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Application of microwave radiation for decrepitation
of spodumene from the Kolmozerskoe deposit

O.N. Krivolapova!, I.L. Fureev?

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

2 State Research and Design Institute of the Rare Metal Industry (Giredmet JSC)
2 build. 1 Elektrodnaya Str., Moscow 111524, Russia

P4 1lya L. Fureev (ifureev@mail.ru)

Abstract: The lithium-ion industry is experiencing a rapidly growing demand for compounds containing lithium. Spodumene is one of the
primary industrial minerals used in the production of this metal. It exists in three polymorphic forms. In its natural state, it is known as
a-spodumene, which possesses a high resistance to chemical attack due to its compact structure containing silicon and aluminum oxides.
When subjected to microwave radiation, o.-spodumene undergoes a transformation, first becoming the y form and then transitioning to the
form. It is known that the § form can be chemically treated to extract lithium. In light of this, microwave exposure was applied to o.-spodumene
with the aim of decrepitation, followed by sulfuric acid decomposition of the mineral. The mineral was crushed into different sizes (1.0, 0.5, and
0.25 mm). Temperature changes, induced by both conventional and microwave heating, were analyzed. The heating process was continued for
samples of various sizes until a temperature of 1200 °C was reached. Sulfation of calcined samples was carried out for 60 minutes at a temperature
of 250 °C. After cooling to 22 °C, distilled water was added and mixed for 120 minutes in closed leaching vessels. To determine the recovery
of valuable and associated components, leach cakes and the liquid phase were analyzed using inductively coupled plasma atomic emission
spectrometry. Based on the analysis of experimental results, the feasibility of using microwave radiation for decrepitation of spodumene to
extract lithium is confirmed. The influence of particle size on phase transformations and, consequently, the degree of lithium extraction from
spodumene was investigated. It was found that the recovery of lithium during the microwave action and leaching process for particles smaller
than 0.25 mm reached 96.82 %. Microwave heating resulted in lower recovery rates of “harmful” components, such as iron, sodium, and
calcium, in the leaching process, leading to a higher purity of the resulting product.

Keywords: lithium, spodumene, microwave radiation, decrepitation, sulfation, leaching.

For citation: Krivolapova O.N., Fureev I.L. Application of microwave radiation for decrepitation of spodumene from the Kolmozerskoe deposit.
Izvestiya. Non-Ferrous Metallurgy. 2023;29(6):5—12. https://doi.org/10.17073/0021-3438-2023-6-5-12
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Annoramus: JIuTuii-uoHHas TPOMBIIIIEHHOCTh IEMOHCTPUPYET OBICTpOpacTylnii cripoc Ha Li-comepxamue coennHenus. CriomymeH
SIBJISIETCSI OMHUM M3 OCHOBHBIX MPOMBILIJEHHBIX MUHEPAJIOB AJIs1 MPOU3BOACTBA 3TOro Metamia. OH umeeT 3 nmonuMopdHbie HOPMBI.
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Krivolapova O.N., Fureev I.L. Application of microwave radiation for decrepitation of spodumene from the Kolmozerskoe deposit

B npupoae — 3T0 o--cnoayMeH, KOTOpbIi 001a1aeT BHICOKOI YCTOMYMBOCTBIO K XMMUUECKOMY BO3JEMCTBUIO OJ1aronapsi CBoeil KOMIakKT-
HOIi CTPYKTYpe, coaepxkauieil OKCUAbl KpEMHUS U alioMUHMSI. MUKPOBOJIHOBOE M3JIyYeHUE TpeBpallaeT o.-CIIoAyMEeH cHavyaaa B Y-, a
nociie B B-opMy, 1 U3BECTHO, YTO IMOCIIEAH SIS MOXET MOJIBEPraThCsi XMMUYECKOMY BO3IEHCTBUIO C LEJIbIO U3BJIeUeHU ST TUTUST. OCHOBBI-
Basicb Ha 3ToM (hakTe, OblJIa TPOBEIeHA MIKPOBOJIIHOBAS MPOIIEAYypa BO3ACICTBHS Ha Oi-CITOyMEH, HallpaBJIeHHAs Ha AEKPUTTUTALUIO C
TOCJIEAYIOIIUM CEPHO-KUCIOTHBIM pa3JioXKeHUeM MUHepaja, U3MeJIb4eHHOTro 10 pa3Hoit kpynHoctu (1,0, 0,5 u 0,25 mm). Takke ObLIK
MPOaHaTU3UPOBAHBI 3aBUCMOCTU M3MEHEHU S TeMIIepaTyphl MPU MCIIOJb30BAHUM TPAAUIIMOHHOTO HarpeBa. OOBIYHBIN U MUKDPOBOJ-
HOBBII HaTpeBbI 00Pa3I0B PAa3TUYHON KPYITHOCTU MPOBONUIIN 10 HocTUXeHUs TeMmeparypsl 1200 °C. Cynbdaruzaiuio mpokajieHHbIX
00pasLoB ocyliecTBAsIU B TedeHre 60 mun mpu ¢ = 250 °C. [MTocie oxmaxaenus 10 22 °C 1o6aBasiiv TUCTUIIMPOBAHHYIO BOLY U ITepe-
MelrBajiu B TedeHue 120 MUH B 3aKPBITBIX COCYAaX JJIs BbIlleJaunBaHus. J1st onpeneaeHust M3BJICYSHU s LIEHHBIX U MOMYTHBIX KOMTIO-
HEHTOB OBLJI TPOBEICH aHAJIN3 KEKOB BBITIETaYMBAHUS ¥ KUIKOM (Da3bl METOIOM aTOMHO-3MUCCUOHHOI CIIEKTPOMETPUY C MHIYKTUBHO
CBsI3aHHOIM TIIa3Moii. Ha ocHoBe aHaim3a pe3ynbTaToOB OKCIEPUMEHTOB 000CHOBaHA PAIlMOHATBHOCTh TPUMEHEHU S MUKPOBOJIHOBOTO
U3JTYyUYeHUs IJIs IeKPUTTUTALINU CTIOAYMEHA C LEeIbI0 U3BJIeUeHUs TUTUS. M3ydyeHo BIUsTHUE KPYTTHOCTH Ha (pa3oBble MpeBpalleHus U,
COOTBETCTBEHHO, CTeNeHb U3BJCUEHU S TUTHS U3 cliogyMeHa. [TokazaHo, 4To U3BJIeUeHME TUTHS B MPOLIECCe MUKPOBOJIHOBOTO BO3eii-
CTBUSI U BbILIeJaunBaHusl Kiacca MeHee 0,25 MM gocTurio 96,82 %. MuUKpOBOITHOBBIM HarpeB MpHUBeN K 6oJiee HU3KUM MMOKa3aTeNsIM
M3BJICUEHUST «BPEIHBIX» KOMITOHEHTOB, TAKMX KaK XKeJie30, HATPUIA U KaJIbIIMii, B TIPOLIeCCE BhIIIEJaYMBAHMSI, UYTO 1a€T MPEUMYIIECTBO B

YUCTOTE MMOJTYy4aeMOT O IMPpOoAYyKTa.

Karouessie ciioBa: ﬂl/lTI/lﬁ, CIIOAYMEH, MUKPOBOJIHOBOEC U3JIYYCHUE, ACKPUIIUTALIU, Cyﬂb(baTl/ISaLll/lﬂ, BbILI€Ia4yBaHUE.

Jlns murupoBanus: Kpusomanosa O.H., @ypees W.JI. [IpuMeHeHe MUKPOBOJTHOBOTO U3JTYUSHHUST JUTST IEKPUTTUTALINU crTonyMeHa Ko-
MO3epCKOTO MECTOPOXAeHUsI. M3secmus 8y306. lleemnas memannypeus. 2023;29(6):5—12.

https://doi.org/10.17073/0021-3438-2023-6-5-12

Introduction

Lithium, a metal with unique physical and chemical
properties such as a high specific heat capacity, good
conductivity, and strong chemical activity, is finding
increasing applications across various industries and
technologies. Its utility has expanded from traditional
sectors like metallurgy, energy, aerospace, and medi-
cine to the forefront of green energy technologies [1—
3]. The current surge in the lithium market is predomi-
nantly fueled by the growing demand for energy storage
devices [4]. In order to meet the projected lithium de-
mand by 2030, there are plans to achieve the designed
capacity of the Russian joint venture between MMC
Norilsk Nickel and Rosatom for processing rare metal
pegmatites from the Kolmozerskoe deposit (Murmansk
Oblast, Russia) [5].

Sulfuric acid leaching is one of the methods em-
ployed to extract lithium carbonate from spodumene
concentrates. Kola MMC is set to become the largest
sulfuric acid producer in the Murmansk Oblast by 2027.
They have plans to initiate copper production using the
roasting—leaching—electroextraction process [6]. As
a byproduct of this process, sulfuric acid will be gen-
erated, making it practical to utilize in the processing
spodumene from the Kolmozerskoe deposit.

Currently, lithium production in the industry relies
on three primary sources [7—9]:

— solid mineral resources, including spodumene,
complex Li—Be-pegmatite ores — 50 %, and lithium
mica — 20 %;
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— liquid mineral resources, encompassing brines,
and lake brines, oil formation waters, and thermal wa-
ters — 20 %);

— secondary raw materials, which consist of bat-
teries, accumulators, and chemical current sources —
10 %).

Among these industrial minerals used for lithium
extraction, spodumene holds significant importance
[10]. Its chemical composition includes lithium oxide
(8.1 %), aluminum oxide (27.4 %), and silicon dioxide
(64.5 %) [11]. The pegmatites from the Kolmozerskoe
deposit are not only a valuable source of lithium but
also beryllium, tantalum, niobium, and other metals
[12].

Spodumene can exist in three distinct modifica-
tions: o, B, Y [1]. Natural spodumene is naturally found
in the crystalline o phase. The f form results from
recrystallization when o spodumene is heated at tem-
peratures within the range of 900 to 1100 °C [13; 14],
with complete transformation occurring up to 1100 °C.
The y modification of spodumene is a metastable phase
that occurs when o spodumene is heated to tempera-
tures ranging from 700 to 900 °C [2; 15]. The y phase is
characterized by low reactivity and a limited degree of
lithium extraction, underscoring the need for decrepi-
tation [16; 17].

Traditional methods of thermal decrepitation have
several disadvantages, including high energy consump-
tion and adverse environmental impacts [18]. Addition-
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ally, the transportation of hydrocarbon energy resources
to the production region in the Murmansk Oblast leads
to added costs in the production of finished products.
Therefore, it is crucial to assess the feasibility of using
microwave radiation in comparison with conventional
decrepitation methods.

