].

Despite the high efficiency of conventional pyrome-
tallurgical methods for processing copper concentrates
(CC) [3], alternative processing methods are current-
ly being actively studied, although they have not yet
found widespread industrial application. For example,
various methods of leaching chalcopyrite-containing
concentrates are being investigated to reduce sulfur
dioxide emissions into the atmosphere [4]: pressure ac-
id leaching [5], microwave acid leaching [6], chloride
leaching [5], and leaching with mineral salt solutions
combined with sulfuric acid [7], among others. Hyd-
rometallurgical methods also help to prevent arsenic,
which is often present in sulfide copper concentrates,
from entering the gas phase, reducing the cost of cop-
per production by eliminating the need for specialised
dust and gas cleaning systems [8]. However, hydrome-
tallurgical processing of chalcopyrite is challenging due
to the formation of a passivating layer on the mineral
surface, necessitating the use of strong oxidants such
as hydrogen peroxide [9] or ozone [10], or its prelimi-
nary treatment, such as mechanoactivation [11], which
significantly complicates its processing. The intensifi-
cation of hydrometallurgical processing of sulfide CCs
can also be achieved through the application of pres-
sure leaching [12; 13].

Bacterial leaching of chalcopyrite-containing ma-
terials is developing rapidly [13—15], but bioleaching
is characterised by a slow reaction rate and the need to

34

maintain optimal conditions for bacterial activity, which
limits the practical application of this method.

In addition to the methods mentioned above, sul-
fating roasting can be used to process sulfide and
chalcopyrite CCs by converting copper and iron from
sulfides to sulfates [16—19]. The advantage of this
method is the use of lower temperatures compared to
conventional oxidative roasting [20]. However, when
such a concentrate is leached, both metals are trans-
ferred to the aqueous phase, leading to the challenge
of separating iron and copper by hydrometallurgi-
cal means. According to literature data, chalcopyrite
decomposition into iron and copper sulfides occurs
at roasting temperatures of 330—357 °C, and these
sulfides are converted into the corresponding sulfates
between 357—555 °C [21]. As the roasting temperature
increases to 555—613 °C, iron sulfate decomposes in-
to iron and sulfur oxides, while a higher temperature
is required for copper sulfate decomposition [21], in-
dicating the potential for selective copper extraction
from chalcopyrite concentrate during the leaching
stage. Additionally, the behaviour of precious me-
tals, often present in sulfide CCs, during roasting and
leaching of chalcopyrite concentrate is of interest.
Therefore, the aim of this study is to investigate the
behaviour of copper, iron, and precious metals during
the roasting of chalcopyrite concentrate and leaching
of the calcine, followed by iron removal to obtain cop-
per sulfate of the required quality.

Experimental technique

The study used chalcopyrite copper concentrate
obtained from the beneficiation of copper-sulfide ore
from the Chineyskoe deposit, with the following com-
position (%): Cu — 20.35, Fe — 23.07, S — 22.91, Ni —
0.47, Ca — 0.75, Al — 0.87, Co — 0.05, and trace ele-
ments (g/t): As — 138.95, Se — 98.31, Te — 15.74,
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Fig. 1. Phase composition of the initial CC
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V — 128.12, Mo — 249.18, Pd — 25.95, Pt — 2.84,
Au — 2.97, Ag — 60.58. The low arsenic content in the
concentrate allows for the use of pyrometallurgical pro-
cessing methods. The phase composition of the initial
concentrate is primarily chalcopyrite with a kyanite
(Al,S105) admixture (Fig. 1).

The concentrate was ground to a size of <74 um and
held in a laboratory electric furnace (SNOL 7.2/1300,
Umega Group, Lithuania) for 0.25 to 2.0 h at tem-
peratures ranging from 650 to 900 °C. The heating
rate to the required temperature was 10 °C/min, and
the sample mass was 50 g. The resulting calcine was
leached with sulfuric acid solutions of various concen-
trations. Iron (III) extraction from the leach solution
was carried out using di-2-ethylhexyl phosphoric acid
(D2EHPA) (Volgogradpromproject, Russia) in an in-
ert aliphatic diluent RJ-3 (Volganeftchem, Russia) for
5 minutes at different organic-to-aqueous ratios and
temperatures. The concentrations of non-ferrous me-
tals and iron were determined using atomic absorption
spectrometry (“AAnalyst 400”, Perkin Elmer, USA),
while concentrations of precious metals and trace el-
ements were measured by inductively coupled plas-
ma mass spectrometry (ICP-MS) on an ELAN 9000
DRC-e instrument (Perkin Elmer, USA). The phase
composition of the samples was assessed by X-ray
phase analysis (XRD) using an XRD-6000 diffrac-
tometer (Shimadzu, Japan).

Results and discussion
1. Thermal treatment of the copper concentrate

The roasting of the copper concentrate was con-
ducted for 120 min at temperatures ranging from 650
to 900 °C. X-ray diffraction (XRD) patterns of the con-

centrates roasted at different temperatures are shown in
Fig. 2. It was found that at lower roasting temperatures
(650—750 °C), the main iron-bearing phase is hema-
tite (Fe,0O3), while the copper-bearing phase is chalco-
cyanite (CuSO,). However, at 800 °C, copper oxide
(CuO) and copper ferrite (CuFe,0,), begin to form,
which is associated with the decomposition of copper
sulfate and the initial interaction between copper oxi-
de and iron oxide. This interaction is confirmed by the
XRD pattern of the sample roasted at 900 °C, where
characteristic peaks of hematite are absent, and copper
ferrite becomes the primary iron-containing phase. Ad-
ditionally, copper is present in the form of oxide.

Thus, the processes occurring at different roasting
temperatures can be summarised in the following equa-
tions:

650—750 °C: 2CuFeS, + 7,50, —
— 2CuS0, + Fe,0; + 250, )

800°C: 4CuFeS, + 130, —
— 3CuO + Fe,0; + CuFe,0,+ 850,,  (2)

900 °C: 2CuFeS, + 6,50, —
— CuO + CuFe,0,+ 4S0,. 3)

The changes in the phase composition of the calcine
over time were studied at a temperature of 700 °C. It
was found that chalcopyrite (CuFeS,) could no longer
be identified after 90 min of roasting, with copper
and iron present only as chalcocyanite and hematite
(Fig. 3), indicating the potential for effective separation
of iron and copper from the roasted concentrate during
leaching.

2. Sulfuric acid leaching
of the roasted concentrate

During the study of the leaching process of the cal-
cine obtained after roasting at 700 °C, using sulfuric ac-
id solutions of various concentrations, it was found that
leaching with a solution containing 0.02 M H,SO,, re-
sulted in copper extraction of E(Cu) = 83 % and iron
extraction of E(Fe) = 4,6 % (Fig. 4). As the acid concen-
tration increased to 1.5 M, copper and iron extraction
increased to 93 % and 14 %, respectively. These results
are consistent with those shown in Figs. 2 and 3: during
roasting, copper transitions into water-soluble chalcan-
thite, while iron remains as insoluble hematite. As the
acid concentration increases, hematite reacts with sul-
furic acid to form soluble iron (III) sulfate, leading to
an increase in Fe(IIl) concentration in the leach solu-
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Fig. 2. Phase composition of the calcine after roasting for 120 min at various temperatures
t,°C: 1—650,2— 700, 3 — 750, 4— 800, 5— 900
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Fig. 3. Phase composition of the calcine at different roasting times at 700 °C
T, min: 1— 15,2 —30,3— 60, 4—90, 5— 120

Puc. 3. ®a30BbIii cocTaB orapka B 3aBUCMMOCTH OT BpeMeHU ooxura npu ¢ = 700 °C
T, muH: I —15,2—30,3—-60,4—90,5— 120
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Fig. 4. Effect of H,SO, concentration on the leaching
of copper concentrate calcine

t=60°C,t=1h,S:L=1:5

Puc. 4. Biusnue xonuentpaunu H,SOy
Ha BblleauuBaHue orapka MK
t=60°C,t=14, T:K=1:5

tion. The increase in copper concentration in the solu-
tion may be related to the presence of copper oxide in
the calcine, which is not detectable by XRD but reacts
with sulfuric acid during leaching, resulting in higher
copper concentrations in the solution. Although higher
acid concentrations improve copper extraction, the use
of a less concentrated leaching solution is preferable, as
increasing the acid concentration complicates the subse-
quent separation of iron and copper.

In addition to the behavior of the major compo-
nents during sulfuric acid leaching of the calcine, the
distribution of precious metals and other impurities in
the concentrate is also of significant interest. Analysis
of the composition of the leaching residues showed that
approximately 60 % of nickel is transferred into the solu-
tion, while precious metals almost entirely remain in
the solid residue (Table 1). Other trace elements, such as
arsenic, selenium, tellurium, vanadium, and molybde-
num, are barely leached by 0.02 M H,SO,4, concentrat-
ing in the leach residue. The content of trace elements in
the residue after leaching with 1.5 M H,SO, is lower than
after leaching with 0.02 M H,SOy, especially noticeable
for arsenic and molybdenum. Thus, with increasing acid
concentration, more of these components are extracted
into the solution, reducing the selectivity of the leaching
process. Based on the data in Fig. 4 and Table 2, 0.02 M
H,S0O, was chosen as the leaching solution for the roast-
ed concentrate.

A study of the leaching kinetics of the calcine showed
that copper extraction into the solution in the first
15 min reaches 72.4 %, gradually increasing to 83.5 %
after 60 min (Fig. 5). In contrast, iron extraction in the
first 15 min is only 0.9 %, but after 60 min, it increases

to 4.6 %. Extending the leaching time does not signifi-
cantly enhance the extraction of either copper or iron,
so subsequent leaching processes were conducted for 60
min to maximize copper extraction.

An investigation of the effect of the solid-to-li-
quid ratio on concentrate leaching showed that copper
extraction decreases slightly: at an S : L ratio of 1 : 10,
copper extraction is 85.9 %, whileat S: L=1:2, it is
74.6 %, corresponding to copper concentrations of 17.46
and 75.96 g/dm?, respectively (Fig. 6). Throughout the
S : L range, iron extraction does not exceed 5.6 %, which
is observed at S : L = 1: 10, and its maximum concen-

Table 1. Metals distribution during leaching of copper
concentrate calcine (S: L=1:10,7=60°C,t=1h)
Tabnuua 1. Pactipenenenue MeTaaioB

MpU BbIIeJIaunBaHUU orapka MK
(T: K=1:10,r=60°C,t=1u)

Composition of leaching
residues of the calcine
Me Unit C(Me)initial
C(H,SO,4) = | C(H,SOy) =
=0.02M =1.5M
Ni 0.47 0.31 0.30
Cu 20.35 2.0 1.6
Ca 0.75 0.70 0.70
%

Co 0.05 0.02 0.01
Al 0.87 1.30 1.62
Fe 23.07 40.8 40.1
As 138.95 257.80 134.20
Se 98.31 128.30 97.30
Te 15.74 22.63 25.96
Ag 60.58 96.22 101.49
Pd r/T 25.95 41.61 45.44
Au 2.97 4.81 5.59
Pt 2.84 5.65 5.06
\% 128.12 208.3 192.9
Mo 249.18 349.8 217.1

Table 2. Effect of temperature on the leaching

of copper concentrate calcine
(S:L=1:5,C(H,SO,)=0.02M, t=1h)
Tabnuua 2. BausiHue TeMriepatypbl Ha BhIIIEIauMBaHUE
orapka MK (T: K=1:5, C(H,SO4) =0,02 M, t=14)

t,°C E(Cu), % E(Fe), %
20 81.5 4.5
40 82.3 4.6
60 83.2 4.6
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Fig. 5. Kinetics of calcine leaching
S:L=1:5,C(H,S04) =0.02M, t=60°C

Puc. 5. KuHeTuka BoillelauMBaHUs orapka
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Fig. 6. Effect of S : L on the extraction and separation
of Fe and Cu during leaching
C(H,S04) =0.02M,t=1h,r=60°C
Puc. 6. Biusuue T : XK Ha u3BieueHue
u pasnenerue Fe u Cu rmpu BeIlie1auMBaHU N
C(H,S04) =0,02M,t=14,7r=60"°C

tration is 4.38 g/dm> at S : L = 1 : 2. Notably, copper ex-
tractionat S: L=1:(3+5)is 81.2 % and 83.1 %, respec-
tively, indicating a more efficient process than leaching
atS:L=1:2. However,atS:L=1: 10, the copper con-
centration in the solution (17.46 g/dm3) is insufficient for
further processing.