When compared to conventional heating, micro-
wave heating offers several advantages, including re-
source savings, shorter processing times, more con-
trolled heating processes, and direct, non-contact
selective and bulk heating [11]. Achieving uniform
heating throughout the entire material bulk can in-
crease the porosity of the carrier mineral, thereby re-
ducing the required sintering time and the tempera-
ture of chemical reactions, while also enhancing the
diffusion of the leaching agent within the mineral and
improving recovery rates [12; 19]. Consequently, the
use of ultrahigh-frequency (microwave) heating for the
decrepitation of spodumene can be an efficient and
cost-effective method. However, further research is
necessary to assess its feasibility.

In terms of their interaction with microwaves, mate-
rials can be categorized into three groups: transparent,
conductive/opaque, and absorbing [6]. Low dielectric
loss materials, such as spodumene, are challenging to
heat. However, they can absorb microwaves at elevated
temperatures due to increased dielectric losses. There-
fore, for microwave heating of such materials, a com-
bined method is typically employed [20]. In this ap-
proach, materials are preheated by another heat source
to a specific temperature at which they become more
efficient in absorbing microwave radiation before being
exposed to microwaves directly [13].

The mechanism and the impact of hybrid micro-
wave on the structural changes of spodumene have not
been comprehensively studied. Discrepancies in the
results of phase transformations observed in spodu-
mene polymorphs at high temperatures can be attrib-
uted to differences in grain sizes, impurity concentra-
tions, amorphous materials formed during grinding,
as well as variations in experimental setups, heating
methods, and temperature measurements [21; 22].
However, the influence of process parameters on the
phase transformations of spodumene from the Kol-
mozerskoe deposit and its leachability has not been
thoroughly investigated.

In order to explore the potential advantages of both
microwave and direct decrepitation methods, this study
examines the calcination of spodumene using micro-
wave radiation, investigates the impact of microwave
and direct methods at different material sizes on phase
transformations, and consequently assesses the leacha-

bility of this mineral. Furthermore, it compares micro-
wave heating with standard methods.

Materials and methods

Mineralogical studies have revealed that the ore from
the Kolmozerskoe deposit comprises approximately
20 % spodumene (~1.5+1.6 % Li,0), about 30 % quartz,
30 % albite, 15 % microcline, 5 % muscovite, along with
traces of zircon and tourmaline [23].

Traditionally, spodumene ores are enriched to
yield a concentrate containing roughly 5.0—6.0 %
Li,O and less than 1 % Fe,O5 as the raw material
for subsequent calcination processes and lithium ex-
traction [24]. For the experiments, spodumene was
manually sampled from the ore mass and subjected
to analysis. The sample was initially crushed to a
particle size of —1 mm, after which quartered sam-
ples were further crushed to ensure 100 % content of
classes smaller than 0.5 and 0.25 mm. The chemical
composition of the quartered samples for research
was as follows, wt.%:

[T T 5.6
N N 25.1
Lo S 65.7
FC203 .................................................. 0.7
e T 1.0

To investigate the efficiency of microwave calcina-
tion of the spodumene concentrate and the impact of
feedstock size, experiments were conducted to calcine
size classes less than 1.0, 0.5, and 0.25 mm. The tem-
perature profiles of the samples over time during direct
heating are depicted in Fig. 1.

Samples with particle sizes less than 1.0, 0.5, and
0.25 mm were exposed to direct heating in a muffle fur-
nace, reaching a temperature of 1200 °C. During the ini-
tial 10 min of the process, they exhibited varying heating
rates, but after this time, the rates equalized and stabi-
lized at approximately 30 °C/min.

The microwave heating of the spodumene concen-
trate was conducted in a specialized microwave chamber
equipped with independent magnetrons and a control
system, enabling the adjustment of a 1 kKW microwave
power at a frequency of 2.5 GHz, along with tempera-
ture monitoring. In each test, a 100 g sample of spodu-
mene concentrate was placed in glassware, chosen for its
transparency to microwave radiation. The thickness of
the material layer remained consistent at 10 mm. Tem-
perature profiles illustrating the relationship between
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Fig. 1. Temperature as a function of heating duration
in a muffle furnace
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Fig. 2. Temperature as a function of microwave heating duration

Puc. 2. 3aBucuMoCTb TeMIIepaTyphl 00pa3ioB
pa3HOl KPYMTHOCTHU OT MPOJOIXKUTETbHOCTU
MUKPOBOJIHOBOIO Harpena

temperature and microwave exposure time are presented
in Fig. 2.

The efficiency of microwave heating is contingent
on the thermophysical properties of the sample [25].
Spodumene exhibits weak absorption of microwave ra-
diation at low temperatures. The heating rate follows
a linear pattern up to approximately 700 °C, at which
point it reaches around 20 °C/min. This rate is lower
compared to direct heating in a muffle furnace. Beyond

800 °C, there is a sharp increase in the heating rate,
reaching about 70 °C/min. This significant change is
attributed to alterations in the dielectric properties of
spodumene as it crosses the critical temperature of ap-
proximately 634 °C [13], which explains the rapid ac-
celeration in its heating rate. As the temperature rises
to around 800 °C, the heating profiles rapidly become
nearly exponential, enabling the temperature to reach
1200 °C in approximately 6 min.

The results indicate that the time required to raise the
temperature from 800 to 1200 °C is considerably shorter
when microwave radiation is employed. The direct heat-
ing method yields the best results for # < 800 °C. The tem-
perature profiles depicted in Figs. 1 and 2 highlight the
efficiency of microwave hybrid heating of spodumene.

The temperature profiles for different heating meth-
ods reveal that smaller spodumene particles undergo
a faster transformation into B spodumene with short-
er heat exposure times. This implies that particle size
has an impact on both microwave and direct heating of
spodumene.

The leaching properties of samples subjected to mi-
crowave and conventional calcination methods were
compared. To extract lithium from the calcined sam-
ples, specifically B-spodumene, a process involving sul-
fatizing roasting followed by water leaching was carried
out. In this process, concentrated sulfuric acid was in-
troduced to the calcined sample. The mixture was then
heated in an oven at a temperature of 250 °C for 60 min.
Following sulfatizing roasting and subsequent cooling
to room temperature, distilled water was added, and
the resulting mixture was stirred for 120 min at ambi-
ent temperature with agitation at 200 rpm. This step was
performed to leach the soluble lithium sulfate that was
produced during the roasting process. The filtrate, con-
taining the dissolved components, was then separated
from the solid residue using a Biichner funnel, Bunsen
flask, and filter paper. The leaching cakes and the result-
ing solutions were analyzed for their Li, Fe, Na, and Ca
content. It's important to note that only samples with a
particle size smaller than 0.25 mm were investigated in
this study.

Results and discussion

Table presents a summary of the metal balance fol-
lowing conventional and microwave radiation treat-
ments.

For direct heating, the lithium extraction rate was
97.37 %, while the microwave procedure yielded a
slightly lower rate of 96.82 %. These results indicate
that a-spodumene exhibits very low reactivity, suggest-
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Metal balance
bananc meranna
Weight (volume), Content, % (g/1) Extraction, %
Product
g (ml) Li Fe Na Ca Li Fe Na Ca
Heating in a muffle furnace
Product solution (100.02) (1.27)  (0.02) (0.30) (0.57) 97.37  9.81 7225  94.32
Leaching cake 98.35 0.03 0.22 0.12 0.03 2.63 90.19 27.75 5.68
Initial material 100.00 1.30 0.24 0.42 0.60 100.00  100.00  100.00  100.00
Microwave heating
Product solution (100.04) (1.26)  (0.01) (0.16) (0.23) 96.82 5.06 37.36 38.04
Leaching cake 98.23 0.04 0.23 0.27 0.38 3.18 94.94 62.64 61.96
Initial material 100.00 1.30 0.24 0.42 0.60 100.00  100.00  100.00  100.00
Extraction, % Conclusions
[ o-Spodumene
b Il Conventional heating In this study, the impact of microwave radiation
204 [ Microwave heating power on lithium leaching was thoroughly investigated.
As the temperature increases to approximately 700 °C,
7 the microwave heating rate experiences a sharp rise, al-
60 - lowing it to reach 1200 °C in approximately 6 minutes.
The research has confirmed that microwave power plays
) a significant role in influencing phase transformations
40~ and, consequently, the leaching of calcined samples of
i spodumene concentrate.
The study has also revealed that the most efficient
20+ heating method involves a combination of conven-
i tional and microwave treatments on the sample. Based
on the research findings, it is suggested that tradition-
al heating should be applied up to a temperature of

Li Fe

Na Ca

Fig. 3. Extraction of major elements by leaching from initial
spodumene concentrates and calcined by microwave
and conventional methods

Puc. 3. 3BeueHe OCHOBHBIX 3JIEMEHTOB

MpU BhILIEJIaYMBAaHUY U3 HEOOpaObOTaHHOIO

M TIPOKAJIEHHOTO C TIOMOII[bI0 MUKPOBOJTHOBOT'O I OOBIYHOTO
METOJIOB HarpeBa 00pa3IioB KOHLIEHTpaTa CIIoAyMeHa

ing limited efficiency in lithium leaching. Fig. 3 illus-
trates the recovery of iron, sodium, and calcium through
leaching from initial spodumene concentrates and those
subjected to calcination by both microwave and conven-
tional methods. The obtained results indicate that the
extraction of these elements was lower under microwave
exposure, providing an advantage over conventional
heating in subsequent stages of lithium extraction from
the resulting solutions.

800 °C, after which microwave exposure is initiated.
This approach allows for achieving the maximum
heating rate.

With the combined method, it becomes possible to
reach a temperature of 1200 °C in approximately 14 min-
utes, which is significantly quicker compared to 20 and
80 min required for conventional and microwave expo-
sure, respectively.

By using microwave radiation, a lithium recovery
rate of 96.82 % was achieved, which is comparable to the
recovery rate of the calcined sample under convention-
al heating. Moreover, microwave calcination resulted in
lower impurity levels in the leachate, presenting an ad-
vantage in downstream processing stages.

An establishment of a pilot plant for implementing
the combined heating procedure and conducting addi-
tional research will enable further validation and refine-
ment of the results obtained.
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Abstract: Aluminum ranks as the fourth most conductive metal, trailing behind silver, copper, and gold in electrical conductivity. Annealed
aluminum demonstrates an approximate 62 % conductivity of the International IACS compared to annealed standard copper, which registers
100 % IACS at r = 20 °C. Because to its low specific gravity, aluminum exhibits twice the conductivity per unit mass compared to copper,
showcasing its potential economic advantage as a material for conducting electricity. For equal conductivity (in terms of length), an aluminum
conductor exhibits a cross-sectional area 60 % larger than that of copper, while weighing only 48 % of copper's mass. However, the widespread
use of aluminum as a conductor in electrical engineering is often challenging and sometimes unfeasible due to its inherent low mechanical
strength. Enhancing this crucial property is achievable through the addition of dopants. However, this approach tends to elevate mechanical
strength at the cost of noticeable reductions in electrical conductivity. This study investigates the impact of lithium addition on the anodic
behavior of an A5 aluminum conductor alloy, specifically modified with 0.1 wt.% Ti (AITi0.1 alloy), within a NaCl electrolyte environment.
The experiments were conducted utilizing the potentiostatic method in potentiodynamic mode at a potential sweep rate of 2 mV/s. Results
indicate that the introduction of lithium to the AITi0.1 alloy leads to a shift in the potentials of free corrosion, pitting, and repassivation
towards positive values. Additionally, the corrosion rate decreases by 10—20 % with the incorporation of 0.01—0.50 wt.% Li. Moreover, varying
concentrations of chloride ions in the NaCl electrolyte prompt fluctuations in the corrosion rate of the alloys and a shift in electrochemical
potentials towards the negative range.

Key words: AITi0.1 aluminum alloy, lithium, potentiostatic method, stationary potential, corrosion potential, corrosion rate, NaCl electrolyte.

For citation: Ganiev I.N., Rakhmatulloeva G.M., Zokirov F.Sh., Eshov B.B. Effect of lithium on the anodic behavior of AITi0.1 aluminum
conducting alloy in NaCl electrolyte environment. Izvestiya. Non-Ferrous Metallurgy. 2023;29(6):13—-21.
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Ta. DIEKTPONPOBOIHOCTH OTOXKEHHOTO aJTIOMUHUSI COCTABIIsET MpUbIn3uTeabHo 62 % IACS 0T 27eKTPOIPOBOAHOCTH OTOXKKEHHOM
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cTaHgapTHOi Menu, Kotopas npu ¢ = 20 °C npuHumaetcs 3a 100 % IACS. OnHako 6yaromapsi MajJoMy yIeJIbHOMY BeCYy allOMUHUIA
00J1a1aeT MPOBOAMMOCTbBIO Ha €IUHUILY MacChl B 2 pa3a OOoJIbIlIeii, UeM Mellb, UTO NaeT HaM MpeacTaBlIeHne 00 9KOHOMUYECKOW BBITO/I-
HOCTH MPUMEHEHMS ero B KauecTBe MaTepuasa 1js NpoBoAHUKOB. [Ipy paBHOIT MpoBOAMMOCTH (OAHA U Ta XXe [JIMHA) aJTIIOMUHUEBbII
MPOBOJIHMK MMEET IJIOIIAb IMOMePeYHOTo ceyeHust Ha 60 % Gosbliie, YeM MEIHBI, a ero Macca COCTaBJIseT TOIbKO 48 % OT Macchl
Menu. B GonbiInHCTBE ciiyyaeB B 2JeKTPOTEXHUKE UCTOIb30BaHNE aIIOMUHMS B KAUeCTBE MPOBOJHMKA 3aTPYAHEHO, a YACTO U MPOCTO
HEBO3MOXKHO M3-3a er0 HU3KOW MeXaHWUeCKOM MPOYHOCTH. [TOBBIIIIEHE 9TOT0 3HAYMMOTO ITOKa3aTe s BO3MOXKHO 3a CUET BBEICHU I JIETU-
pylomux 106aBok. B TakoM ciydae MexaHu4YecKasi IpOYHOCTh BO3PACTAET, BHI3bIBASI, OMHAKO, 3AMETHOE CHUXEHME IEKTPOIIPOBOIHOCTH.
B pabote nccnenoBaHo BiausiHue J0OABKM JUTHSI HA aHOJHOE TMOBEJEHME aJlOMUHKUEBOro MPOBOJHUKOBOIO crijlaBa Mapku AS, moaudu-
uupoBanHoro 0,1 mac.% Ti (crimaBa AlTi0.1), B cpene anekTposuta NaCl. DKcriepuMeHThI TPOBEICHBI MOTEHIIMOCTATHYECKUM METOIOM
B MOTEHLMOJIMHAMUUYECKOM peXMMe IMPU CKOPOCTU pa3BepTKM moTeHuuasa 2 mB/c. [TokazaHo, 4yTo nob6aBka auTus B criiab AlTi0.1
CIMOCOOCTBYET CMEIIEHUTO TTOTEHIINAJIOB CBOOOTHON KOPPO3KWHU, TUTTUHIOO0Pa30BaHUSI U PEIacCUBAIllMU B TTOJIOXUTEIbHYIO 00J1aCTh
3HAYEHUH, a CKOpocTh Kopposuu npu BeaeHuu 0,01—0,50 mac.% Li cuukaetcst Ha 10—20 %. B 3aBUCMMOCTH OT KOHIIEHTPALIUU XJIO-
pua-uoHa B asekTposute NaCl oTMeueH poCT CKOPOCTH KOPPO3UU CIJIABOB M CMELIEHUE DJEKTPOXMMUYECKUX MOTEHIMAIO0B B 001aCTh
OTpUIIATEIbHBIX 3HAUCHU .

Kwouessie cioBa: agoMuHueBbIi criiaB AlTi0. 1, TUTHIA, MOTEHIIMOCTATUYECKU T METO, CTALIMOHAPHBI MOTEHIMAJ, TOTEHIIKaT KOPPO-
3UU, CKOPOCThb KOppo3uu, asekTpoaut NaCl.

Jlns nuutuposanusi: FanueB U.H., Paxmaryinoesa I'M., 3okupos @.111., Do b.b. BiusiHue 1uTHsi Ha aHOAHOE MOBEIEHUE aTIOMUHIUE-

Boro nmpoBoaHukosoro criiasa AlTi0.1 B cpene anektponuta NaCl. Uzeecmus ¢y3o6. Lleemnas memannypeus. 2023;29(6):13-21.

https://doi.org/10.17073/0021-3438-2023-6-13-21

Introduction

In many instances within electrical engineering, uti-
lizing aluminum as a conductor poses challenges and,
at times, becomes unfeasible due to its inherent low
mechanical strength. Furthermore, conductive alumi-
num, when subjected to cold deformation to enhance its
strength, tends to lose this enhanced property at tem-
peratures around 100 °C. While it’s possible to enhance
its mechanical strength by introducing dopants to create
alloys [1—3], this improvement often leads to a notable
decrease in electrical conductivity [4—7].

The impact of various alloying elements on both
the electrical conductivity and strength of aluminum
reveals that the most substantial enhancement in
hardness occurs upon the inclusion of poorly soluble
alloying elements like Fe, Zr, Mn, Cr, Ti, Ca, and Mg.
These elements significantly differ in atomic diame-
ters from aluminum. Given that electrical conductivity
stands as a paramount parameter for a conductor ma-
terial, the selection of alloying elements should care-
fully consider their influence on altering this property
[8—11].

Presently, several theories regarding modification
exist, yet a consensus remains elusive in addressing
this issue concerning aluminum alloys. This comp-
lexity arises primarily due to the intricacies of the modi-
fication process, which is reliant on melting and casting
conditions. Additionally, the presence of uncontrolled
impurities and elements may impact the refinement of
the original alloy grain. The additive introduced as a
modifier, as exemplified by titanium in our case, should
fulfill specific prerequisites:

— exhibit adequate stability in the melt without al-
tering the chemical composition;
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— possess a higher melting point than that of alumi-
num;

— demonstrate structural and dimensional compat-
ibility between the crystal lattices of the modifier and
aluminum [12; 13].

The primary function of modifiers lies in reducing
surface tension on crystal faces, facilitating an acceler-
ated nucleation rate of crystallization centers. This de-
celerates crystal growth, consequently augmenting the
number of crystallization centers and refining the over-
all structure. However, there exists no definitive classifi-
cation distinguishing modifiers into the first and second
kinds or dopants, given the absence of substances sole-
ly soluble in liquid states and entirely insoluble in solid
states [14; 15].

Aspects concerning the corrosion and electro-
chemical behavior of aluminum alloys are detailed in
[16—21].

This study aimed to investigate the impact of lithium
addition on the corrosion and electrochemical behavior
of A5 aluminum, which was modified with 0.1 wt.% Ti
(AITi0.1 alloy).

Research methods for assessing corrosion
and electrochemical characteristics
of alloys

Alloy samples were prepared using aluminum grade
A5 (State Standard GOST 110669-01), titanium grade
TG-90 (State Standard GOST 19807-91), and lithium
grade LE-1 (State Standard GOST 8774-75). These
alloys were produced in SShOL type furnaces, casting
rods with a diameter of 8 mm and a length of 140 mm
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into graphite molds for electrochemical studies. The end
of the electrode served as the working surface, while the
non-working part of the samples was insulated with a
resin mixture (comprising 50 % rosin and 50 % paraf-
fin). Before immersion in the working solution, the end
part of each sample underwent cleaning with sandpaper,
polishing, degreasing, thorough washing with alcohol,
and then immersion in a NaCl electrolyte solution. The
temperature of the solution within the cell was main-
tained consistently at 20 °C using an MLSh-8 thermo-
stat.

The electrochemical testing of the samples was con-
ducted employing the potentiostatic method in poten-
tiodynamic mode, utilizing a PI-50-1.1 pulse poten-
tiostat with a potential sweep rate set at 2 mV/s within
a NaCl electrolyte environment. The reference elec-
trode employed was silver chloride, while the auxiliary
electrode used was platinum. The investigation of the
electrochemical behavior of ternary alloys followed the
methodology outlined in [22—26].