The S : L ratio also plays a crucial role in the separa-
tion of copperandiron duringleaching. While the initial
Cu/Fe ratio in the concentrate is 0.88, during leaching,
it increases in the solution to 13.5 and 17.3 at S: L =
= 1:10 and 1: 2, respectively, with a non-linear de-
pendence (see Fig. 6). The lack of direct proportionality
can be explained by the increased copper concentration
in the solution at lower S : L ratios, which likely reduces
the activity of sulfuric acid, leading to less interaction
with hematite. Consequently, the optimal S : L ratio

38

range is 1:(5+3), where copper and iron concentra-
tions in the solution are 33.8—55.0 g/dm?> and 2.15—
3.25 g/dm3, respectively, with a separation coefficient
(Bcu/re) of 15.7—16.9.

It was found that increasing the leaching tem-
perature slightly improves copper extraction into
the solution and has little effect on iron extraction
(Table 2). The minimal effect of temperature on cop-
per extraction is due to the lack of a chemical reaction
during copper leaching, as the process is based on the
dissolution of chalcocyanite in the liquid phase. The
lack of temperature influence on iron extraction is
explained by the low acid concentration in the leach-
ing solution.

3. Iron solvent extraction
from the leach solution

To separate iron (I1T) and copper (II) in sulfate solu-
tions, the hydrolytic method of precipitating iron as an
insoluble hydroxide (iron cake) is often used [22]. How-
ever, some copper co-precipitates with the cake, lead-
ing to copper losses in the waste. Therefore, it was pro-
posed to separate iron (111) and copper (1) by extracting
Fe(I1I) from the copper solution using extractants based
on D2EHPA, which has proven effective for extracting
iron (I1I) from a copper electrolyte [23]. A 25 % solution
of technical-grade D2EHPA in an inert aliphatic diluent
was used for extraction. Based on the McCabe-Thiele
plot for Fe(III) solvent extraction from the leach solu-
tion, it was found that iron is nearly quantitatively ex-
tracted in two stagesat O : A=1: 1 and in four stages at
O :A=1:2, with residual Fe(I1I) concentrations in the
raffinates of 0.01 and 0.006 g/dm3, respectively (Fig. 7),
corresponding to extraction rates of 99.7 % and 99.8 %.
Notably, copper (II) extraction does not exceed 2.7 %,
as under the studied conditions, D2EHPA has a higher
affinity for iron (IIT) than for copper (II) [24], ensuring
more efficient Fe(I1I) extraction. As a result, the organ-
ic phase is saturated with iron (I1I), which prevents the
co-extraction of copper (I1).

The organic phase saturated with iron (III) can be
regenerated by stripping using hydrochloric [25] or oxal-
ic [26] acids, allowing the extractant to be recycled back
into the extraction stage. After thorough iron extraction,
the obtained raffinate was evaporated and cooled, lead-
ing to the precipitation of copper sulfate, which con-
tained (%): CuSO,4-5H,0 — 99.84 (equivalent to 25.42%
copper), Ni — 0.014, Al — 0.007, Fe — 0.0003, As —
0.0002. The resulting mother liquor can be either evap-
orated further or used for leaching roasted concentrate.
If nickel impurities concentrate in the solution during
further processing, the filtrate can be treated for effec-



3BecTis By30B. LiBeTHOSI MeTaAAyprns o 2024 o T.30 o N24 o C, 33-42

Cokonos A.fO., Kacukos A.l. MepepaboTka XAABKOMUPUTOBOTO KOHLIEHTPATA C NPUMEHEHNEM CYAbGATUINPYIOLLEro OBXMra

; C(Fe),, g/dm’

Equilibrium line

0 05 10 15 20 25 3.

C(Fe),, g/dm’

3.5

Fig. 7. McCabe-Thiele plot for Fe(III) solvent extraction
by D2EHPA

C(Cu) = 35 g/dm?, C(Fe3™) = 3.05 g/dm?, C(H,S0,) = 0.02 M,
t=20°C,1=5min
Puc. 7. U3otepma sxctpakiuu Fe(111) 29T OK

C(Cu) = 35 r/nm?, C(Fe’™) = 3,05 r/am?, C(H,S0,) = 0,02 M,
t=20°C, 1=5MuH

tive copper and nickel separation, for example, by sol-
vent extraction [27].

Thus, sulfating roasting allows for not only the effec-
tive separation of copper from iron and precious metals
during leaching but also the production of copper sulfate
with less than 0.16 % impurities after iron solvent extrac-
tion from the copper sulfate solution.

Conclusion

The method for processing chalcopyrite copper
concentrate presented in this study allows for avoiding
one of the main challenges in non-ferrous hydrome-
tallurgy — the stage of iron removal from solutions via
hydrolytic means. The difference in the thermal stabi-
lity of iron and copper sulfates within the temperature
range of 650—750 °C enables the conversion of most
of the iron into oxide, while copper remains in the
form of sulfate after roasting. As a result, during sul-
furic acid leaching, copper transitions into the aque-
ous phase, and iron remains in the insoluble residue. It
was established that leaching is best performed with a
0.02 M sulfuric acid solution for 1 hour at a solid-
to-liquid ratio of 1 : (3+5) and a temperature of 20 °C.
The possibility of separating copper and precious me-
tals, which concentrate in the solid phase along with
iron during leaching, is also significant. he low con-
tent of iron and sulfuric acid in the leach solution ena-
bles iron removal via selective cation exchange solvent
extraction. Using a 25 % D2EHPA solution in an inert

aliphatic diluent at O : A =1: 1 over two stages results
in 99.7 % iron extraction. The obtained raffinate can
be further used for copper sulfate production or for
copper electrodeposition.
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Abstract: Asymmetric rolling of aluminum alloys is one of the methods for improving their mechanical and performance characteristics.
Kinematic asymmetry during rolling is achieved by varying the roll speed ratios (V, /V5). It is believed that when V| /V, > 3, the process of
asymmetric rolling, by combining significant compression and shear deformations, approximates the processes of severe plastic deformation.
It has been found that the majority of studies are based on data obtained within a limited roll speed ratio range, V; /V, < 2, in asymmetric
rolling. This article examines the effects observed at V| /V, = 1+7.7. The implementation of this condition became possible thanks to a unique
scientific facility — the 400 laboratory-industrial asymmetric rolling mill at the Zhilyaev laboratory “Mechanics of Gradient Nanomaterials”
at Nosov Magnitogorsk State Technical University Experiments were conducted on asymmetric thin-sheet rolling of aluminum alloys 2024,
5083, and 6061, as well as accumulative roll bonding to produce laminated sheet aluminum composites 5083/2024, 5083/1070, and 6061/5083.
The disadvantages of asymmetric rolling compared to symmetric rolling were identified: sample failure was observed at single relative
reductions of 37 % for layered sheet aluminum composites (5083/2024) and 40 % for thin-sheet aluminum alloys (6061). The nuances of
material preparation for processing were described, including the necessity of cleaning and degreasing the alloy surfaces before bonding into
a composite. The rolling temperature regimes were selected, determining cold asymmetric thin-sheet rolling (room temperature processing)
and warm asymmetric accumulative roll bonding (heating of the workpieces in the furnace before rolling at 320—350 °C). A reduction in
rolling force (by a minimum of 1.3 times), the ability to vary hardness (including an increase by a minimum of 30 %), and technological
plasticity with changes in the roll speed ratios within the range of 2 to 7.7 were demonstrated. Options were proposed for reducing the
processing cycles of aluminum alloys without compromising the quality of the finished product by reducing the number of rolling passes and
annealing steps in the standard process scheme.
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AHHOTanuA: ACMMMeTpUYHAasl MPOKATKa aJlOMUHUEBbIX CIIJIABOB SIBJISIETCSI OHUM U3 CIIOCOOOB yJIyULIEHU ST UX MEXaHUYECKUX U IKC-
IUTyaTallMOHHBIX XapaKTepucTUK. KMmHeMaTndyeckasi aCHMMETPHUST TIPH MPOKATKe OCYIIECTBISIETCS TIPU BapbMPOBAHUYU OTHOIICHU I
ckopocteil pabouux Bankos (V| /V;). Cuutaercs, uro npu V; /V, > 3 npouecc acMMMETPUYHON MPOKATKHU 110 MEXaHU3MY COBMELIEHUS
GosbInX nedopMalinii ckaTus U CIBUTA MTPUOIMKEH K TpolieccaM MHTEHCUBHOW MIACTUYeCKOi fecdopmaiinul. BeisiBieHo, 4To 60J1b-
1ee KOJIMYeCTBO MCCIeNOBaHU I OCHOBAHO HAa JAHHBIX, MOJYYeHHBIX TPU OTPAHUYEHHOM IMAMa30He COOTHOLIEHU I CKOPOCTEl BaJIKOB
Vi /V5 <2 npu acuMMeTpU4HOI npokaTke. B ctaTbe paccMoTpeHbl 3¢ deKThl, noayueHHble nipu V; /V, = 1+7,7. Peanusauus naHHoro
yCJIOBU S CcTajla BO3MOXHa Oyiaroiapsi YHUKalbHONW HAyYHOM YCTAaHOBKE — J1aOOpPaTOPHO-MPOMBILIJIEHHOMY cTaHy 400 acumMmMeTpuy-
HOU mpokaTku jabopaTopuu «MexaHuKa rpalMeHTHBIX HaHoMaTepuasioB uM. A.T1. ZKunsgesa» MI'TY um. I'U. Hocosa. Ilposene-
HBI OKCITEPUMEHTHI TI0 ACUMMETPUIHON TOHKOJUCTOBOW MPOKATKe aTIOMUHUEBBIX cryiaBoB 2024, 5083 u 6061 u akKyMynupyloniei
MPOKAaTKe C MOJyYeHHEeM JIMCTOBBIX CIOMCTHIX A TIOMUHUEBBIX KOMTTO3uTOB 5083/2024, 5083/1070 n 6061/5083. BeisiB/ieHbI HEAOCTATKH
acUMMETPUYHOU MPOKATKY IO CPABHEHUIO C CUMMETPUYHON: HaOII0AaI0Ch pa3pylieHrue 00pa3oB MPU eIMHUYHBIX OTHOCUTEIbHBIX
06xaTusix ot 37 % AJisi TUCTOBBIX CJIOUCTHIX aTFOMUHUEBBIX KOMMO3UTOB (5083/2024) 1 o1 40 % — 17151 TOHKOJTUCTOBBIX aTIOMUHHUEBBIX
criaBoB (6061). OnucaHbl HIOAHCH MOJTOTOBKM MaTepuala K 00paboTKe, B TOM YKciie HEOOXOAMMOCTb 3aUMCTKH M 00€3KMPUBaHU I
IMMOBEPXHOCTH CIJIABOB TIepel COeNMHEHUEM B KOMMO3UT. [Tomo6GpaHbl TeMIlepaTypHbIe peXXUMBI IPOKATKY, OMPEIeTUBIINE XOJOTHYIO
ACMMMETPUYHYIO TOHKOJMCTOBYIO IMMPOKATKY (KOMHATHAas TeMIlepaTypa 00paboTKH) U TEIIYI0O aCUMMETPUUHYIO aKKYMYJIUPYIONTY IO
MpoKaTKy (TemIiepaTypa HarpeBa 3aroTOBOK B me4u repen nmpokatkoir 320—350 °C). [Noka3aHbl CHUXEHUE CUJIbI TPOKATKU (MUHU-
MasibHO B 1,3 pa3a), BO3MOXHOCTb BapbUPOBAHUSI TBEPAOCTH (B TOM YHUCJIC YBEAUUYEHUSI MUHUMAIbHO Ha 30 %) U TeXHOJIOrMIeCKOit
MJIACTUYHOCTU MPU U3MEHEHU U OTHOIIEHU I CKOPOCTEl BaJIKOB B Iipeaesiax oT 2 1o 7,7. [IpeaoxeHbl BApUaHThI COKPAIIEHUSI TEXHOI0-
TMYECKMX LIMKJIOB 00pabOTKHM aJlOMUHHUEBBIX CIIJIABOB 0€3 CHUKEHM I KaueCTBa FOTOBOM NPOAYKIIMU MYyTeM YMEHbIIEHU I KOJIMYeCTBa
ITPOKATOK ¥ OTKUTOB B CTAHIAPTHOM CXeMe.

Kuouesbie ciioBa: ACUMMETpUYHAadA MMpoKaTKa, akKyMYyJIMpYyrollas IMpoKaTKa, MHTCHCHUBHAas IJ1aCTu4decKas L[C(i)OpMaL[I/ISL TEXHOJIOTUYEC-
Kasd nmJIaCTU4YHOCTb, TBEPAOCTh, KWHEMATUYECKAdA aCUMMETPU A, CUJia IIPOKATKU.