—E, V (s.c.e.)

lgi [A/m’]

Fig. 1. Full polarization curve (at a potential sweep rate
of 2 mV/s) of AITi0.1 aluminum conducting alloy
in a 3.0 % NaCl electrolyte environment

E,¢— potential of pitting formation; £, , — repassivation potential;

Ecorr — corrosion potential

Puc. 1. [TosHas nonasipuzaliMoHHass KpuBas

(TIpy CKOPOCTHU pa3BepTKHU MoTeHIMata 2 MmB/c)
aJIOMUHUEBOTO MpoBoaHUKOBOro crijiaBa AITi0.1
B cpene asekTpoaura — 3,0 %-noro NaCl

Ep

Erp.p

£ — HOTEHLIMAJT l'[l/I’I'TI/IHFOO6pa3OBaHI/Iﬂ;

— IOTCHLMaJI pernacCuBalliu, Eco"— TIIOTCHIMAaJI KOPPO3UU

For instance, Fig. 1 illustrates the comprehensive
polarization diagram concerning the initial AlTiO alu-
minum alloy in a 3 % NaCl electrolyte. The samples un-
derwent potentiodynamic polarization, initially moving
positively from the established immersion potential un-
til a sharp increase in current denoting pitting (Fig. 1,
curve I). Subsequently, the samples were polarized in
the opposite direction (Fig. 1, curve I7), and the repas-
sivation potential (£, ) was determined either from
the intersection of curves / and /I or from the inflec-
tion point in curve /1. Following this, the process moved
towards the cathode region, reaching a potential value
of —1.2 V to eliminate oxide films from the electrode
surface (Fig. 1, curve /I]) by alkalization near the elec-
trode surface. Finally, the samples were once again
polarized in the positive direction (Fig. 1, curve IV),
enabling determination of the primary electrochemical
parameters pertaining to the alloy’s corrosion process
from the anodic curves.

The corrosion current (i), regarded as the pri-
mary electrochemical characteristic of the corrosion
process, was computed utilizing the cathodic curve.
This calculation considered the Tafel slope (b, =
= 0.12 V) and the understanding that in neutral envi-
ronments, the pitting corrosion process of aluminum
and its alloys is governed by the cathodic reaction in-
volving oxygen ionization. The corrosion rate, on the
other hand, is expressed as a function of the corrosion
current according to the formula:

K K

= leorrSs

where k¥ = 0.335 g/(A-h), representing the electroche-
mical equivalent of aluminum.

Results and discussion

The findings from the investigations of corrosion and
electrochemical behavior of the AITi0.1 aluminum al-
loy, incorporating varying amounts of lithium in a NaCl
electrolyte environment, indicate a noticeable shift in
the free corrosion potential (£, ..;) towards positive
values (Fig. 2). Notably, a higher concentration of the
modifying component (lithium) correlates with a more
positive E,, .., value. Furthermore, transitioning from
0.03 % NaCl to 3.0 % NaCl, results in a more negative
E,, corm irrespective of the quantity of the modifying ad-
ditive (Li) in the AITi0.1 alloy.

Table summarizes the corrosion and electrochem-
ical behavior of the examined AITi0.1 alloy across
NacCl electrolyte with various concentrations. The ta-
ble illustrates that an increase in lithium content within
the initial A1Ti0.1 sample leads to the displacement of
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Fig. 2. Potential of free corrosion plotted against time

for the initial AITi(0.1 aluminum conducting alloy (7)

and lithium-modified alloys (2—5) in NaCl electrolyte
environment, wt.%: 0.03 (a), 0.3 (b) and 3.0 (¢)

Li, wt.%: 0 (1), 0.01 (2), 0.05 (3), 0.10 (4), 0.50 (5)

Puc. 2. BpeMeHH&s 3aBUCUMOCTD MTOTEHIIMAIa

CBOOOJHOI KOPPO3UU UCXOHOTO aJTIOMUHUEBOTO
npoBoaHuKoBoro criasa AlTi0.1 () u MonubUIIMpOBaHHBIX
nTueM oopasuos (2—5) B cpene anekTposura NaCl, mac.%:
0,03 (a), 0,3 (b) u 3,0 (¢)

Conepxanue Li, mac.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) u 0,50 (5)

corrosion, pitting, and repassivation potentials toward
the positive range. This shift is attributed to the estab-
lishment of a stable oxide film on the electrode surface
within the NaCl environment.

Alloys containing 0.01—0.5 % lithium exhibit a cor-
rosion rate 10—20 % lower than that of the original Al-
Ti0.1 sample.
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1.2

0 1gi[A/m’]

0.8 4

0.7 4

0.6 T T

3 2 1 0 lgi[A/m’]

Fig. 3. Anode branches of potentiodynamic curves

(potential sweep rate 2 mV/s) of the initial AITi0.1 aluminum
conducting alloy (7) and lithium-modified variants (2—5)

in NaCl electrolyte environment 0.03 % (a) and 3.0 % (b)

Li, wt.%: 0 (), 0.01 (2), 0.05 (3), 0.10 (4) 1 0.50 (5)
Puc. 3. AHOmHBIC BETBY NOTEHLIMOAMHAMUYECKUX KPUBBIX
(ckopocTh pa3BepTKH MoTeHIIMaaa 2 MB/c) ucxomHoro
QJIIOMUHMEBOTo MpoBoaHUKoBoro criasa AlTi0.1 (1)

1 MOAUGULIMPOBAHHBIX 00pa31oB (2—5)

B cpene anekrposiaura NaCl, mac.%: 0,03 (a) u 3,0 (b)
Conepxanue Li, mac.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) 1 0,50 (5)

Consequently, the introduction of lithium into the
aluminum conducting alloy AITi0.1 assists in dimin-
ishing the rate of anodic corrosion, as indicated by the
shift of the anodic branches in the potentiodynamic
curves towards the positive region (Fig. 3). Notably,
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Corrosion and electrochemical characteristics of AlITi0.1 aluminum conducting alloy with varying lithium

modifications in NaCl electrolyte environment

Koppo3noHHO-3JIEKTPOXMMHUUYECKHME XapaKTePUCTUKHU aJIlOMUHUEBOIO TTpoBoAHMKOBOro criasa AlTi0.1,

MOAUGULIMPOBAHHOTO JUTUEM, B cpene aaekTposuta NaCl

Electrochemical potentials, V (s.c.e.) Corrosion parameters
NacCl, wt.% Li, wt.% ) ; ;
_Ew.corr _Ecorr _Epf.p _Erp‘p icorrr A/m k10%, g/(m 'h)
0.0 0.685 1.120 0.610 0.660 0.048 16.0
0.01 0.663 1.100 0.591 0.640 0.045 15.0
0.03 0.05 0.650 1.090 0.582 0.630 0.043 14.4
0.1 0.640 1.080 0.570 0.620 0.041 13.7
0.5 0.630 1.071 0.560 0.610 0.039 13.0
0.0 0.740 1.150 0.650 0.690 0.068 22.7
0.01 0.718 1.132 0.630 0.669 0.065 21.7
0.30 0.05 0.710 1.125 0.619 0.660 0.062 21.1
0.1 0.698 1.112 0.610 0.650 0.061 20.4
0.5 0.690 1.100 0.600 0.641 0.059 19.7
0.0 0.809 1.180 0.700 0.750 0.086 28.8
0.01 0.790 1.165 0.682 0.733 0.083 27.8
3.00 0.05 0.776 1.154 0.670 0.725 0.081 27.1
0.1 0.765 1.143 0.661 0.716 0.079 26.4
0.5 0.752 1.130 0.650 0.705 0.077 25.7
the anodic curves associated with the modified alloys K107, g/(m*h)
are situated to the left of the curve representing the 0.
original AITi0.1 sample, implying a somewhat lower \\‘w —e. . 3
anodic corrosion rate across all examined environ- 257
<
ments (see Fig. 3). \’\,\_{
Figure 4 demonstrates the corrosion rates of the 201 - g 2
AITi0.1 alloy relative to lithium content and NaCl elec-
trolyte concentration. It was observed that the addition \‘\.‘_, : .
of lithium to the AITi0.1 alloy consistently decreases its 1
corrosion rate across all NaCl electrolyte environments 10 — T T T T
0 0.05 01 02 03 04 05 C,wt%

under consideration.

Figure 5 illustrates the corrosion current density of
the AITi0.1 aluminum conducting alloy in relation to
varying lithium content across different concentrations
of NaCl electrolyte. It’s evident that as the concentration
of the modifier increases, corrosion decreases. Within
the range of 0.05—0.50 wt.% lithium concentration in
the AITi0.1 alloy, optimal conditions emerge, exhib-
iting minimal corrosion rates for these alloys. With an
elevation in chloride ion content, there is a noticeable

Fig. 4. Corrosion rate variations of the AITi0.1

aluminum conducting alloy plotted against lithium content
in NaCl electrolyte environment, wt.%:

0.03 (1), 0.3 (2) and 3.0 (3)

Puc. 4. 3aBUCHMOCTb CKOPOCTU KOPPO3UU
aJIOMUHUEBOTO IMPOoBoAHKUKOBOTO crijiaBa AlTi0.1
OT COIEpKaHNsI B HEM JINTUS U KOHLICHTPALlMK
snektposura NaCl, mac.%:
0,03(1),0,3(2)u3,003)
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0.08 +
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1
0.03 0.3 3.0
Cracrr WE%

Fig. 5. Corrosion current density comparison between the
initial AITi0.1 aluminum conducting alloy (Z) and lithium-
modified alloys (2—5) in relation to the concentration

of NaCl electrolyte

Li, wt.%: 0 (1), 0.01 (2), 0.05 (3), 0.10 (4), 0.50 (5)
Puc. 5. 3aBUCHMOCTb MJIOTHOCTU TOKA KOPPO3UU UCXOJHOTO
aJloMUHUEBOro npoBonHukoBoro crasa AlTi0.1 (1)

1 MOTUGUIIMPOBAHHBIX 00Pa3IOB ¢ INTUEM (2—5)
oT KoHLIeHTpauuu 31ekTpoauta NaCl

Conepsxanwue Li, mac.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) u 0,50 (5)

increase in the corrosion rate for both the original alu-
minum alloy and the lithium-modified variant.

Conclusions

Aluminum alloys are highly chemically reactive
materials that readily react with oxygen, resulting in
the immediate formation of thin oxide films on their
surface. Under natural conditions, these films typ-
ically reach a thickness of 0.01—0.02 um and can be
increased to 5 or 50 pum through chemical or anodic
oxidation [27; 28].

The corrosion resistance of aluminum and its alloys
in various aggressive environments significantly de-
pends on the resistance of the oxide film. Additionally,
it relies on the chemical composition of the alloy and
the surface’s heat treatment. It’s worth noting that the
presence of impurities such as iron, nickel, tin, lead,
and other elements forming various phases adversely
impacts this resistance [28]. Moreover, the corrosion re-
sistance of such materials is influenced not only by their
chemical composition but also by the crystallization na-
ture of excessive phases that determine their structure
and form of deposition. Modification (refinement) of
binary and ternary eutectics in the alloy structure can
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substantially alter both mechanical properties and cor-
rosion resistance.