Baaropapuoctu: MccienoBanust BeIoHEHBI 3a cueT rpaHTa PH® (cornmamenue Ne 23-79-30015).
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Introduction

In line with the Metallurgical Industry Develop-
ment Strategy of the Russian Federation through 2030',
a series of objectives has been set, focusing on the pro-

duction of high-quality metal products. Notably, un-
der these conditions, the non-ferrous metallurgy sector
is expected to achieve production growth, not only to
meet import substitution goals but also to support the
export of high-quality, competitive products. The de-

I Order of the Government of the Russian Federation of
December 28, 2022 No. 4260-r “On approval of the strategy for
the development of the metallurgical industry of the Russian
Federation for the period up to 2030”.
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velopment of new ultra-strong yet lightweight materials
is crucial for driving technological progress in industries
such as aerospace, electrical engineering, automotive,
and aviation manufacturing. Aluminum and its alloys
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are the primary materials of choice for structural design
in these fields.

Achieving high-quality aluminum rolled products
depends on processing methods that aim to comprehen-
sively improve the materials’ properties, structure, and
geometric parameters. For instance, asymmetric roll-
ing is a promising technique for producing high-quality
materials, as it improves mechanical properties such as
strength, hardness, and plasticity, along with perfor-
mance characteristics like formability under pressure
and technological plasticity [1—10]. Asymmetry during
rolling can be achieved in several ways: varying the roll
speed ratio to induce kinematic asymmetry; changing
the roll diameter ratio to create geometric asymmetry;
or modifying the surface of the working rolls or the ma-
terial itself to introduce physical-mechanical or contact
asymmetry [11—14]. Among these, kinematic asym-
metry is the most technologically viable and often pre-
ferred. Currently, asymmetric rolling with a roll speed
ratio of V} /V, > 3 is regarded as a metal forming process
that closely approximates the effects of severe plastic
deformation. Its key feature lies in the ability to combine
significant compression and shear deformations by em-
ploying a simple and pure shear scheme, which impacts
the deformability of metals and alloys.

It has been established that asymmetric rolling sig-
nificantly increases the hardness and strength of mate-
rials [15—19], though plasticity tends to decrease, ne-
cessitating intermediate and final heat treatments of the
rolled metal. However, combining high levels of reduc-
tion with specific roll speed ratios can maintain or even
It’s important to note that in most foreign publications
[20—23], researchers typically explore a narrow range of
roll speed ratios, with V| /V; not exceeding 2. There is
a noticeable lack of data on the effects of a broader roll
speed ratio range (V;/V, = 2+10) in both Russian and
international studies, making this an area of significant
interest.

The implementation of asymmetric rolling with kin-
ematic asymmetry and roll speed ratios ranging from
1.05 to 10.0 has been made possible thanks to a unique
scientific facility (USF)! — the 400 laboratory-indus-
trial asymmetric rolling mill? at the Zhilyaev laborato-
ry “Mechanics of Gradient Nanomaterials” at Nosov
Magnitogorsk State Technical University. This equip-
ment has no equivalent in Russia, with the most similar
system located in South Korea, where the roll speed ra-
tio can reach up to 2.

Uhttps://ckp-rf.ru/catalog/usu/3206908
2 http://lmgn.magtu.ru/ru/oborudovanie.html

Research methodology

The study investigated the effect of kinematic
asymmetry during thin-sheet and accumulative roll-
ing on the changes in mechanical properties of alu-
minum alloys. The asymmetric rolling was carried
out on the USF “Asymmetric Rolling Mill 400” at
room temperature. No lubricants were used; however,
pre-rolling of aluminum was performed to promote
its adhesion to the roll surfaces, thereby increasing
friction coefficient. The aluminum alloys subjected
to rolling were from the I1xxx, 2xxx, 5xxx, and 6xxx
series, specifically 1070, 2024, 5083, and 6061, whose
chemical compositions are presented in Table 1. The
selection of these alloys was based on their widespread
use and popularity in the manufacturing industries for
which this research was conducted (automotive, aero-
space, etc.).

Aluminum alloys 2024, 5083, and 6061 were pro-
cessed using asymmetric rolling with relative reductions
ranging from 5 to 89 % and roll speed ratios V; /V, from
1 to 7.7. The workpiece dimensions were as follows, in
mm: thickness — from 1.9 to 6, width — 25, length —
100. No additional heat treatment or preheating was ap-
plied prior to rolling.

Certain parameters of asymmetric thin-sheet
and asymmetric accumulative roll bonding differed,
which was determined by the technological features
of the process: thin-sheet rolling involved process-
ing single-layer aluminum alloys, while accumulative
roll bonding, the general scheme of which is shown in
Fig. 1 [24], was intended for laminated materials form-
ing a composite.

These methods are used to obtain an ultra-
fine-grained structure, with the accumulative roll bond-
ing process involving not only the combined and simple
shear schemes but also the accumulation of stresses after
each processing cycle. However, the complexity of this
process, compared to asymmetric thin-sheet rolling, lies
in the necessity of preparing the alloy surfaces for bond-
ing during processing. Some studies [24—27] describe
the requirement for preliminary mechanical joining of
the sheets, which improves the adhesion level during
rolling. This was performed on several workpieces, as
shown in Fig. 2.

During asymmetric accumulative roll bonding, alu-
minum alloys 1070, 2024, 5083, and 6061 were used
to create laminated sheet aluminum composites
5083/1070, 5083/2024, and 6061/5083. For these ma-
terials, two rolling cycles were conducted in all cases,
with relative reductions ranging from 45 to 75 % (except
in cases where samples were destroyed after the first
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Table 1. Chemical composition (%) of aluminum alloys from various series

Ta6nuua 1. Xumuveckuii coctas (%) alrOMUHUEBBIX CIIJIABOB PA3JIMYHbIX CEPUIA

Alloy Mn Mg Si Fe Cu Cr Ti Zn Al

1070 0.03 0.02 0.15 0.16 0.01 — 0.01 0.04 99.70
2024 0.019 0.473 0.422 0.178 0.02 0.001 0.15 0.25 98.487
5083 0.682 4.479 0.091 0.285 0.027 0.104 0.007 0.014 94.282
6061 0.90 1.00 0.60 0.70 0.32 0.22 0.15 0.25 95.86

7Y
L L,

Cutting

Rolling

Fig. 1. Scheme of accumulative roll bonding [24]

Puc. 1. Cxema akKyMyJIMpyIoLIei MpokaTku [24]

Fig. 2. Workpieces prepared for asymmetric accumulative
roll bonding with preliminary joining using

thin wire

Puc. 2. O0Opa3iibl, MOArOTOBJICHHBIE

IUUISI ACUMMETPUYHOM aKKYMYJIUPYIOIEN MPOKATKU
C IIpeIBapUTEIbHBIM COEIMHEHNEM UX TOHKOM ITPOBOJIOKOI

rolling cycle). The roll speed ratio V| /V; ranged from
1 to 5. The workpieces had the following dimensions,
in mm: the thickness of individual layers compos-
ing the composite ranged from 1 to 2, with the to-
tal thickness of the two alloys being between 2 and 4;
the width was 50, and the length was 100. The rolling
temperature conditions varied from cold to hot, with
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Heating at 460°C
(30 min)

preheating of the workpieces to 320—350 °C typically
applied. The surface of each alloy (only for the cold
asymmetric accumulative roll bonding method) was
pre-treated by cleaning with wire brushes or sand-
paper, followed by degreasing with a solvent. Sub-
sequent transport to the rolling mill was carried out
immediately to prevent the formation of a new thick
oxide layer.

Results and discussion

In symmetric cases (mpu V; /V, = 1), all workpieces
failed during the first pass, both in thin-sheet rolling and
cold accumulative roll bonding, when the single relative
reduction was 40 % or higher. The results are shown in
Table 2 and Fig. 3.

The study also revealed that improper or in-
sufficiently thorough pre-cleaning and subsequent
degreasing of the surface before accumulative roll
bonding (at any roll speed ratio) negatively affected
the formation of the transition layer, which is created
through diffusion interactions. This resulted in a low
degree of layer interpenetration between the base
metals and alloys, leading to microcracks at the lay-
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er interfaces and areas with partial lack of bonding
between the layers.

The necessity of pre-joining the alloys to form a
laminated material, as shown in Fig. 2, was not con-
firmed — at low reductions, this “bond” had no po-
sitive effect, as the layers would separate, and the wire
would break. For reductions exceeding 50 %, such
pre-joining was unnecessary, as the layers bonded
equally well regardless of the presence or absence of
wire. In some cases, the wire had a negative effect,
leading to defects at the front and rear ends of the
rolled material.

It was also found that the formation of laminated
sheet composites in the cold processing mode is only
possible when joining identical alloys in the first cy-

cle (e.g., alloy 5083 + alloy 5083 or alloy 1070 + alloy
1070). The first and second cycles with dissimilar alloys
(e.g., alloy 5083 + alloy 2024 or alloy 6061 + alloy 5083)
must be conducted in the warm rolling mode with pre-
heating to 320—350 °C (considering material cooling
during transport from the furnace to the rolling mill).
Hot deformation of laminated sheet aluminum com-
posites was performed by heating the workpieces to
420—500 °C, which produced unsatisfactory results, as
all workpieces developed defects such as “over-squeez-
ing” and “waviness”. Table 3 presents some parameters
of the asymmetric accumulative roll bonding modes—
preheating temperatures for different types of materials
(homogeneous 6061/6061, 5083/5083, 1070/1070, and
heterogeneous 5083/1070, 5083/2024, 6061/5083) prior

Fig. 3. Workpieces after symmetrical thin-sheet rolling (@) and accumulative (b) roll bonding

Puc. 3. O0pasibl mocjie CMMMETPUYHON TOHKOJKMCTOBOM (a) 1 aKKyMYJIUpyloleii (b) mpokaTok

Table 2. Results of symmetrical thin-sheet rolling and accumulative roll bonding of aluminum alloys

Ta6nuna 2. Pe3ynbraThl CUMMETPUYHOM TOHKOJIMCTOBOM M aKKyMYJIHPYIOLIE MPOKATOK

AJIIOMUHUEBLIX CIIJIaBOB

Thickness, mm
Material Relative reduction, % Force, kN
Initial Final
2024 6.00 3.10 48 464
5083 1.90 0.95 50 290
6061 2.00 1.20 40 353
5083/2024 3.00 1.90 37 1330
5083/1070 3.00 1.60 47 900
6061/5083 3.00 1.55 48 1200
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to rolling, the cycle number of asymmetric accumula-
tive roll bonding, the relative reduction, and the integ-
rity of the workpieces after processing, including the
likelihood of defects that could affect further material
processing.

The key advantages of asymmetric rolling com-
pared to symmetric rolling have been identified: a
reduction in rolling force, the ability to control me-
chanical properties (including hardness, strength, and
plasticity) depending on the level of asymmetry, and
an increase in technological plasticity. These advan-
tages are characteristic of both thin-sheet rolling and
accumulative roll bonding, as shown in Table 4 (using
alloy 6061 processed in one pass and laminated sheet
composite 6061/5083 processed in two cycles as exam-
ples). During asymmetric accumulative roll bonding,
the preheating of the workpieces was carried out for
10—15 minutes at a temperature of 320 °C. All the
presented workpieces maintained their integrity after
processing.

It is important to note that asymmetric rolling sig-
nificantly increases technological plasticity. This pa-
rameter is taken into account when developing new

technical and technological solutions for material
processing. Below are experimental data comparing
symmetric and asymmetric rolling (using aluminum
alloy 6061 as an example), clearly demonstrating the
difference in the deformability of the workpieces. The
ultimate goal of the experiment was to obtain a strip
with a thickness of 0.5 mm. In the case of symmet-
ric rolling, this result was achieved in 4 passes. After
each pass, heat treatment, specifically annealing, was
required, meaning it was performed 4 times. The roll
gap was set to a relative reduction of 35 % for the first
three passes and 9 % for the final pass. Any reduction
greater than 35 % led to the workpiece’s integrity being
compromised, i.e., resulting in its failure. The results
are presented in Table 5.

During asymmetric rolling, the roll speed ratio was
V1/V, =2 (in passes 1 and 2), allowing the rolling process
to be carried out with a relative reduction of 63 % without
damaging the workpieces. As shown by the data in Table
6, the target was achieved in just two passes. The number
of annealing treatments was also reduced to two.

With a further increase in kinematic asymmetry
to V1 /V, = 4, the relative reduction without material

Table 3. Parameters of the asymmetric accumulative roll bonding modes for aluminum alloys

(comparison of temperature conditions)

Tabauua 3. [TapameTpbl peXKMMOB aCUMMETPUYHOM aKKYMYJIMPYIOLLIE MPOKATKH aJllOMUHUEBBIX CILJIaBOB

(cpaBHEHME TeMIIepaTYPHBIX YCIOBUIA)

Material of fﬁ:ﬁi&?ﬁiﬁfjﬁgﬁste Cycle Rela}tive . Defects Lo .
°C ’ No. reduction, % Preservation of workpiece integrity
6061/6061
5083/5083 — 1 50 +
1070/1070
5083/1070
50832024 - ! 0 (intgeity ot presered)
6061/5083
5083/1070
5083/2024 320-350 1 50 +
6061/5083
5083/1070
5083/2024 320-350 2 50 +
6061/5083
>083/1070 Waviness and over-squeezing
5083/2024 420—-500 1 50 (integrity preserved,
6061/5083 but cycle 2 is not possible)
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failure reached 75 %. It is clear that with asymmetric
rolling at a roll speed ratio of V| /V, = 4, only one pass
and one final annealing were required (see Table 6).
Similar results were observed during accumula-
tive roll bonding. It was shown that in cold symmetric
accumulative roll bonding, the workpieces failed at
a relative reduction of 42 %. Additionally, this level

of relative reduction was insufficient for bonding the
workpieces in the deformation zone, which result-
ed in either incomplete bonding of the metal layers
or tears in the middle of the samples, along with the
“crescent-shaped” defect. Cold asymmetric rolling
was characterized by a reduction in defect formation.
All workpieces demonstrated good pressure weldabil-

Table 4. Results of asymmetrical thin-sheet rolling and accumulative roll bonding of aluminum alloys

(comparison of rolling force and hardness)

Tabauua 4. PesynbraTbl aCUMMETPUUHON TOHKOJMCTOBOM M aKKyMYJUPYIOIEel MPOKaTOK aJllOMUHMEBBIX CIIJIABOB

(cpaBHEHME CUJIBI POKATKU 1 TBEPIOCTH)

Material Roll speed ratio reiﬂgg;f % Force, kN Hardness, HB
6061 2 63 320 118
6061 3 70 228 121
6061 4 75 166 100
6061/5083 2 53 640 65/78
6061/5083 3 62 558 73/89
6061/5083 4 67 490 93/100

Table 5. Experimental data on symmetrical rolling of aluminum strip made from alloy 6061

Tabnuia 5. DKcrnepuMeHTalbHbIE JaHHbIE CUMMETPUYHON MTPOKATKY aTIOMUHUEBOM JIEHTHI U3 criaBa 6061

Thickness, mm
Pass No. Relative reduction, % Force, kN
Initial Final
1 2.00 1.30 35 337
2 1.30 0.85 35 272
3 0.85 0.55 35 275
4 0.55 0.50 9 151

Table 6. Experimental data on asymmetric rolling of aluminum strip made from alloy 6061

Ta6auua 6. DKcriepuMeHTaabHbIe JaHHbIE ACUMMETPUYHOM IMPOKATKHU aJTIlOMUHUEBO JIEHThI U3 citaBa 6061

Thickness, mm
Pass No. Relative reduction, % Force, kN
Initial Final
Vl /VZ =2
1 2.00 0.74 63 320
2 0.74 0.50 32 234
Vl /V2 =4
1 2.00 0.50 75 166
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ity. Technological plasticity increased significantly,
making it possible to roll laminated aluminum com-
posites with single relative reductions ranging from 75
to 95 %.

In warm asymmetric accumulative roll bonding,
the maximum single relative reduction reached 98 %.
At lower reductions (up to 75 %), an increase in the
drawing ratio (calculated using the formula p =
= 11/10 was observed with an increase in kinematic
asymmetry to V; /V, = 4 (the preheating temperature
of the workpieces was 320 °C, and the initial total
thickness of the alloys in the composite was 3 mm).
The values of the drawing ratio for the laminated alu-
minum composite 5083/2024 at various roll speed ra-
tios are presented below:

Vi Voo 10 20 25 30 35 40
TR 1.60 3.00 3.58 392 440 5.06
Conclusion

In both Russia and abroad, a limited range of roll
speed ratios is considered in asymmetric rolling.
Thanks to modern equipment, specifically the USF —
400 laboratory-industrial asymmetric rolling mill at the
Zhilyaev laboratory “Mechanics of Gradient Nanoma-
terials”, it has become possible to process metals and
alloys at roll speed ratios V; /V, > 2. Based on the results
of experimental studies on asymmetric thin-sheet roll-
ing and accumulative roll bonding, the following were
demonstrated:

1. Anincrease in the technological plasticity of alu-
minum alloys (as exemplified by alloys 2024, 5083, and
6061) and laminated sheet aluminum composites (as
exemplified by 5083/1070, 5083/2024, and 6061/5083).
In thin-sheet rolling, it became possible to shorten
the technological cycle of cold material processing,
including reducing the number of rolling passes and
annealing without compromising the quality of the
rolled product. It was shown that instead of four stand-
ard passes in the symmetric mode, a single pass in the
asymmetric mode is permissible. In accumulative
roll bonding, a single relative reduction of 98 % can
be achieved without material failure in the asymmet-
ric mode, compared to 42 % in the symmetric mode.
The drawing ratio increased from 1.60 to 5.06 as the
roll speed ratio V; /V, increased from 1 to 4 (as demon-
strated with the laminated sheet aluminum composite
5083/2024).

2. The ability to control mechanical properties
(as demonstrated with hardness) by adjusting the le-

50

vel of asymmetry at roll speed ratios V] /V; in the range
of 2to 4.

3. A reduction in rolling force with an increase in
the level of asymmetry: for example, for aluminum al-
loy 6061, the force decreased from 320 to 166 kN as the
roll speed ratio V; /V, increased from 2 to 4, and for
the laminated sheet aluminum composite 6061/5083,
the force decreased from 640 to 490 kN, respectively.
Similar results were observed for other aluminum al-
loys and laminated sheet aluminum composites con-
sidered.

4. Specifics of preparing aluminum alloys for the
production of laminated sheet aluminum composites,
which include proper surface treatment before bonding
and the lack of necessity for additional wire-based bond-
ing of layers.
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formation from liquid or gas phases, differences in pore size distribution were observed. A carbon matrix formed by the gas-phase method
exhibits fewer nanoscale pores compared to one formed by the liquid-phase method. The influence of the pore structure and the nature
of the matrix carbon in various needle-punched preforms on the degree of saturation during LSI, infiltration depth, and mechanical
properties was determined.

Keywords: carbon-carbon composites, porous structure, carbon matrix, carbon preform, liquid silicon infiltration (LSI), C/C—SiC composites.
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yLJIepOa-yrJIePpOAHbIX KOMIIO3MIMOHHBIX MATEPHAJIOB
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Annotanus: B Hacrosiiee BpemMst 0cob60e MecTo Cpeld MaTepHrasoB, UCIOIb3YeMbIX B LIBETHON METaJIypriu, 3aHUMAIOT CUJIMLIUPOBaH-
HbI€ YIJIEPOA-YIJIEPOJHbIe KOMITO3ULIMOHHbIEe MaTepuaibl (YYKM). Ha npouecc cunuuupoanus nopuctoro ¥YYKM 3HauUTENbHO BIU-
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SIIOT €70 MUKPOCTPYKTYPHBIE XapaKTepUCTUKU. V3ydeHne BIMSTHUS TOPUCTON CTPYKTYPBI pa3auuyHbiXx YYKM Ha nmoimHOTY MponuTKu
pacrijiaBoM KpeMHUST MOXET TTO3BOJIUTh PEryIupoBaTh (pa30BBIif COCTAB CHJIMIIMPOBAHHBIX MAaTEPUAJIOB B IIMPOKOM JUATIa30HE, a TAKXKe
dusnko-mexaHnvyeckue u Tenaobu3nyecKre CBONCTBA YIJIepoJ-KepaMuyecKoro komnosuinonHoro matepuana (Y KKM). Onucansl pe-
3yJIbTAThl aHAJIM3a TIOPUCTOM CTPYKTYPbI M TPOYHOCTHBIX XapakKTepucTuK Y'Y KM Ha ocHOBe UTI0NTpoOMBHOM MTpedOpMBbI C pa3InIHbIMU
TUIIaMU YTJIEPOJHBIX MATPUTL (ITUPOYTIEPOIHAS, KOKC HATYPAJIbHOTO M CAHTETUYECKOTO MTEKOB, KOKC (PeHOI(POPMaTbACTUIHON CMOJIBI) 1
YKKM Ha ux ocHoBe. B cuny oco6eHHOCTe hOpMUPOBAHUS YIJIEPOIAHOM MAaTPUILIBI U3 XKHUIKOW UM Ta30BOi (ha3 Habo1aeTcs OTIMYue
[0 rpaHMLIaM JMana3oHoB Mop. YriepoaHas MaTpuua, chopMmupoBaHHas razoda3HblM METOLOM, OCTaBJsSIET MEHbILIE HAHOPA3MEPHbIX
TOp B CPAaBHEHUW C MATPUIICH, MOTYyUYEHHOU XUIKOGDA3ZHBIM METONOM. YCTAHOBJIECHO BIMSHUE CTPYKTYPHI TOPOBOTO TIPOCTPAHCTBA U
MPUPOBI MATPUYHOTO yriepoaa pazaudHbix YY KM Ha ocHOBe UTTONMPOOUBHBIX TpeOpM Ha UX CTENIEHb HACBILIEHUsI PACTIJIABOM KPeM-
HWsI, IyOMHY MPOIMUTKH, a TaKKe OIpeieIeHbl MeXaHMYeCK1e CBOMCTBA.

KoueBbie cioBa: yriepon-yriepoaHble KOMIIO3UIIMOHHbBIE MaTepUabl, TOPUCTAsl CTPYKTYpa, YIJepoaHasi MaTpulla, yriiepoaHas mpe-
¢opma, cunuupoBaHue, MPONMUTKA PaCJaBOM KPEMHU s, YIJepoA-KepaMyecke KOMIO3MLIMOHHbIE MaTepuabl.

s nurupoBanus: [lerposckast K.B., Tumodeen [1.A. OnpeneneHre BAUSIHUS TIOPUCTON CTPYKTYPBI YIJIEPOI-YTJIEPOIHBIX KOMIIO3U-
LIMOHHBIX MaTepHUaIoB Ha OCHOBE UIJIOMPOOUBHOI MpedopMbl Ha MOTHOTY MPOMUTKU PACIIaBOM KpeMHUsl. Mzeecmus 8y3o6. Lleemnas

Memanaypeus. 2024:;30(4):54—65. https://doi.org/10.17073/0021-3438-2024-4-54-65

Introduction

The modern development of materials science is
inseparable from the creation and implementation of
high-temperature materials that combine heat resis-
tance, excellent thermal stability, high mechanical prop-
erties, wear resistance, and durability in aggressive ga-
seous and liquid environments at elevated temperatures.
Siliconized graphite largely meets these requirements,
which explains its widespread use in the chemical, me-
tallurgical, and energy industries. Siliconized graphite
is utilized as components in friction assemblies (such as
sealing rings and sliding bearings) for pumps and reac-
tors, as protective sheaths for immersion thermocouples,
and as bottom pouring refractories or stopper rod sys-
tems for metallurgical furnaces. Ensuring and enhanc-
ing the strength properties of materials under high-tem-
perature conditions necessitates the development of new
structural materials [1—3].

Currently, siliconized carbon-carbon composites
(C/C composites) hold a significant position among
materials used in non-ferrous metallurgy. Liquid sili-
con infiltration (LSI) is one of the most effective and
rapid methods for forming a ceramic matrix. This
method involves applying a slip coating based on sili-
con-containing powder to the surface of a porous C/C
composite semi-finished product. At temperatures ex-
ceeding 1414 °C, the coating decomposes, producing
liquid silicon. The LSI process for porous C/C composi-
tes is significantly influenced by their microstructural
characteristics. The completeness of silicon infiltration
is determined by the nature of the porous structure and
the pore distribution in the C/C composite (including
pore volume, size, configuration, distribution through-
out the material, and accessibility to liquid silicon).
Studying the influence of the structural features of po-
rous C/C composites on their reactivity with liquid si-

licon and the completeness of infiltration enables regu-
lation of the phase composition of siliconized materials
over a wide range, as well as the physical, mechanical,
and thermophysical properties of C/C—SiC compo-
sites [4—14].

Depending on the intended purpose, structural fea-
tures of the components, and their operating conditions,
various methods are used to manufacture reinforcing
preforms and form carbon matrices for the production
of C/C composites. Each type of carbon-reinforcing
framework has its own structural features, and together
with the different technological processes for densifying
them with a carbon matrix, they exhibit specific ranges
of pore sizes and configurations. Over the past decade,
significant attention has been devoted to the develop-
ment of high-speed, fully automated technologies for
creating needle-punched reinforcing frameworks from
carbon fibers. The emergence of new needle-punched
frameworks has necessitated the development of po-
rous C/C composites based on these frameworks and
the adjustment of LSI process parameters to produce
high-density C/C—SiC composites with uniformly dis-
tributed SiC [15—20].