Enhancing the characteristics of aluminum alloys is
closely tied to the advancement of new materials and the
implementation of sophisticated technological processes
in melting and casting. These advancements ensure im-
proved technical and economic indicators in production
and the use of resulting products. The quality of these
products is also contingent on the chemical composition
and structure of the cast metal [27; 28].

The beneficial impact of lithium addition on the
anodic properties of the AITi0.1 aluminum conducting
alloy cannot solely be attributed to the enhancement of
electrochemical parameters during the anodic process
or the densification of the protective phase layer of ox-
ides by poorly soluble oxidation products. The corrosion
resistance of aluminum is also affected by structural
changes resulting from modification with titanium and
lithium, specifically the size of crystal phases within the
alloy structure. Metals characterized by low interatomic
bonds, thus low melting points, strength, and hardness,
can serve as modifiers for alloy structures. This category
includes alkali metals.

Consequently, the positive influence of lithium addi-
tion on the anodic characteristics and corrosion rates of
the AITi0.1 aluminum conducting alloy in NaCl electro-
lyte has been confirmed. These observed patterns can be
leveraged in developing new aluminum-based conductor
alloys tailored for electrical engineering and cable tech-
nology requirements.

References

1. Snitovsky Yu.P. The influence of the composition of al-
loying elements on the physical and mechanical proper-
ties of aluminum. Vestnik Yugorskogo gosudarstvennogo
universiteta. 2022;4(67):68—76. (In Russ.).
https://doi.org/10.18822/byusu20220468-76
CuuroBckuii FO.I1. BausiHue cocrtaBa JIerHpyIOLINX
3JIEMEHTOB Ha (PU3UKO-MEXaHUYECKUE CBONUCTBA aJlo-
MuHus. Becmuuk FOeopckoeo eocydapemeennozo ynueepcu-
mema. 2022;4(67):68—76.
https://doi.org/10.18822/byusu20220468-76

2. Korotkova N.O., Belov N.A., Avksentyeva N.N., Akse-
nov A.A. The influence of calcium additives on the phase
composition and physical and mechanical properties of
the conductor alloy Al—0.5% Fe—0.2% Si—0.2% Zr—
0.1%Sc. Fizika metallov i metallovedenie.2020; 121(1):105—
112. (In Russ.).
https://doi.org/10.31857/S001532302001009X
Kopotkosa H.O., benoB H.A., ABkcentheBa H.H, Akce-
HOB A.A. BiiusiHue no06aBKu KaJiblivsl Ha (pa30BbIii cO-



13BeCTnS By30B. LIBETHOS METAAAYPIUS o 2023 o T.29 o N26 e C. 13-21

laHwes U.H., Paxmaryaroesa TM., 3okumpos @.LL., Do b.6. BAUSIHUE AUTUSI HO QHOAHOE NMOBEAEHNE AAOMUHUEBOTO MPOBOAHNKOBOTO CMAQBAQ...

10.

cTaB M (HU3NKO-MEeXaHMYEeCKNe CBOMCTBA MIPOBOTHMUKO-
Boro criaBa Al—0,5% Fe—0,2% Si—0,2% Zr—0,1%Sc.
Quszuka memannos u memannogedenue. 2020; 121(1):
105—112.

https://doi.org/10.31857/S001532302001009X

Belov N.A., Alabin A.N., Prokhorov A.Yu. The influence
of zirconium additives on the strength and electrical
resistance of cold-rolled aluminum sheets. Izvestiya. Non-
Ferrous Metallurgy. 2009;(4):42—47. (In Russ.).

benos H.A., Anadbun A.H., TIpoxopos A.}O. Biusinue
00aBKW LIUPKOHUST HA MPOYHOCTh U BJIEKTPOCOMPO-
TUBJICHUE XOJIOJHOKATAHBIX aJTIOMUHUEBBIX JIUCTOB.
H3zeecmus 8y3o6. llsemnas memannypeus. 2009;(4):42—47.
Duan Yu., Xu G.F., Zhou L., Xiao D. Achieving high
superplasticity of a traditional thermal—mechanical
processed non-superplastic Al—Zn—Mg alloy sheet
by low Sc additions. Journal of Alloys and Compounds.
2015;638:364—373.
https://doi.org/10.1016/j.jallcom.2015.03.090

Belov N.A., Alabin A.N., Teleulova A.R. Comparative
analysis of alloying additives as applied to the production
of heat-resistant aluminum-base wire. Metal Science and
Heat Treatment. 2012;9:455—459.
https://doi.org/10.1007/s11041-012-9415-5

Bely D.I. Aluminum alloys for conductive cores of cable
products. Kabeli i provoda. 2012;1:8—15. (In Russ.).
benwiii .M. AntoMuHuUEBbIE CMJIaBbl 1JISI TOKOIIPOBO-
OSIIAX KW KabenbHBIX U3fenuil. Kabeau u nposooa.
2012;1:8—15.

Chao R.Z., Guan X.H., Guan R.G., Tie D., Lian C.,
Wang X. Effect of Zr and Sc on mechanical properties and
electrical conductivities of Al wires. Transactions of Non-
Ferrous Metals Society of China (Eng. Ed.). 2014;24:3164—
3169. https://doi.org/10.1016/S1003-6326(14)63456-7
Fallah V., Langelier B., Ofori-Opoku N., Raeisinia B.,
Provatas N., Esmaecili S. Cluster evolution mechanisms
during aging in Al—Mg—Si alloys. Acta Materialia.
2016;103:290—300.
https://doi.org/10.1016/j.actamat.2015.09.027

Mavlyutov A.M., Bondarenko A.S., Murashkin M.Y.,
Boltynjuk E.V., Valiev R.Z., Orlova T.S. Effect of anneal-
ing on microhardness and electrical resistivity of nano-
structured SPD aluminium. Journal of Alloys and Com-
pounds. 2017;698:539—546.
https://doi.org/10.1016/j.jallcom.2016.12.240

Ostanina T.V., Shveikin A.l., Trusov PV. Refinement of
the grain structure of metals and alloys under intense
plastic deformation: experimental data and analysis of
mechanisms. Vestnik Permskogo natsional’nogo issledo-
vatel’skogo politekhnicheskogo universiteta. Mekhanika.
2020;2:85—111. (In Russ.).
https://doi.org/10.15593/perm.mech/2020.2.08

11.

12.

13.

14.

15.

16.

Ocranuna T.B., Llseiikun A.U., Tpycos II.B. U3-
MeJIbUeHUE 36pEHHON CTPYKTYPhI METAJJIOB U CILJIaBOB
P MHTEHCUBHOM TLIACTHYECKOM Ie(OpPMUPOBAHUM:
SKCITepUMEHTAJIbHbIE JaHHbIE W aHaJIU3 MeXaHU3MOB.
Becmuux  [lepmckoeo HayuoHaavHoeo uccaedogamenvcko-
20 noaumexuuyeckoeo ynueepcumema. Mexanuxa. 2020;2:
85—111. https://doi.org/10.15593/perm.mech/2020.2.08
Gloria A., Montanari R., Richetta M., Varone A. Alloys
for aeronautic applications: state of the art and perspec-
tives. Metals. 2019;9(6):662.
https://doi.org/10.3390/met9060662

Jarry P., Rappaz M. Recent advances in the metallurgy of
aluminium alloys. Pt. I: Solidification and Casting. C. R.
Phys. 2018;19:672—687.
https://doi.org/10.1016/j.crhy.2018.09.003

Deev V.B., Ri E.Kh., Prusov E.S., Ermakov M.A.,
Goncharov A.V. Modification of cast aluminum alloys
of the AI—Mg—Si system by treating the liquid phase
with nanosecond electromagnetic pulses. Izvestiya. Non-
Ferrous Metallurgy. 2021;27(4):32—41. (In Russ.).
https://doi.org/10.17073/0021-3438-2021-4-32-41

Jees B.b., Pu 5.X., IIpycos E.C., EpmakoB M.A., l'oH-
yapoB A.B. MoauduuupoBaHue TUTEHHBIX aJIOMUHU-
€BBIX CIIaBOB cUCTeMbl Al—Mg—Si 00paboTKOM XU I-
Koil (a3sl HAHOCEKYHIHBIMU 3JIEKTPOMATHUTHBIMK
uUMnyjabcaMu. HMzeecmus 6y306. lleemnas memannypeus.
2021;27(4):32—41.
https://doi.org/10.17073/0021-3438-2021-4-32-41
Dolgopolov V.G., Dubrovsky V.A., Simonov M.Yu., Simo-
nov Yu.N., Yurchenko A.N., Shibanova K.A. Me-
thods of influencing the structure and properties of
aluminum alloys used in the aerospace industry. Vestnik
PNIPU. 2016;18(2):50—62. (In Russ.).
https://doi.org/10.15593/2224-9877/2016.2.04
Honrononos B.T., Ayoposckuii B.A., Cumonos M.IO.,
Cumonos l0.H., FOpuenko A.H., llin6anosa K.A. Crio-
COOBI BIUSTHUSI Ha CTPYKTYPY M CBOMCTBA allOMUHUE-
BbIX CIJIABOB, UCIOJb3yeMbIX B aBUAKOCMHUYECKOM OT-
pacau. Becmuux ITHHUITY. 2016;18(2):50—62.
https://doi.org/10.15593/2224-9877/2016.2.04

Duyunova V.A., Trapeznikov A.V., Leonov A.A., Kore-
neva E.A. Modification of cast aluminum alloys (review).
Trudy VIAM. 2023;4(122):14—26. (In Russ.).
https://doi.org/10.18577/2307-6046-2023-0-4-14-26
Hytonosa B.A., Tpane3snukos A.B., JleoHoB A.A., Kope-
HeBa E.A. MonudunupoBaHue JUTEHHBIX aTIOMUHUE-
BBIX CILJIaBOB (0630p). Tpyder BUAM. 2023;4(122):14—26.
https://doi.org/10.18577/2307-6046-2023-0-4-14-26
Grigorieva 1.0., Dresvyannikov A.F., Khramova AV.,
Mikhalishin 1.O. Influence of anions on the electroche-
mical behavior of aluminum in salt solutions. Vestnik tekh-
nologicheskogo universiteta. 2018;21(7):46—50. (In Russ.).