To saturate the reinforcing framework with a car-
bon matrix, various carbon-containing substances are
used. In the case of forming the carbon matrix by the
gas-phase method, a carbon-containing gas undergoes
pyrolysis, resulting in carbon deposition between the
fibers of the framework. The advantages of this me-
thod include ensuring uniform distribution of the car-
bon matrix, high density of deposited carbon, strong
adhesion between the matrix and the fibers, and en-
hanced mechanical and strength characteristics of
the C/C composites. However, the gas-phase method
is characterized by its long processing time, low raw
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material utilization efficiency, and consequently, high
cost [10; 19; 21—24].

An alternative method for forming the carbon mat-
rix is the impregnation of the framework with a po-
lymer binder. This approach is faster and more cost-
effective. The liquid-phase method of forming a car-
bon matrix involves impregnating carbon frameworks
with polymer resin, followed by pyrolysis, carboniza-
tion, and high-temperature treatment (HTT). Precur-
sors for this method can include various thermosetting
(e.g., phenol-formaldehyde, furan) and thermoplas-
tic (e.g., coal tar pitch, petroleum pitch) resins. The
mechanical and thermophysical properties of the re-
sulting composites largely depend on the chemical and
physical structure of the coke residue from the polymer
binder. The advantages of using pitches include their
high coke density, good graphitization tendency, and
the elimination of solvents from the technological pro-
cess. However, their drawbacks include thermoplasti-
city, which leads to binder migration during heat treat-
ment, and the presence of carcinogenic compounds in
pitches, which negatively impacts working conditions.
In industrial applications, phenol-formaldehyde resins
and coal tar pitches are most commonly used to form
the carbon matrix via the liquid-phase method [19;
25—-28].

The objective of this study is to determine the in-
fluence of the pore structure and the nature of the matrix
carbon in various needle-punched preform-based C/C
composites on their degree of saturation with silicon
melt, infiltration depth, and mechanical properties.

1. Research methodology

For the study, C/C composites were manufac-
tured based on needle-punched preforms (NPPs)
produced by JSC “Kompozit” (Korolev, Russia). The
needle-punching technology enables the production
of layered fibrous preforms with the required level of
mechanical properties. NPPs made from continuous
carbon fibers were fabricated by sequentially laying the
tapes with rotation at a specific angle to reduce aniso-
tropy in the properties. After preparing the reinforc-
ing preform, the space between the fibers was filled
with a carbon matrix formed using gas-phase and lig-
uid-phase methods.

Phenol-formaldehyde resin of the BZh grade, pro-
duced by LLC “Naukom” (Nizhny Novgorod, Rus-
sia), natural and synthetic coal tar pitches produced by
LLC “Mini-Max” (Moscow, Russia), and the carbon-
containing gas methane (CH,) were used as precursors
for the carbon matrix.
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The total open porosity and apparent density were
determined using the hydrostatic weighing method in
accordance with GOST 15139-69.

Data on the pore size and volumetric content of pores
in the studied materials were obtained by the standard
contact porometry (SCP) method using the “Porosi-
meter 3.2” instrument. The SCP method allows for
the evaluation of the integral and differential porosity
of materials, as well as their density. The measurement
range of the pores is from 1 nm to 500 ym. The SCP
experiment involves measuring the equilibrium relative
moisture content curve (the ratio of the volume of li-
quid—octane—inside the pores to the weight or volume
of the porous sample) between a standard and the test
sample. The equilibrium relationship between the rela-
tive amount of octane in the test sample and its quan-
tity in the standard, for which the porometric curve is
pre-determined, is calculated. From this dependence
and the calibration porometric curve of the standard (the
distribution curve of pore volumes by their radii), the
porometric curve of the test sample can be derived. The
obtained integral and differential pore distribution data
make it possible to evaluate the volumetric pore content
and the porous structure of the material.

To study the porous space and microstructure of C/C
composites and C/C—SiC composites, microstructural
analysis of cross-sections of the samples was performed
using a JCM-6610 LV scanning electron microscope
equipped with an “Advanced Aztec” energy-dispersive
analyzer. The investigation was conducted at various
magnifications under an accelerating voltage of 20 kV.
Surface topography analysis was carried out based on
the contrast of the microstructure images obtained using
secondary electrons (SEI). Imaging with backscattered
electrons (BEC) was used to determine the elemental
composition and morphology of the sample surfaces
based on differences in the electron density distribu-
tion of the elements. Heavier elements appear brighter
(e.g., Si), while lighter elements appear darker (e.g., C).

Tests to determine the ultimate tensile and com-
pressive strength in the primary reinforcement di-
rection, as well as compressive and shear strength
perpendicular to the reinforcement direction, were
conducted using a UTS-111 universal testing machine
in accordance with OST 92-1459-77, 92-1460-77, and
92-1472-78, respectively. The loading range varied
from 50 N to 50 kN. The method involves applying
loads at fixation points according to various test
schemes at a speed of 2—5 mm/min. The measure-
ment error is £0.5 %.

The structure of C/C—SiC composites was exa-
mined for the absence of hidden macro-defects (such as
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cracks or delaminations) and to assess the depth of LSI
using X-ray tomography with an XT H 320 LC X-ray to-
mograph. As X-ray radiation passes through each part
of the examined object, it loses intensity, which is then
recorded by the cells of the receiver matrix. Each ele-
ment (pixel) of the receiver records the intensity of the
X-ray radiation. The calculated grayscale values, rang-
ing from 0 (black) to 65536 (white), are proportional to
the X-ray density of the examined object. This density,
in turn, is directly proportional to the atomic numbers
of the elements comprising the object, as listed in the
Periodic Table of Elements, and to the physical density
of the object.

2. Results and discussion

The main characteristics (apparent density — p, kg/m3,
and open porosity — OP, %) of various types of C/C
composites depending on the type of matrix are present-
ed in Table 1. The initial density of the NPP framework
is 720 kg/m3, and the volumetric fraction of the reinforc-
ing filler is 50 %.

2.1. Porometric analysis of C/C composites

The analysis of the pore space can help in selecting
the optimal mode for the subsequent formation of the
ceramic matrix. To investigate the volumetric content,
distribution, and size of pores, porometric analysis was
performed on samples with different carbon matrices,
ensuring comparable open porosity. The integral and
differential pore distributions as a function of the loga-
rithm of their radius are presented in Fig. 1.

The predominant pore size ranges from 1 to 15 pm,
accounting for over 50 % of the total pore volume in the
material. At the same time, due to the specific features
of carbon matrix formation via liquid- or gas-phase me-
thods, differences are observed in the pore size distribution
boundaries. The carbon matrix formed by the gas-phase
method contains fewer nanoscale pores (up to 9 %) com-
pared to the matrix formed by the liquid-phase method

Table 1. The main characteristics of CCCM

Tabauua 1. OcHoBHBIE XapakTepucTuku YYKM
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Fig. 1. Integral (a) and differential (b) pore distributions
as a function of the logarithm of their radius in the studied
samples

Puc. 1. UnTerpanbHoe (@) u nuddepeHunaibHoe (b)
pacripeneieHus TIop B 3aBUCUMOCTH OT Jiorapudma
WX paJuyca B UCCIeNYeMbIX 00pa3iax

(ranging from 17 to 36 %). For IPP/V, a higher number
of closed pores is characteristic compared to C/C com-
posites with a carbon matrix formed by the liquid-phase
method, due to the partial blockage of pores during the
deposition of pyrocarbon from the gas phase.

2.2. Microstructural analysis
of C/C composites

The microstructural analysis of the pore space in
C/C composites of grades IPP/S-1.3, IPP/A-N, and
IPP/V-1.4 is shown in Fig. 2. The IPP/A-S sample is not
included due to the absence of distinctive structural fea-
tures in the coke on the microphotographs, regardless of
the type of pitch used.

Type of precursor Material grade P, kg/m3 OP, %
Phenol-formaldehyde resin IPP/S-1.3 1360 12.1
Natural pitch IPP/A-N 1590 15.1
Synthetic pitch IPP/A-S 1580 15.5
Pyrolytic carbon IPP/V-1.4 1480 15.3
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Table 2. Quantitative analysis of pore distribution in C/C composites

Ta6auua 2. KonnuecTBeHHbBIN aHanu3 pacrnipeneneHus mop YYKM

Pore distribution in range, %
Material grade
1 nm—1 pm 1—15 um 15—-70 pm >70 um
IPP/S-1.3 21.4 65.9 10.9 1.8
IPP/A-N 35.8 49.6 134 1.2
IPP/A-S 17.3 69.4 10.5 2.8
IPP/V-1.4 9.1 74.2 13.5 3.2

The structure of C/C composites with a matrix for-
med by the liquid-phase method predominantly ex-
hibits high porosity, with large pores located along
the boundaries of fiber bundles and the carbon mat-
rix formed during the pyrolysis of the polymer binder
at the carbonization stage (Fig. 2, a, b). The primary
channels in the needle-punched preform are through
interbundle pores as well as pores aligned with the nee-
dle-punching direction. The interfiber space in C/C
composites with a liquid-phase-formed matrix is sig-
nificantly filled with coke, with the presence of sub-
micron-sized pores. Additionally, in C/C composites
with a resin coke matrix (Fig. 2, a), as well as those with
a pyrocarbon matrix (Fig. 2, ¢), the interbundle pores

200 pm
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are clearly visible. In C/C composites with a matrix
based on coal tar pitch coke (Fig. 2, b), the interbun-
dle pores are largely filled with coke, which may hinder
the penetration of silicon melt during subsequent LSI.
In C/C composites with a gas-phase-formed matrix
(Fig. 2, ¢), interbundle pores with a radius exceeding
15 pm are distinctly observed.

2.3. Evaluation of strength characteristics

The initial C/C composites with various types of car-
bon matrices were tested to determine the ultimate ten-
sile and compressive strengths in the primary reinforce-
ment direction (X), as well as compressive and shear
strengths in the plane perpendicular to the primary rein-

Interbundle pores

Fig. 2. Microstructure images of C/C composite samples
a—1PP/S-1.3; b — IPP/A-N; ¢ — IPP/V-1.4

Puc. 2. ®otorpadun MUKPOCTPYKTYphI 00pasioB YYKM
a— WIII/C-1,3; b — UTII/A-H; ¢ — UTIT1/B-1,4
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Fig. 3. Tensile, compressive, and shear strengths for various grades of C/C composites

1—1PP/S-1.3;2— IPP/A-N; 3 — IPP/A-S; 4 — IPP/V-1.4

Puc. 3. IIpeaensl MPpOYHOCTU MPU PACTSIKEHUM, CKATUU U CABUTE AJIs pa3IMUHbIX MapoK YYKM

1— WIIIl/C-1,3; 2 — UIIII/A-H; 3 — UIIIT/A-C; 4 — UIII1/B-1,4

forcement direction (Z). The results of the strength tests
for the initial C/C composites are shown in Fig. 3.

Overall, the obtained values of the physical and
mechanical characteristics for all C/C composite
semi-finished products are relatively high, indicating
their suitability for producing C/C—SiC composites
with superior strength properties. For all grades of C/C
composites, the tensile strength ranges from 117 to
182 MPa, compressive strength along the X-axis ranges
from 90 to 136 MPa, compressive strength along the
Z-axis ranges from 155 to 203 MPa, and shear strength
ranges from 10 to 11 MPa.

2.4. Results of liquid silicon
infiltration (LSI)

During the determination of technological para-
meters and optimization of the LSI process, adjustments
were made to the coefficient of the applied slip, con-
sisting of a silicon-containing powder and binder. The
amount of slip was calculated based on the initial char-
acteristics of the C/C composite. Increasing the coeffi-
cient allowed for obtaining a denser material in a single
infiltration cycle. However, it could result in the forma-
tion of residual silicon build-ups, tightly bonded to the
sample surface, representing an excess of the melt. The
evaluation parameters included weight gain as a percen-
tage of the initial mass and final open porosity not ex-
ceeding 5 %. The results of LSI for various samples are
presented in Table 3.

C/C—SiC composites of grades IPP/S-1.3 and
IPP/A-N exhibit identical weight gains (22.6 and
22.7 %, respectively) and a residual open porosity

slightly above 5 %. The lowest residual open porosity
(4.1 and 3.3 %) was observed for C/C—SiC compo-
sites with initial pyrocarbon and synthetic pitch coke-
based matrices, respectively. The highest weight gain
and SiC content were observed in C/C—SiC compo-
sites with initial pyrocarbon (31.0 and 12.9 %, respec-
tively) and synthetic pitch coke-based matrices (26.0
and 12.2 %, respectively). Similar SiC phase volume
fractions were also observed in C/C—SiC composites
with matrices based on phenol-formaldehyde resin
coke and natural pitch coke (9.6 and 11.2 %, respec-
tively). The dependence of weight gain and silicon
carbide content on the type of carbon matrix is shown
graphically in Fig. 4.

The intensity and completeness of the bulk LSI pro-
cess for C/C composites are significantly influenced
by the nature of their porous structure, the total pore
volume, pore size and configuration, their distribution
throughout the entire volume of the material, and their
accessibility for liquid silicon infiltration. It is most like-
ly that interbundle pores, once filled, allow the silicon
melt to flow further into interfiber pores. The C/C—SiC
composite of grade IPP/V-1.4, with a pyrocarbon mat-
rix, exhibits the highest weight gain and SiC content,
which is attributed to its more favorable porous struc-
ture (interfiber and interbundle pores ranging from 1 to
15 um account for approximately 75 % of the total pore
volume). In the case of carbon matrices formed by the
liquid-phase method, the submicron pore fraction for
IPP/A-S, 1PP/S-1.3, and IPP/A-N materials is 17 %,
21 %, and 36 %, respectively. This high proportion of
submicron pores can lead to premature pore blockage
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Table 3. Results of liquid silicon infiltration using the developed technology

Ta6auua 3. Pe3yabTaThl MPOMUTKYU paciljlaBOM KPEMHUSI [0 OTPA0OTaHHOM TEXHOJOTUU

Material grade Pinitial> kg/m> OP;ii» % WeAigr:’t %ain Prinal> kg/m? OPgpa % Vsic, vol. %
IPP/S-1,3 1360 12.1 22.6 1740 5.3 9.6
IPP /A-N 1590 15.1 22.7 1950 5.5 11.2
IPP /A-C 1580 15.5 26.0 2010 3.3 12.2
IPP /V-1,4 1480 15.3 31.0 1870 4.1 12.9

Am, %:; SiC, vol. %

= Am
304 mm sic
7 22.6 22.7

31.0
26.0
20+
b 112 122 12.9
04 T T T
1 2 3 4

Fig. 4. Dependence of silicon carbide content on the type
of carbon matrix

Matrix type: I — phenol-formaldehyde resin coke; 2 — natural pitch
coke; 3 — synthetic pitch coke; 4 — pyrocarbon

Puc. 4. 3aBucumocTs comepxkaHus KapOnaa KpeMHU s
OT TUIIA YTJIEPOJHON MaTPULLBI

Tun matputisl: 1 — koke heHoabOpMabIEITUIHON CMOJIBL;
2 — KOKC HaTypajbHOrO MeKa; 3 — KOKC CUHTETUUECKOTO TIeKa;
4 — nupoyrieposa

and unreacted carbon matrix volumes, reducing the ef-
fectiveness of LSI.

After LSI, the strength characteristics of the C/C—
SiC composites were determined. The test results for the
ultimate tensile and compressive strengths in the prima-
ry reinforcement direction (X), as well as compressive
and shear strengths in the plane perpendicular to the
primary reinforcement direction (Z), are shown graphi-
cally in Fig. 5.

The tensile strength of all types of C/C—SiC
composites showed only a slight decrease after LSI
compared to the initial C/C composites before in-
filtration, indicating minimal carbidization of car-
bon fibers. In contrast, the compressive strength
along the primary reinforcement direction (X-axis)
more than doubled, while compressive strength per-
pendicular to the reinforcement direction (Z-axis)
increased by up to 70 %. Interlayer shear strength
improved by 70—80 %. These significant enhance-
ments in the mechanical properties of all C/C—SiC
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composite types relative to their initial C/C compo-
site precursors are attributed to the formation of the
silicon carbide matrix.

To evaluate the infiltration depth, a tomographic
study was conducted on cubic samples measuring
15 x 15 x 15 mm. The tomographic images, presented
in Fig. 6, show the non-infiltrated regions marked with
dashed lines, facilitating the assessment of infiltration
completeness.

Tomographic analysis revealed that samples of
C/C—SiC composites with initial pyrocarbon and
phenol-formaldehyde resin coke-based matrices
were infiltrated to their full depth (7.5 mm from the
surface), compared to C/C—SiC composites with in-
itial pitch-based matrices, which showed infiltration
depths of up to 5 mm. This difference can be attri-
buted to the porous structure formed during carbo-
nization and high-temperature treatment, charac-
terized by a high fraction of submicron pores and low
interbundle porosity, which hinders silicon infiltra-
tion.

Notably, a dependence of infiltration depth on the
type of pitch was identified. For example, C/C—SiC
composites with a synthetic pitch-based matrix exhi-
bited an infiltration depth 1.5 times greater than those
with a natural pitch-based matrix, due to a higher pro-
portion of pores with radii ranging from 1 to 15 um.

For a detailed analysis of the microstructure and
overall composition of the C/C—SiC composites, a mic-
rostructural analysis was conducted. The microstructu-
ral images are shown in Fig. 7.

The distribution of SiC in C/C—SiC composites
with a carbon matrix formed by the liquid-phase me-
thod is uniform across all pore size ranges. In contrast,
C/C—SiC composites with an initial pyrocarbon mat-
rix contain closed macropores (10—50 um in diame-
ter) that remain unfilled with SiC. This is due to the
characteristics of carbon matrix distribution during
deposition. Nevertheless, the highest weight gain after
LSI in composites with an initial pyrocarbon matrix
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Fig. 5. Tensile, compressive, and shear strengths for various grades of C/C—SiC composites
1—1PP/S-1.3;2— IPP/A-N; 3 — IPP/A-S; 4 — IPP/V-1.4

Puc. 5. INpenenbl MpOYHOCTHU MPU PACTIKEHUU, CXKATUM U CABUTE s pa3IndHbIX MapokK Y KKM
1— WIII/C-1,3; 2— UIII/A-H; 3 — UIII/A-C; 4 — UTII/B-1,4

Fig. 6. Tomographic images after LSI of C/C—SiC composite samples
a— 1PP/S-1.3; b — IPP/V-1.4; ¢ — IPP/A-N; d — IPP/A-S

Puc. 6. Tomorpadnyeckue n300paxeHus Mocjie CUINIpoBaHus oopasmo Y KKM
a — WUIII1/C-1,3; b — UTII1/B-1,4; ¢ — UIII1/A-H; d — UTIIT/A-C
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Fig. 7. Microstructural images of C/C—SiC composite samples
a—1PP/S-1.3; b — IPP/V-1.4; ¢ — IPP/A-N; d — IPP/A-S

Puc. 7. ®otorpaduu MuUKpocTpyKTyphl 06pasios Y KKM
a— WIII/C-1,3; b — UIII1/B-1,4; ¢ — UIII1/A-H; d — UIII1/A-C

is achieved due to the predominance of pores in the
1—15 pm range in the initial C/C composites before
infiltration.

Conclusion

The microstructural, porometric, and tomogra-
phic studies of C/C composites with different initial
carbon matrices reveal that the nature of the matrix
carbon and the pore distribution in terms of volume
and size significantly influence the degree of satura-
tion and infiltration depth during liquid silicon in-
filtration (LSI). The highest saturation was observed
in C/C—SiC composites of grades IPP/V-1.4 with a
pyrocarbon matrix and IPP/S-1.3 with a phenol-for-
maldehyde resin coke-based matrix, owing to their
favorable porous structures for siliconization. In com-
posites with pyrocarbon matrices, infiltration depth
reached 7.5 mm from the surface, with weight gain and
SiC content values of 31.0 and 12.9 %, respectively.
For liquid-phase carbon matrices, the greatest infil-
tration depth (7.5 mm from the surface) was achieved

62
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in the IPP/S-1.3 composite with a phenol-formalde-
hyde resin coke-based matrix, with weight gain and
SiC content values of 22.6 and 9.6 %, respectively.
For IPP/A-N and IPP/A-S composites, infiltration
depths averaged 4.5 mm from the surface, with weight
gain and SiC content values of 22.7 and 11.2 % for
IPP/A-N (natural pitch-based matrix) and 26.0 and
12.2 % for IPP/A-S (synthetic pitch-based matrix).
A direct dependence of the infiltration depth during
LSI on the fraction of submicron pores was identified:
the smaller the fraction of nanoscale pores, the higher
the weight gain, SiC content, and infiltration depth.
Mechanical tests of various C/C composites and their
corresponding C/C—SiC composites demonstrated
high physical and mechanical properties, confirming
the applicability of C/C—SiC composites as structural
materials. For all grades of C/C—SiC composites, ten-
sile strength ranged from 106 to 196 M Pa, compressive
strength along the X-axis ranged from 188 to 366 M Pa,
compressive strength along the Z-axis ranged from
250 to 283 MPa, and shear strength ranged from 17
to 21 MPa.
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Effect of annealing on the structure
and properties formation of a copper alloy alloyed
with palladium and silver
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Abstract: A copper alloy with small additions of palladium and silver (Cu—1.5Pd—3Ag (at. %))—which has potential applications as a corrosion-
resistant conductor of weak electrical signals—was studied using X-ray diffraction analysis, microhardness measurements, specific electrical
resistivity, and tensile mechanical properties tests. Samples were examined in several initial states: quenched (from 700 °C) and deformed
at room and cryogenic temperatures (with a 90 % reduction in cross-sectional area in both cases). To study the processes of structural
reorganization and property evolution, the initial samples were annealed in the temperature range from 150 to 450 °C (in 50 °C increments),
followed by cooling in water or air. The duration of the heat treatments ranged from 1 to 48 hours. It was established that annealing the
Cu—1.5Pd—3Ag alloy at temperatures below 450 °C leads to the precipitation of silver-based phase particles in the Cu matrix. Annealing of
the initially quenched alloy was found to slightly increase its specific electrical resistivity (p) from 3.55- 1078 t0 3.8-10~8 Ohm-m (after 48 h at
250 °C). It was revealed that alloying copper with 1.5 at. % palladium and 3 at. % silver enhances the strength properties (the yield strength of the
alloy reaches 500 M Pa) and raises the recrystallization temperature, while the electrical conductivity of the alloy remains around 50 % IACS.
The optimal combination of properties (strength, ductility, and electrical conductivity) is observed after annealing the pre-cryodeformed alloy
at 250 °C for less than 18 h. Extending the annealing time causes overaging, resulting in softening. The results of this study can be applied in
the development of a new high-strength material with reduced electrical resistivity.

Keywords: Cu—Pd—Ag alloys, resistometry, microhardness, microstructure, X-ray diffraction analysis, cryodeformation.
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HaXOJSNINECS B HECKOJIbKUX UCXOMHBIX COCTOSTHUAX: 3akaneHHoM (oT 700 °C), nedhopMupOBaHHOM ITPU KOMHATHOUM ¥ KPUOTEHHOM TeM-
neparypax (B oboux ciayvasx — Ha 90 % u3MeHeHuU s MJI0LIaA1 MONepeyHOro ceyeHust). st u3yueHus poLEecCOB MEePecTPOKU CTPYK-
TYPbI U 3BOJTIIOLIMU CBOMCTB MPOBOAMIIN OTXKUTU UCXOIHBIX 00pa31ioB B MHTepBasie teMmmepatyp ot 150 go 450 °C (c marom B 50 °C) ¢ no-
CIIeAYIOLIUM OXJIaXKACHUEM B BOJIE MJIM Ha Bo3nyxe. [IponokutebHOCTh TepMoo6paboTok (TO) cocraBnsina ot 1 10 48 u. YcTaHOBIIEHO,
yto oTkuT craBa Cu—1,5Pd—3Ag B TeMniepaTypHoM uHTepBajie Huxe 450 °C npuBOAUT K BbiaeaeHUI0 B Cu-MaTpulie yacTUll ha3bl Ha
ocHoBe cepebpa. [TokazaHO, YTO OTKHUT MCXOAHO 3aKaJICHHOTO CIJIaBa HECKOJIbKO yBEJIMUMBACT 3HAYEHME €ro Y/ACTbHOTO 3JIEKTPOCO-
MPOTUBJIEHUS (P): OT 3,55-1078 10 3,8-10~8 Om-M (mocne 7 = 250 °C, 48 u). BeisiBIeHO, YTO JernpoBaHue Mean najtanem (1,5 at. %) u
cepebpom (3 at. %) 00yCIOBIMBACT MOBBIILIEHNE MTPOYHOCTHBIX CBOMCTB (IIpe/es TeKydyecTu criiaBa coctasisieT 500 MIla) u Temnepaty-
pbI pEKpUCTAIM3ALMA, TIPA 3TOM 3JIEKTPOINPOBOAHOCTL ciiyiaBa coctaniisieT ~50 % TACS. OnTumalibHbIii HA00P CBOMCTB (ITPOYHOCTH,
TUIACTUYHOCTHU U 3JIEKTPOTIPOBOIHOCTHU) HAOIIONaeTCsI TTOCIE OTKUTOB MPeABAPUTETHLHO KproaehopMUpoOBaHHOTO criaBa mpu £ = 250 °C
MPOIOJIKUTENBHOCTBIO MeHee 18 4. YBenuueHue BpeMeHr TO BbI3bIBaeT NepecTapuBaHue, CICACTBUEM KOTOPOTO SIBJISIETCS] pa3ynpoy-
HeHue. Pe3ynbTaThl MCClieOBaHUSI MOTYT OBITh MCIOJIb30BaHbl MPU pa3paboTKe HOBOTO BHICOKOMPOYHOr0 MaTepuaja ¢ TOHUXEHHBIM
SJIEKTPUIECKUM COMPOTUBIICHUEM.