19



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.6 e P. 13-21

Ganiev I.N., Rakhmatulloeva G.M., Zokirov F.Sh., Eshov B.B. Effect of lithium on the anodic behavior of AlTi0.1 aluminum conducting alloy...

17.

18.

19.

20.

21.

22.

23.

20

I'puropseBa U.0., IpecBanHukoB A.®D., Xpamona A.B.,
Muxanumua M.O. BnusiHue aHMOHOB Ha 3JEKTPO-
XUMHWYECKOe TIOBEICHME aIOMUHUSI B pacTBoOpax
coneil.  Becmmuuk
2018;21(7):46—50.
Grigorieva 1.0., Dresvyannikov A.F., Khairullina L.R.,

MmexHoA02U4ecKkoeo  yHueepcumema.

Pechenina Yu.S. Features of anodic dissolution of a
combined iron-titanium electrode in aqueous solutions
containing halide ions. Vestnik tekhnologicheskogo
universiteta. 2017;20(13):43—47. (In Russ.).

I'puroppeBa M.O., [dpecBannukos A.D., Xaipynin-
Ha JI.P., [leuennna KO.C. OcobeHHOCTH aHOIHOTO pac-
TBOPEHUSI KOMOWHUPOBAHHOTO 3JIEKTPOIA XKEeJe30-
TUTaH B BOJIHBIX PACTBOPAX, COJACPXKAIIUX TaJIOTCHMU -
WOHBI. Becmuuk mexnonoeuueckoeo yHugepcumema.
2017;20(13):43—47.

Grigorieva 1.0., Mezhevich Zh.V. Technology of elect-
rochemical and chemical processing of metals. Kazan:
KNRTU, 2019. 144 p. (In Russ.).

I'puropreBa M.0O., Mexeuu 2K.B. TexHonorusi snek-
TPOXUMUYECKON U XUMUYECKON 06pabOTKM METaJIJIOB.
Kazans: KHUTY, 2019. 144 c.

Dresvyannikov A.F., Grigoryeva 1.0., Khayrullina L.R.
Anodic behavior of a titanium-aluminum hybrid elect-
rode: Formation of hydroxide-oxide compounds.
Protection of Metals and Physical Chemistry of Surfaces.
2017;53(6):1050—1058.
https://doi.org/10.1134/S2070205117060090

Popova A. A. Methods of corrosion protection: Lecture
course. Saint Petersburg: Lan, 2014. 271 p. (In Russ.).
https://e.lanbook.com/book/211634

ITormoBa A. A. MeToabl 3alIMThl OT Koppo3uu: Kypc
nexunii. Cankt-IletepOypr: Jlans, 2014. 272 c.
https://e.lanbook.com/book/211634
Andrushevich A.A., Usherenko
resistance of dynamically loaded casting alloy AKI2.
Lityo i metallurgiya. 2017;2(87):70—75. (In Russ.).
https://rep.bntu.by/handle/data/31584

Annpymesnd A.A., Ymepenko C.M. KopposnoHHas

S.M. Corrosion

CTOMKOCTh NTWHAMUYECKM HArpy>KeHHOTO JUTEHHOTO
cnnaBa AK12. Jlumee u memanaypeus. 2017;2(87):70—75.
https://rep.bntu.by/handle/data/31584

Ganiev I.N., Rakhmatulloeva G.M., Zokirov F.Sh.,
Eshov B.B. The effect of sodium additives on the anodic
behavior of AlTi0.1 aluminum conductor alloy in a
medium of NaCl electrolyte. Protection of Metals and
Physical Chemistry of Surfaces. 2023;59(4):451—455.
https://doi.org/10.1134/S2070205123700727

Ganiev I.N., Faizulloev R.J., Zokirov F.Sh. The influence

24.

25.

26.

27.

28.

of calcium on the anodic behavior of aluminum con-
ductor alloy AITi0.1 in a NaCl electrolyte environ-
ment. Izvestiva SPbGTI (TU). 2021;58(84):33—37.
(In Russ.).
https://doi.org/10.36807/1998-9849-2021-58-84-33-37
lanues W.H., ®aiizynnoes P.Jx., 3okupos D.I1I.
BnusiHue Kanbplus Ha aHOXHOE TOBEJICHUE aTIOMU-
HueBoro npoBogHukoBoro crjaa AlTi0.1 B cpene
anektponuta NaCl. Uzeecmus CIoI'TH (TY). 2021,
58(84):33—37.
https://doi.org/10.36807/1998-9849-2021-58-84-33-37
Zokirov F.Sh., Ganiev I.N., Berdiev A.E., Sangov M.M.
The effect of barium on the anodic behavior of the AK12M?2
alloy. Vestnik Tadzhikskogo tekhnicheskogo universiteta.
Seriya: Inzhenernye Issledovaniya. 2018;3(43):30—33.
(In Russ.).

3okupos @D.11., l'anues U.H., bepauer A.D., CaHn-
roB M.M. BnusgHue Oapusi Ha aHOIHOE TMOBeIEeHUE
crutaBa AKI12M2. Becmuuk Tadxcukckoeo mexnuuecko-
eo yHusepcumema. Cepus: HuoicenepHvie uccaedosanus.
2018;3(43):30—33.

Zokirov F.Sh., Ganiev I.N., Berdiev A.E., Sangov M.M.
The effect of strontium on the anodic behavior of the
AKI12M?2 alloy. Doklady AN Respubliki Tadzhikistan.
2019;62(2):93—98. (In Russ.).

3okupos @D.11., I'anues W.H., bepauer A.D., CaH-
roB M.M. Bausinue cTpoHIIMSI Ha aHOAHOE MOBeIeH e
ciimaBa AK12M2. Jlokaadwr AH Pecnybauxu Tadxcuru-
cman. 2019;62(2):93—98.

Ganiev I.N., Zokirov F.Sh., Amirov A.J. The influence
of lanthanum on the anodic behavior of the aluminum
conductor alloy AITi0.1 in the NaCl electrolyte
environment. Vestnik PNIPU. 2023;3:66—78. (In Russ.).
https://doi.org/10.15593/2224-9400/2023.3.05

lanwues M.H., 3okupos ®.I1., Amupos A.JIxx. Baus-
HUe JJaHTaHa Ha aHOJHOE IOBEICHME aJTIOMUHHEBOTO
npoBonHuKoBoro criiaBa AlTi0.1 B cpene anekTpoiuTa
NaCl. Becmuux ITHUITY. 2023;3:66—78.
https://doi.org/10.15593/2224-9400/2023.3.05

Stroganov G.B., Rotenberg V.A., Gershman G.B. Alloys
of aluminum with silicon. Moscow: Metallurgiya, 1977.
272 p. (In Russ.).

CtporaHnos I.b., Poren6epr B.A., I'epuuman I.b. Cnia-
Bbl aJIOMUHUS ¢ KpeMHueM. M.: Mertannyprus, 1977.
272 c.

Postnikov N.S. Corrosion-resistant aluminum alloys.
Moscow: Metallurgiya, 1976. 301 p. (In Russ.).
[MoctHukoB H.C. Koppo3noHHO-CTOIKNE aTlOMUHUE-
Bble cIutaBbl. M.: Meraunyprus, 1976. 301 c.



13BeCTnS By30B. LIBETHOS METAAAYPIUS o 2023 o T.29 o N26 e C. 13-21

laHwes U.H., Paxmaryaroesa TM., 3okumpos @.LL., Do b.6. BAUSIHUE AUTUSI HO QHOAHOE NMOBEAEHNE AAOMUHUEBOTO MPOBOAHNKOBOTO CMAQBAQ...

Information about the authors

Izatullo N. Ganiev — Dr. Sci. (Chem.), Academician of the
National Academy of Sciences of Tajikistan, Professor of the
Department of Chemical Production Technology, Tajik Tech-
nical University n.a. M.S. Osimi.
https://orcid.org/0000-0002-2791-6508

E-mail: ganievizatullo48@gmail.com

Gulnoza M. Rakhmatulloeva — Senior Researcher, Center for
Research of Innovative Technologies of the National Acade-
my of Sciences of Tajikistan.
https://orcid.org/0009-0002-2181-0347

E-mail: Golnoz.86@mail.ru

Furkatshoh Sh. Zokirov — Cand. Sci. (Eng.), Associate Profes-
sor of the Department of Physics, Tajik Technical University
n.a. M.S. Osimi.

https://orcid.org/0009-0000-8174-2214

E-mail: Zokirov090514@mail.ru

Bakhtier B. Eshov — Dr. Sci. (Eng.), Director of the Center
for Research of Innovative Technologies of the National Aca-
demy of Sciences of Tajikistan.
https://orcid.org/0009-0003-0512-9989

E-mail: Golnoz.86@mail.ru

Nudopmanus 06 aBTopax

M3zarynno Haspy3osuy 'anueB — 1.X.H., akageMuK Haino-
HaJbHOI akagemuu HaykK (HAH) Tagxukucrana, mpodec-
cop Kadeapbl TEXHOJIOTUY XUMUYECKUX TPOU3BOACTB Ta-
JKUKCKOTI0 TexHUYeckoro ynupepcureta uMm. M.C. Ocumu.
https://orcid.org/0000-0002-2791-6508

E-mail: ganievizatullo48@gmail.com

I'ynno3a MyxpuesHa PaxmartyiioeBa — CT. Hay4. COTPYIHUK
LeHTpa 1Mo McciienoBaHN 0 MHHOBAIIMOHHBIX TEXHOJIOT U
HAH TanxuxkucrtaHa.
https://orcid.org/0009-0002-2181-0347

E-mail: Golnoz.86@mail.ru

®ypkatmox IlaxpuepoBud 30KHPOB — K.T.H., TOLIEHT Kade-
pbI husnky TaIKMKCKOTO TEXHUIECKOTO YHUBEPCUTETA
M. M.C. Ocumu.

https://orcid.org/0009-0000-8174-2214

E-mail: Zokirov090514@mail.ru

baxtuep baganosuy DmoB — A.1.H., nupekTop LleHTpa 1o uc-
cJIefOBaHWI0 MHHOBALIMOHHBIX TexHosiorniit HAH Tamxu-
KHUCTaHa.

https://orcid.org/0009-0003-0512-9989

E-mail: ishov1967@mail.ru

Contribution of the authors

I.N. Ganiev — formulated the concept, objectives, and goals
of the study; wrote the manuscript and contributed to formu-
lating the conclusions.

G.M. Rakhmatulloeva — conducted calculations, wrote the
manuscript, and performed sample testing.

F.Sh. Zokirov — supplied resources, organized and supervised
experiments, contributed to defining the main concept,
objectives, and goals of the study; wrote the manuscript and
contributed to the conclusions.

B.B. Eshov — provided scientific oversight, reviewed the
manuscript, and contributed to the conclusions.

Bkiaan aBTopos

W.H. T'anueB — popMupoBaHre OCHOBHOM KOHIIEITIIN U,
MOCTaHOBKA LIeJIU 1 3a/1a41 UCCIIeIOBaH U1, TOATOTOBKA
TekcTa, GopMyIMpPOBKa BEIBOIOB.

.M. PaxmartyanoeBa — OCyllIeCTBJIIEHUE pPacueTOB, MPOBeE-
IIeHUE UCIBITAHUT 00pa31oB, ITOATOTOBKA TEKCTA CTATHHU.

@.I11. 3okupos — obecrieyeHrEe pecypcaMu, MOArOTOBKa

U TIPOBEICHNE 9KCIIEPUMEHTOB, DOPMUPOBAHUE OCHOBHOM
KOHIUEIIINK, MTOCTAHOBKA LW U 3aJa4/ UCCIIeIOBaHMS,
MMOJATOTOBKA TeKCTa, (POPMYIUPOBKA BEIBOJOB.

Bb.b. DmoB — HayyHOE pyKOBOJCTBO, KOPPEKTHUPOBKA TEKCTA,
KOPPEKTUPOBKA BbIBOJIOB.

The article was submitted 11.10.2022, revised 04.08.2023, accepted for publication 08.11.2023
Cmamos nocmynuaa 6 pedaxyuro 11.10.2022, dopabomana 04.08.2023, noonucana é newams 08.11.2023

21



lzvestiya. Non-Ferrous Metallurgy 2023 ¢ Vol. 29 « No. 6« P.22-34

Grigoreva V.A., Boduen A.Ya. Prospects for refractory gold-sulfide ore processing

METALLURGY OF RARE AND PRECIOUS METALS / METAAAYPTNG PEAKUX U BAATOPOAHbBIX METAAAOB

UDC 662.7:662.242 Research article

https://doi.org/10.17073/0021-3438-2023-6-22-34 Hayunas cratbst @

Prospects for refractory
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Abstract: Cyanide-refractory ores constitute 30 % of the world’s gold mineral resource base. With the global decrease in the availability
of high-grade and free-milling ores, low-quality ores, including those rich in sulfur and arsenic, are increasingly being processed. The
authors have conducted an assessment of the primary factors complicating the leaching process of refractory gold. These factors include
the influence of gold distribution within the ore, the presence of preg-robbing effects, and the impact of cyanicidal minerals, notably
pyrrhotite, on the leaching process. Sulfide minerals significantly affect the kinetics of gold leaching and associated reagent costs. The
behavior of FesSg is elucidated through the concept of “chemical depression”. Under cyanide leaching conditions, pyrrhotite actively and
directly reacts with NaCN/KCN, undergoing surface oxidation by dissolved oxygen in the pulp. This leads to the formation of ferrocyanide
complexes and rhodanides, which are unable to leach gold. Presently, there are two approaches to enhance the process parameters of re-
fractory ore processing technology. The first approach involves the inclusion of preparation operations for cyanidation, aimed at liberating
gold from the sulfide matrix (including hydrometallurgical and pyrometallurgical oxidation technologies and mechanical activation). An
alternative approach is to use alternative reagents as leaching agents (notably thiourea, sodium and ammonium thiosulfates, and halides).
The article explores means of modifying the technological process for gold extraction when ores contain substantial amounts of pyrrhotite
or concentrates.
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For citation: Grigoreva V.A., Boduen A.Ya. Prospects for refractory gold-sulfide ore processing. Izvestiya. Non-Ferrous Metallurgy.
2023;29(6):22—34. https://doi.org/10.17073/0021-3438-2023-6-22-34

IlepcneKTHBBI NEPEepadOTKHU
YIOPHOTO 30J10TOCYIb(IPHIHOTO CHIPhS

B.A. I'puropneBa, A.f1. boaysn

AO «HIIO «PUBC»
199155, Poccus, r. Cankr-IleTepOypr, yi. 2Kene3HoBoxackas, 11, 1ut. A

< Bukropus AnekcanaposHa I'puropbesa (viktoriia.grigoreva98@mail.ru)

Aunoranusa: MupoBasi MUHepaJbHO-ChIpbeBast 6a3a 3010Ta Ha 30 % TpencTaBiieHa YIIOPHBIM 1O OTHOIIEHUIO K IIUAHUIY CHIPHEM.
Ha ¢oHe rio6anbHO TEHAECHIIMU K CHUXEHUIO TOOBIYM OOTaThIX U JIEFKOOOOTaTUMBIX PYI B IepepaboTKy BOBJIEKaeTCs HU3KOKaue-
CTBEHHOE ChIpbe, B TOM YMCJIE M C BBICOKMM COACPXAHUEM Cepbl M MBILIbsIKA. ABTOpAaMU OLEHEHBI OCHOBHBIC (haKTOPHI, 3aTPyIH -
IOLIME MPOLIECC BblIeJauuBaHKWsl YIIOPHOTO 30J10Ta: BAUsHUE (HOPM HaXOXIECHHUS 30JI0Ta B ChIpbe, Hanuuue 3¢ dexkra nper-pooomH-
ra, BJMsHUE Ha MPOLECC BbllleJauMBaHU sl MUHEPAJIOB-LIMAHUCUIOB, B YaCTHOCTU NMUppoTuHa. CyabdUuIHbIe MUHEPAJIbl OKA3bIBAIOT
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lpuropbesa B.A., boayaH A.Sl. MNepcnekTnebl NepepaboTky YTOPHOTO 30A0TOCYAbGUAHOTO ChipbS!

3HAUYMTEJIbHOE BIMSHUE HAa KMHETUKY Ipolecca BblleJadynBaHKsl 30J10Ta, a TakXe Ha pacxoibl peareHToB. [Tosenenue FesSq onu-
CHIBAETCS MOHSTUEM «XUMUYECKasl AeTIpeccrsi». B yCIOBUSX IIMaHUIHOTO BBIIIEJaYBAHUS TUPPOTUH aKTUBHO BCTyIMaeT B MPsIMOE
B3aumogeiictue ¢ NaCN/KCN, moaBepraeTcst peakIisM MOBEPXHOCTHOTO OKUCIICHU S PACTBOPEHHBIM B TYJIbIIe KUCIOPOIOM C 00-
pazoBaHueM GeppoIMaHUIHBIX KOMIIJIIEKCOB, POJAHUIOB, HE TIPOSIBISIONIUX BBIIIEIaYUBAIOIIYIO0 CTOCOOHOCTD B OTHOIIEHU U 30JI0TA.
Ha cerogHsimHuit [eHb CYIIECTBYIOT ABA MOAX0AA K CTOcO0aM MOBBILIEHM I TEXHOJOTMYECKHUX MTOKa3aTeseil TEeXHOJIOT MY MepepadoTKU
yIOPHOTO chIpbsl. [1epBblil METOA MpeaTnoNaraeT BKJIIOUYEHUE B TEXHOJOTMYECKYIO CXeMY OoTlepallii TOATOTOBKU K LMAaHUPOBAaHUIO, Ha-
LIEJICHHBIX Ha PACKPBITHE 3aKJII0YEHHOr0 B CyIb(GUIHYIO MAaTPUIly 30JI0Ta (TUAPOMETATYypPruyeckue u NMpoMeTaaaypruueckue Tex-
HOJIOTUY OKUCJIEHW S, MeXaHOAKTUBAIIMsI). AJTbTEPHATUBHBIM ITOIXOIOM SIBJISIETCS UCITOJb30BaHKE B KAUECTBE BhIIIETauMBATEISI MHBIX
peareHTOB (HauboJiee U3BECTHBIC U3 HUX — TUOMOYEBUHA, THOCYTbGMAThl HATPUS U aMMOHUSI, TaJloubl). B cTaThe paccmaTpuBaoTCs
crmoco0bl MOIUGMUKAIINY TEXHOJIOTUUYECKOTO MPOIlecca U3BJICUEHU ST 30JI10Ta TIPU 3HAYUTEJbHBIX COJAEPKAaHUSIX MUPPOTUHA B COCTaBE

Py UM TPOAYKTOB O0OraIieHusl.
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Introduction

Gold mining is a global industry with operations
on every continent except Antarctica. It is recognized
as one of the priority sectors in the global economy.
However, as the annual production and consumption
of gold continue to increase, the accessible reserves
that can be economically processed using convention-
al methods are diminishing [1]. According to the state
report titled “On the state and use of mineral resources
of the Russian Federation in 2019” [2], China, which
contributes 12 % of the world’s total gold production,
holds the position of the largest gold producer glo-
bally. Russia ranks among the top three gold produ-
cers in the world, with a 10 % share of global produc-
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Fig. 1. Dynamics of the price (1), mining volumes (2),
production from minerals and scrap (3), and gold exports (4)
of the Russian Federation

Puc. 1. lunamuka noxkazareseii ueHsl (1), 00beMOB
JN0ObIUM (2), TPOM3BOJICTBA M3 MUHEPAJIbHOIO ChIPhs
u ckpamna (3) u akcniopTa 30j10Ta (4) PD

tion [2]. In 2020, the output of refined gold decreased
to 340.2 tons, a decline of less than 1 % compared to
the previous year (Fig. 1).

Over the past 25 years, significant advancements in
gold cyanidation have been driven by a variety of fac-
tors. These include the diminishing quality of gold de-
posits, the shift from open-pit to underground mining,
the increasing complexity of ore processing, and height-
ened concerns regarding environmental regulations. As
shown in Fig. 2, the primary trends in gold mining in-
novation are closely tied to the utilization of three key
chemical agents: thiosulfate, cyanide, and halides/HCI
[3]. A comprehensive evaluation of gold recovery tech-
nologies employed at contemporary industrial facilities
reveals that the use of cyanide remains the prevailing
method.

Approximately 30 % of the world’s gold reserves
are considered highly refractory, characterized by high
NaCN consumption and suboptimal gold recovery rates.
To tackle this issue, two primary approaches have been
employed [4]:

— continuing with cyanide technology;

— employing alternative leaching reagents, to which
the ore is less refractory.