Kmouesbie cioBa: cniiaBbl Cu—Pd—Ag, pesuctomMeTpuisi, MUKPOTBEPAOCTb, MUKPOCTPYKTYPa, PEHTI€HOCTPYKTYPHbII aHaIU3, KpUoe-
dopmarus.
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Introduction

Copper-based alloys are known for their low elec-
trical resistivity, which has made them widely used in
electrical engineering applications [1]. One approach
to enhancing the mechanical properties of copper
alloys without significantly reducing their electrical
conductivity, while maintaining sufficient ductility, is
alloying. For example, adding elements such as beryl-
lium or niobium to copper can substantially improve
its strength properties [2—4]. However, the toxicity
and cost of beryllium, as well as the mutual immisci-
bility of copper and niobium in the solid state [5], limit
the use of such alloys in industrial applications. The
table below summarizes the physical and mechanical
properties of various copper alloys used as electrical
conductors [6].

Previous studies have shown [7] that alloying cop-
per with palladium (less than 10 at. %) results in solid-

solution strengthening, while simultaneously increas-
ing corrosion resistance. However, as the demand for
high-strength electrical conductors continues to rise,
strengthening by alloying with a single component may
prove insufficient [8]. Therefore, to achieve superior
functional properties, modern approaches utilize alloys
with two or more alloying elements, as well as severe
plastic deformation, including at cryogenic tempera-
tures. This approach allows the combination of diffe-
rent strengthening mechanisms [9]. For example, the
authors of [10] combined solid-solution and dispersion
strengthening mechanisms to reinforce an Ag—Pd—
Cu—Au alloy, while in [11], a method was proposed for
strengthening the Cu—Pd—Ag alloy through the simul-
taneous occurrence of several phase transformations.

It has been found [12] hat small additions of silver
(3 at. %) have a negligible effect on the electrical con-

Physical and mechanical properties of low-alloyed copper alloys for electrical conductors [6]

dusnyeckne U MEXaHUUECKUE CBOMCTBA HU3KOJIETUPOBAHHLIX MEIHLIX CIIJIaBOB

JUTSL TIPOBOIHUKOB 2JIEKTPUYECKOTO TOKA [6]

Gy, MPa
Alloy p, 1078 Ohm'm
Deformation Deformation + annealing
Cu+0.4Zr 2.0 — 270
Cu+0.3Mg 2.2 530 300
Cu+0.4Cr+0.2Sn + 0.8Ti 2.6 — 650
Cu+0.1Ag 1.7 340 200
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ductivity of Cu—Pd alloys while significantly enhanc-
ing their strength and recrystallization temperature.
For instance, the yield strength and ultimate tensile
strength of the ternary Cu—3Pd—3Ag (at. %) alloy are
higher, while its electrical conductivity is comparable
to that of the Cu—3Pd alloy. It is of particular interest
to investigate the properties of a ternary Cu—Pd—Ag
alloy with a lower palladium content and to determine
the effect of cryodeformation on its strength and elec-
trical conductivity.

The aim of the present work was to study the struc-
ture and properties of the Cu—1.5Pd—3Ag (at. %) alloy
in various initial states, as well as after annealing in the
temperature range of 150—450 °C.

Materials and methods

The Cu—1.5Pd—3Ag (at. %) alloy was melted from
copper, palladium, and silver with purities of 99.98 %,
99.99 %, and 99.99 %, respectively. The melting was per-
formed under a vacuum of at least 102 Pa, with the alloy
cast into a graphite crucible.

A 5 mm diameter ingot was homogenized at 800 °C
for 3 h, then quenched by water cooling and cut into two
parts. From one part of the ingot, a wire with a diameter
of 1.5 mm was produced through drawing, and samples
for tensile testing were cut from this wire. Further draw-
ing to a diameter of 0.22 mm produced thin wire for re-
sistometry. The other part of the ingot was rolled into
plates with a thickness of 0.3 mm, which were used to
characterize the phase composition at various stages of
processing and to measure microhardness.

Cryodeformation of the samples was carried out
between two stainless steel plates. This assembly was
immersed in liquid nitrogen for about one minute, after
which the rolling step was performed. The process was
then repeated. The massiveness of this sandwich-like
structure ensured the stability of the cooled sample’s
temperature. Some of the wires and plates deformed
at room temperature were annealed at 700 °C (for 1 h)
and then quenched in water. Thus, the study investi-
gated samples in several initial states: quenched (from
700 °C), deformed at room and cryogenic temperatures
(in both cases, with a 90 % reduction in cross-sectional
area).

Both the wire and plate samples had the same degree
of preliminary deformation. As we previously demon-
strated for various ordered systems, setting aside some
differences in microstructure and texture between the
samples, the mechanism of deformation-induced struc-
tural reorganization, in general, does not depend on
whether the preliminary deformation is performed by
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rolling or drawing [13]. Therefore, the results obtained
provide a comprehensive picture of the effect of defor-
mation on the structure and properties of the Cu—
1.5Pd—3Ag alloy.

To study the processes of structural reorganiza-
tion and property evolution, the initial samples were
annealed in the temperature range from 150 to 450 °C
(in 50 °C increments), followed by cooling in water or
air. The duration of the heat treatments ranged from 1 to
48 h. All heat treatments were performed in vacuum-
sealed glass or quartz ampoules. In further descriptions
of the heat treatment process, including its characteris-
tics (temperature, holding time, etc.), the term “anneal-
ing” is used. When emphasizing changes in properties
due to the formation of a new phase, the term “aging”
is applied.

The specific electrical resistivity (p) was measured
using the standard four-point probe method (with a
constant current of / = 20 mA). Measurements of the
specific electrical resistivity at room temperature were
conducted on wire samples with a diameter of 0.22 mm
and a length of 250 mm, fixed in a special conductor
as previously described [13]. The absolute measurement
error of p was +0.04-107% Ohm-m.

Mechanical tests were carried out using a
ZD 10/90 tensile testing machine at a strain rate of
3 mm/min. The working length of the samples was
30 mm. At least five samples were tested for each
structural state. The absolute measurement error for
the yield strength was =10 MPa, and for elongation to
failure, it was £0.5 %.

X-ray diffraction analysis (XRD) was conducted
on alloy plates with a thickness of 0.3 mm. The X-ray
diffraction measurements were performed using a
PANalytical Empyrean Series 2 laboratory diffracto-
meter (Netherlands) equipped with a three-axis Eule-
rian cradle. Measurements were made in parallel beam
geometry using CoK|, radiation with a wavelength of
0.179 nm. The microstructure was studied using a Tes-
can MIRA LMS scanning electron microscope (SEM)
(Czech Republic) with an accelerating voltage of up to
30 kV, magnifications ranging from 20* to 160000*, and
a resolution of 1.2 nm. Structural images were obtained
in both backscattered and secondary electron modes.
The chemical composition of the samples (Cu—2.4Pd—
5.2Ag (wt. %) / Cu—1.5Pd—3Ag (at. %)) was monitored
using an EDAX energy-dispersive X-ray spectrometer
(USA) with a resolution of 160 eV.

Vickers microhardness was measured using a PMT-3
device (JSC LOMO, St. Petersburg, Russia) under a load
of 50 g with a holding time of 30 s. At least 10 measure-
ments were taken for each structural state.
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Results and discussion

Fig. 1 shows the changes in mechanical properties af-
ter holding quenched and room-temperature-deformed
samples of the Cu—1.5Pd—3Ag alloy for 1 h in the tem-
perature range of 150 to 450 °C.

The quenched sample has a very low yield strength
(69, = 70 MPa), which remains almost unchanged
after aging in the temperature range below 300 °C
(Fig. 1, a). After heat treatment of the quenched alloy
at 400 °C, the yield strength increases significantly to
~170 MPa, while aging at temperatures above 400 °C
causes a slight decrease. The increase in strength during
aging of quenched Cu—Ag alloys has been observed mul-
tiple times before and is attributed to the decomposition
of the supersaturated solid solution, accompanied by the
precipitation of fine silver particles along grain boun-
daries and within the grains [14; 15]. The elongation to
fracture of the initially quenched Cu—1.5Pd—3Ag alloy
is almost independent of the heat treatment temperature
and remains at ~40 %.

After 90 % deformation at room temperature, the
yield strength of the alloy increases to oy, = 520 MPa
(Fig. 1, b), which is about seven times higher than that
of the initially quenched sample. Annealing the initial-
ly deformed alloy at temperatures below 250 °C does
not significantly change its strength properties. Above
250 °C, there is a sharp decline in yield strength due to
recrystallization. Since the onset of recrystallization de-
pends on temperature and time conditions [16], compar-
ing this characteristic in different alloys should be done
under similar heat treatment conditions. In previous
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experiments with deformed pure copper samples, it was
established that the decrease in strength due to recrys-
tallization begins after annealing for 1 hour at 150 °C
[8]. Thus, the recrystallization temperature of the inves-
tigated alloy is approximately 100 °C higher than that of
pure copper.

After annealing the previously deformed alloy at
425—450 °C, its elongation to failure increases from
the initial 2 % to 46—48 %. Notably, after annealing
within this temperature range, the mechanical proper-
ties of the samples are very similar and practically in-
dependent of their initial state. This result suggests that
annealing at 425—450 °C creates similar structural
states in both quenched and deformed samples. Based
on the obtained data, it can be concluded that heat
treatment of the initially deformed Cu—1.5Pd—3Ag
alloy for 1 h in the temperature range of 200—250 °C
provides sufficiently high strength (c,, = 520 MPa)
and ductility (6 = 8+14 %). It is worth noting that the
Cu—1.5Pd—3Ag alloy deformed by 90 % does not show
the anomalous increase in strength after annealing in
the 150—250 °C range that was observed in the me-
chanical tensile tests of the Cu—3Pd—3Ag alloy. In
that case, we detected a 40 MPa increase in o , after
annealing the initially deformed alloy, and in cryode-
formed alloy, the yield strength anomalously increased
by ~100 MPa, reaching 6, , = 720 MPa) [12].

We also noted that during the aging process, Cu—
Ag alloys are typically cooled in air [17; 18]. To ensure
a correct comparison with the literature data, subse-
quent experiments in our study were conducted using
this cooling method. Fig. 2 shows the resistometry re-
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Fig. 1. Dependences of the yield strength (6 ,) and elongation to failure (3) on annealing temperature of Cu—1.5Pd—3Ag alloy

samples in the initially quenched (a) or pre-deformed (b) states
Holding time at each temperature — 1 h, cooling in water

Puc. 1. 3aBUCMMOCTH Mpefena TEKyIeCTH (G ) U YIJIMHEHUs 10 paspyLieHus (3) OT TeMrepaTypbl 06paboTKM 00pa3LoB
cruaBa Cu—1,5Pd—3Ag, HaxoasIIIMXCSl B UCXOIHO 3aKaJleHHOM (@) UJIU IpeIBapuTeabHO aehopMupoBaHHOM (b)

COCTOAHUAX

Bpemst BeIAEpKKY TTPU Kax ol Temmeparype — | 4, oxyiaxiaeHue B Boae
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sults for quenched and deformed wire samples of the
Cu—1.5Pd—3Ag alloy after annealing in the tempera-
ture range of 150 to 450 °C. The holding time at each
temperature ranged from 1 to 48 h.

Aging for 1 hour does not lead to significant changes
in the specific electrical resistivity of the quenched al-
loy (Fig. 2, a); throughout the entire investigated tem-
perature range, p remains at ~3,55-10~% Ohm*m with
a slight decrease at 450 °C. Extending the heat treat-
ment duration (up to 48 h) results in an increase in
the resistivity of the initially quenched samples, with
a maximum observed in the 200—250 °C temperature
range. The increase in resistivity during aging aligns
well with the processes of decomposition in the al-
loy, as discussed above. As is known [19—21], fine se-
cond-phase particles act as scattering centers for charge
carriers, leading to an increase in specific electrical
resistivity. A precise solution to this problem is consi-
dered in quantum mechanics, specifically in the theory
of single-channel particle scattering (see, for example,
[22]). To simplify, the smaller the effective size of the
interaction potential, the less it distorts the trajectory
of passing charge carriers. Fewer charge carriers are af-
fected, and distortion of their paths due to scattering
processes is macroscopically observed as electrical re-
sistivity (or its inverse, electrical conductivity). Indivi-
dual atoms of alloying elements distort the trajectories
of charge carriers far less than large dispersed particles,
and therefore, they have a smaller impact on electrical
conductivity. The increase in the size of precipitates at

p, 10" Ohm'm

34 I

100 200 300

elevated processing temperatures leads to the disap-
pearance of this effect’s contribution to the material’s
overall resistivity. Indeed, after aging at 450 °C, the
specific resistivity of the alloy samples does not exceed
p~3.5-1078 Ohm-'m.

In practice, electrical conductivity, measured ac-
cording to the TACS (International Annealed Copper
Standard), is increasingly used instead of the specific
electrical resistivity of a conductor. According to this
standard, the conductivity of any material is expressed
as a percentage of the conductivity of pure copper. Ac-
cording to our data, the electrical conductivity of the
Cu—1.5Pd—3Ag alloy is 49 % IACS. It is worth noting
that the cathode copper used in this study has a lower
conductivity than the standard, at 97 % 1ACS.

The high defect density in the structure of the ini-
tially deformed alloy slightly increases its resistivity
compared to the quenched state: p ~ 3.7 10~ Ohm'm.
During annealing at temperatures up to 250 °C, re-
gardless of the duration, there is a gradual decrease in
the resistivity of the pre-deformed alloy (Fig. 2, b). An-
nealing above 250 °C causes a sharp drop in p, which
is attributed to recovery/recrystallization processes.
Extending the annealing duration increases the rate of
resistivity reduction. After holding at 450 °C for 48 h,
the resistivity of the alloy reaches p ~ 3.25- 10-30Ohm'm
(53 % 1ACS). Thus, annealing the deformed alloy re-
sults in a reduction in its resistivity by approximately
12 %. As is known [16], a reduction in defect density
during recrystallization leads to a 3—4 % decrease in

p, 10" Ohm'm

100 200 300

Fig. 2. Dependences of the electrical resistivity of Cu—1.5Pd—3Ag alloy samples quenched form 700 °C («) and deformed

by 90 % (b) on temperature (f) and heat treatment duration (1)
Thil1-1,2-6,3-12,4—24,5-48

Puc. 2. 3aBUCUMOCTH YIETBHOTO 3JIEKTPOCOMPOTUBIeHU S 3aKaieHHBIX oT 700 °C (a) u nedopmupoBaHHbIX Ha 90 % (b)
obpasuoB criyiaBa Cu—1,5Pd—3Ag ot TeMriepaTyphl (f) U TPOIOIKUTETBHOCTU TEPMOOOpadbOTKU (T)

Tul—1,2-6,3-12,4-24,5-48
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resistivity. Since in our case, annealing the deformed
alloy reduces its resistivity by approximately 12 %, it is
likely that structural changes related to the redistribu-
tion of silver in the material also contribute to the spe-
cific resistivity values. The obtained p values, alongside
sufficient strength and ductility, may be of interest for
using the alloy as an electrical signal conductor. It is
well known that preliminary cryodeformation is an
effective method for strengthening copper and copper
alloys [18; 23; 24].

The change in microhardness after annealing in the
temperature range of 150 to 450 °C for deformed Cu—
1.5Pd—3Ag alloy samples is shown in Fig. 3. The micro-
hardness of the samples after room and cryogenic defor-
mation is 2000 and 2200 MPa, respectively (Fig. 3, a, b).
The higher microhardness of the pre-cryodeformed al-
loy is observed across the entire annealing temperature
range. It is worth noting that the microhardness of the
cryodeformed sample increases particularly noticeably
after annealing at 250 °C: a distinct “step” appears in the
microhardness vs. temperature plot (Fig. 3, b).

Regardless of the temperature-time treatment con-
ditions, all diffractograms of the Cu—1.5Pd—3Ag al-
loy (Fig. 4) show intense peaks from the matrix, which
represents a face-centered cubic (FCC) solid solution
of palladium in copper, along with much weaker reflec-
tions from an FCC phase enriched with silver. Notably,
the (111) peak of this phase is already present in the alloy
quenched from 700 °C (diffractogram 7 in Fig. 4, a). Af-
ter cryodeformation, the peaks become less intense and
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broader (diffractogram 3 in Fig. 4, a), due to increased
internal stresses and grain refinement [25].

As shown in the XRD data of the studied alloy
(Fig. 4, a), the addition of palladium and silver in-
creases the lattice parameter of both the quenched
and deformed alloy across various temperatures to a =
= (0.3644 nm (compared to the lattice parameter of pure
copper at a = 0.3619 nm). Heat treatments of the alloy
samples (in all initial states) at 250 °C and 400 °C re-
sult in a reduction of the lattice parameter of the matrix
(to 0.3639 nm and 0.3625 nm, respectively), causing the
peaks to shift to the right (Fig. 4, b, ¢).

When heated to 700 °C, the formation of a silver-en-
riched phase begins, which is retained after subsequent
quenching (diffractogram 1 in Fig. 4, a). Considering
that the solubility of silver in copper is very low, it can
be assumed that this phase consists of regions of pure
or nearly pure silver. The most favorable regions for the
precipitation of this phase are grain boundaries, dislo-
cations, and other defects, as these areas have a lower
concentration of solvent atoms. However, X-ray diffrac-
tion analysis, being an integral method, does not allow
for precise determination of where the precipitates form.
Deformation leads to the fragmentation and breakdown
of the precipitated clusters, resulting in a more uniform
distribution of silver in the matrix. During heat treatment
at 250 °C, noticeable diffusion does not occur: the vo-
lume of the silver-enriched phase remains approximately
the same as before the heat treatment (Fig. 4, b). The lat-
tice parameter of the silver-based phase in the initially
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Fig. 3. Dependence of microhardness of Cu—1.5Pd—3Ag alloy samples on annealing temperature

a — 90 % deformation at room temperature, b — 90 % deformation at cryogenic temperature

T, hi1—-1,2-6,3—-12,4—18,5—-24,6—48

Puc. 3. 3aBucumMocTu MUKpOTBepaocTh o0pa3suos crjiaBa Cu—1,5Pd—3Ag ot TeMIiepaTypbl OTKUra

a — nedopmartiust Ha 90 % npu KOMHATHOI TeMIiepaType, b — nedopmanus Ha 90 % Tpu KPUOTEHHOU TeMIiepaType

Twl—1,2—-6,3—-12,4—-18,5—-24,6—48
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quenched alloy is 0.4027 nm, and after heat treatment at

250 °C, it remains nearly unchanged at 0.4023 nm.
After annealing at 400 °C, silver again forms clusters

inthe material initially deformed at various temperatures
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Fig. 4. X-ray diffraction patterns of Cu—1.5Pd—3Ag alloy
samples

a — initial state: I — quenching from 700 °C, 2 — 90 % deformation

at room temperature, 3 — 90 % deformation at cryogenic temperature;
b — initial state + 250 °C, 48 h, air cooling;

¢ — initial state + 400 °C, 48 h, air cooling

Puc. 4. JludpakTorpaMmbl 06pas3iioB
crutaBa Cu—1,5Pd—3Ag

a — ucxonHoe coctosiHue: I — 3akanka ot 700 °C, 2 — neopmanust
Ha 90 % npu KOMHaTHOU TeMrepaType, 3 — nedopmarust Ha 90 %
IIPY KPUOTEHHOI TeMITEpaType;

b — ucxonHoe coctosiHue + 250 °C, 48 4, oxyaxeHue Ha BO3/1yXe;
¢ — ucxomHoe cocrosinue + 400 °C, 48 4, oxyiaxkaeHue Ha BO3Iyxe
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(diffractograms 2and 3in Fig. 4, c¢). Here, the splitting of
weak peaks of the silver-enriched phase is observed. This
may indicate that during annealing, silver segregation
occurs, forming regions with different levels of palladi-
um enrichment. Some regions may consist of clusters of
nearly pure silver. Indeed, the lattice parameter of the
silver-based phase (for the peaks on the left) after an-
nealing at 400 °C (0.4080 nm) becomes close to that of
pure silver (0.4077 nm).

The lattice parameter of the second silver-based
phase (for the peaks on the right) after annealing at
400 °C is 0.4007 nm. These regions may correspond
to silver clusters that additionally contain dissolved
palladium. For example, in study [26], field ion mi-
croscopy, which allows direct observation of atoms on
the surface of solids, showed that during the early sta-
ges of decomposition in the Cu—50Pd—20Ag (at. %)
alloy, the precipitate phase represents a solid solution
of palladium in silver. However, this phase may also
consist of small silver clusters within the original ma-
trix that have not yet coalesced into larger formations.
A definitive conclusion regarding the nature of this
phase cannot be drawn based solely on X-ray diffrac-
tion analysis.

The diffractograms of the samples deformed at va-
rious temperatures, as well as after annealing at 250 °C,
show a pronounced texture: the intensity of the (220)
peak is an order of magnitude higher than the others
(diffractograms 2 and 3 in Fig. 4, a, b). As is known,
during cold rolling of face-centered cubic (FCC) al-
loys, the main rolling texture develops with the {110}
plane parallel to the rolling plane and the <112> direc-
tion parallel to the rolling direction [27]. Additional-
ly, even after prolonged annealing of the initially de-
formed samples at 250 °C, the width of the X-ray peaks
does not decrease. This indicates that the recrystalli-
zation process is still far from complete at this stage
of heat treatment. A similar conclusion was previous-
ly drawn from resistometry data and microhardness
measurements.

Since the optimal set of functional characteristics
(strength, ductility, and electrical conductivity) is ob-
served after annealing at 250 °C, SEM analysis was per-
formed on a sample annealed at this temperature.

Fig. 5 shows an SEM image of the microstructure
of the Cu—I1.5Pd—3Ag alloy after cryodeformation
and annealing at 250 °C for 48 h. One of the detect-
ed precipitates is highlighted with an oval in Fig. 5, a.
The particle of the new phase has an elongated “lens-
like” shape, with a thickness of ~10 um and a length of
~45 um. The formation of such a large particle is
caused by so-called overaging, where prolonged heat
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Fig. 5. Microstructure of the Cu—1.5Pd—3Ag alloy after annealing (= 250 °C, T = 48 h) and air cooling

after cryodeformation by 90 %

a — an elongated silver precipitation is shown by an oval; b — area from which distribution maps of chemical elements were obtained (c)

Puc. 5. Mukpoctpyktypa cniaBa Cu—1,5Pd—3Ag nocie orxxura (= 250 °C, T = 48 4) u oxs1axkIeHW I Ha BO3yXe

nocie Kkpuoaedopmanuu Ha 90 %

@ — y4acTOK, Ha KOTOPOM OBAJIOM [TOKa3aHO BBITSIHYTOE BbleJIeHUE cepedpa
b — y4acToK, C KOTOPOTo ObUTH TOJYYEHBI KAPThI paclpeIeeHUs 10 XUMUIECKIM dJieMeHTaM (c)

treatment leads to the coalescence of small precipitates.
It is well known that at this stage, the strength proper-
ties of aging alloys significantly decrease [28]. Indeed,
as seen in the results in Fig. 3, b, the maximum micro-
hardness values are observed after annealing at 250 °C
for no more than 18 h.

The relatively large size of the precipitate allows for
the determination of its elemental composition (Fig. 5,
b, c¢). Energy-dispersive analysis performed using SEM
revealed the following chemical composition of the par-
ticle (wt. %): 54.8 Cu, 1.2 Pd, and 44.0 Ag. The high
copper content in the precipitated particle raises doubts
and is more likely due to electrons reflected from the Cu
matrix reaching the detector. Indeed, in a previous study
[26] using field ion microscopy, it was established that
in the Cu—50Pd—20Ag (at. %) alloy, Pd—Ag particles
precipitate during the atomic ordering of the Cu—Pd
matrix. Additionally, mathematical analysis of the X-ray
peak shapes performed in [12] suggested that after cryo-
deformation and annealing at 250 °C in the Cu—3Pd—
3Ag (at. %) alloy, two regions form: one enriched in sil-
ver and the other depleted.

Conclusions

1. Alloying copper with palladium (1.5 at. %) and sil-
ver (3 at. %) enhances the strength properties through
the combination of two mechanisms: solid-solution
strengthening and decomposition. Preliminary cryo-
deformation provides an additional strengthening effect
of about 10 %.

2. Annealing the Cu—I1.5Pd—3Ag alloy at tem-
peratures below 450 °C leads to the precipitation of
silver-based phase particles in the Cu matrix. The op-
timal combination of properties (high strength, ade-
quate ductility, and electrical conductivity) is observed
after annealing the preliminarily cryodeformed alloy at
250 °C for less than 18 hours. Prolonging the annealing
time results in overaging.

3. In its optimal structural state, the Cu—I1.5Pd—
3Ag alloy exhibits a yield strength of ~500 MPa, a
higher recrystallization temperature compared to cop-
per (by ~100 °C), and electrical conductivity of 50 %
IACS. The set of properties found in this alloy may be
of interest for practical applications.
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