Traditionally, the classical method involved oxidiz-
ing the sulfide component of the ores or concentrates
through roasting. However, the high costs associa-
ted with purifying the resulting gases, which contain
dust, arsenic, and sulfur, have raised questions about
the feasibility of this technology [20]. Modern ore
pre-treatment methods for cyanidation have shifted
towards hydrometallurgical processes, such as auto-
clave oxidative leaching [5—7], bioleaching [8—10],
and oxidation of materials after ultrafine grinding
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Fig. 2. Percentage of U.S. patents on gold leaching categorized by leaching approaches or reagents [3]

Puc. 2. ﬂOJISI mateHToB CIIIA 110 Teme BblIIC/Ia4MBaHUA 30J10Ta, pa3aCJCHHbIX 110 3aABJICHHBIM ITOAX0daM

K BbILIIEJaYMBAaHUIO UM peareHTam [3]

under atmospheric conditions (Albion process, oxy-
gen-lime treatment) [11; 12].

With the discovery of new deposits, the composition
of ores has evolved, leading to challenges caused by a
significant pyrrhotine content. To sustain growth in the
gold mining industry and maintain metal production
at current levels, it’s essential to incorporate low-grade
gold resources into processing.

However, pyrrhotite presents a challenge as it acts
as a chemical depressant and a cyanicide, rendering the
standard cyanidation process ineffective. Even concen-
trating on pyrrhotite-bearing ores through flotation is
not straightforward. A study referenced in [13] highlights
that the high rate of pyrrhotite oxidation under stand-
ard conditions for this method results in waste products
that are rich in valuable components, causing significant
losses during ore processing.

The low recovery of gold can be attributed to sev-
eral factors. Firstly, the presence of minerals that ab-
sorb cyanide radicals and dissolved oxygen in the pulp
inhibits the gold dissolution process. Additionally,
the presence of sorption-active carbonaceous mate-
rial leads to a preg-robbing effect [14]. Furthermore,
some researchers have suggested that aurocyan ions
are adsorbed by the surfaces of sulfide minerals (such
as pyrite, pyrrhotite, and copper sulfides), quartz,
and layered silicates [15]. Cyanicides readily dissolve
in NaCN solutions and create secondary films on the
surface of gold particles. Pyrrhotite, in addition to
consuming cyanide, releases sulfide anions into the
solution, similar to copper. For the reaction involving
just 1 % (10 kg/t) of pyrrhotite in the ore or concen-
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trate, the stoichiometric consumption of cyanide is
38.9 kg [16].

The diminishing quality of ores available for pro-
cessing leads to increased waste from gold extraction
operations, which can contaminate water and soil, re-
sulting in environmental degradation [17]. The deve-
lopment of resource-saving technologies that reduce
emissions, enhance working conditions for personnel,
and improve the technical and economic efficiency of
the processing is a key concern for professionals in the
mining industry [18].

The objective of this research is to review existing
studies on the processing of refractory gold-bearing
ores and concentrates and to assess the effectiveness of
well-established technologies for processing pyrrhotite
ores.

Impact of ore compositional
characteristics

A significant portion of gold-bearing ore depos-
its consists of a diverse range of minerals, including
refractory quartz, carbonate, or sulfide ores. These
minerals are notable for containing finely dissemi-
nated gold within the host minerals. To determine the
direction of technological research for developing an
efficient processing method, ore mineral composition
is analyzed according to the framework depicted in
Fig. 3. The anticipated influence of these factors on
the process should be considered in the early stages of
research to prevent adverse effects on the economics of
a given process.
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Fig. 3. Framework for gold-bearing ore preparation for investigation

Puc. 3. Biok-cxema IOATOTOBKHM 30JI0TOCOACPKALICTO ChIPbA K UCCIICAO0OBAHUAM

During a scientific conference, V.V. Lodeishchi-
kov [21] introduced a classification system for refractory
gold-bearing ores, categorizing them into four distinct
groups (Fig. 4). Group A includes ores that do not pres-
ent complications and can be processed using conven-
tional cyanide technology. They are considered readily
cyanidable. Group b consists of ores with finely dissem-
inated gold occurring in other mineral forms, which
hinders the penetration of the leaching solution and the
contact with gold particles. Ores in Group B contain cy-

Gold ores

! ! ! !

Readily cyanidable Not readily cyanidable (refractory)
A b B r
by ——————— Bok(Fe) B I yr
ES(Fc) - Eol((As) B, r,
Eslum —— SV Bres I.

b... B..

Fig. 4. Classification of gold ores by the degree and nature
of their technological refractoriness [21]

Puc. 4. Knaccudukanus 30J0TbIX Py 10 CTENEHU
U XapaKTepy UX TEXHOJOTUYeCKOl ynopHocTu [21]

anicides, which consume cyanide during the dissolution
process, forming inactive complexes that impede gold
leaching. Additionally, this group may include minerals
that promote the formation of films on the gold surface.
And, finally, ores of Group /" contain substances of both
organic and inorganic origin that exhibit heightened
sorption activity.

When studying the compositional characteristics of
ores, special attention is devoted to the phase analysis
of gold deportment. The behavior of gold during cya-
nidation is influenced by various factors, with a signif-
icant focus on its association with ore and rock-forming
minerals, and whether the composition includes organic
carbon [21—23]. Metallic gold is primarily found in ores
and concentrates in four distinct forms:

— free gold;

— associated with host minerals (gold is intergrown

with host minerals);

— finely disseminated and submicroscopic (often

within quartz and sulfides);

— covered with surface films.

Among sulfide minerals commonly found in refrac-
tory gold-bearing ores, arsenopyrite and pyrite are the
most prevalent [24]. Any of the above conditions can
result in under-recovery or increased reagent consump-
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tion [25; 26]. The presence of large, free gold grains may
necessitate an extended leaching time for complete dis-
solution. When gold is disseminated within sulfides or
quartz, it becomes less accessible to the leaching solu-
tion, causing cyanide and/or oxygen to be consumed in
reactions with other mineral forms [27—29], including
arsenopyrite, pyrrhotite, copper sulfides, stibnite, real-
gar, and orpiment.

The association of gold with arsenic-bearing min-
erals in the ores of the Kanowna Belle Gold Mine in
Western Australia was determined, justifying the need
to oxidize arsenic-bearing sulphide minerals prior to cy-
anidation.

Influence of pyrrhotite
on cyanide leaching

Rapidly oxidizing iron sulfides, namely pyrite, mar-
casite, and pyrrhotite, fall into the category of active
chemical depressors of the first class. Russian scien-
tists, including V.Ya. Mostovich, G.V. Illyuvnieva, and
I.N. Maslenitsky, have extensively studied the reactions
of pyrrhotite in alkaline cyanide compound solutions.

Pyrrhotite is characterized by an excess of sulfur and
a structurally defective composition. During ore mining,
it is highly likely to undergo decomposition, resulting in
the formation of sulfuric acid, sulfates, carbonates, ba-
sic iron sulfates, and hydrates. Pyrrhotite possesses one
weakly bonded sulfur atom that readily reacts with cya-
nide to produce thiocyanide and iron sulfide. The iron
sulfide is rapidly oxidized by oxygen to sulfate, which, in
turn, reacts with cyanide to generate ferrocyanide:

FesSq *NaCN — NaCNS + 5FeS, )]

FeS + 20, — FeSO,, Q)

FeSO, + 6NaCN — Na,[Fe(CN)4] + Na,SO,.  (3)

As a result, pyrrhotite not only acts as a cyanicide
mineral but also consumes oxygen necessary for the gold
dissolution reaction in pulps and solutions (Fig. 5 and 6).

To mitigate these effects, the ore or concentrate can
be aerated in an alkaline medium before processing.
During this procedure, a protective film forms on the
pyrrhotite surface, inhibiting its reaction with the cya-
nide solution.

Preg-robbing effect

Another common factor contributing to refractori-
ness in the standard cyanide process is the presence of
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sorption-active substances and clay minerals [31; 32].
Initially, the term “preg-robbing” [33; 34] referred to
carbonaceous materials that competed with activated
carbon for the adsorption of gold cyanide complexes. In
recent decades, this concept has been expanded to en-

Au recovery by cyanidation, %

100
80 A
60 - B
40 1
20 1
0 20 40 60 80 100

Sulfides oxidation degree, %

Fig. 5. Effect of oxidation rate on gold recovery, depending
on the ore compositional varieties [30]

A: 82 % pyrite, 15 % arsenic pyrite, 3 % pyrrhotine,

Au mostly with arsenic pyrite

B: 91 % pyrite, 6.5 % arsenic pyrite, 0.5 % pyrrhotine, 2 % sphalerite,
Au is associated with pyrite and arsenic pyrite

Puc. 5. BiusiHue creneHu OKHUCIEHU ST Ha U3BJICYEHUE 30J10Ta,
B 3aBUCMMOCTH OT MUHEpaJIbHOTO cocTaBa Chipbsi [30]

A: 82 % nupur, 15 % apceHonupur, 3 % nuppoTHH,

AU NpenMyIECTBEHHO C apCEHOTTMPUTOM

B: 91 % nupur, 6,5 % apcenonupur, 0,5 % nuppotuH, 2 % chanepur,
Au accolMupoBaHO C MUPUTOM U apCEHOTTMPUTOM
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Fig. 6. Process of the gold particle dissolution

Puc. 6. I[Ipoiiecc pacTBOpeHU s YaCTUIIBI 30JI0TA
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Table 1. Mechanisms of preg-robbing depending on the material responsible for the effect

Tabauua 1. OnucaHue MexaHu3Ma Mper-podbOMHra B 3aBUCUMOCTH OT MaTepuasa,

BBI3bIBAIONIEro JaHHBIN 3 deKkT

Materials Mechanism
Surface adsorption
Carbon from the gold complex solution
Heavy hydrocarbons Slight reduction of the preg-robbing effect

due to carbon coating

Organic acids
(humic substances)

Formation of complexes with gold;
low surface adsorption

Kerogen

Physical encapsulation of gold
(cannot be considered actual preg-robbing)

Iron-bearing minerals (pyrite, chalcopyrite),
silicates

Reduction to the elemental gold state
and adsorption on the surface

Clays

Adsorption from rich solutions

compass minerals, clays, and other carbon compounds
that, in addition to absorbing soluble gold, can also re-
duce it to its elemental form. The presence of organic
carbon may necessitate roasting, a process that elimi-
nates the sorption-active material that absorbs gold dur-
ing cyanidation.

The mechanism by which gold dissolves during the
cyanidation process varies depending on the nature of
the substances causing this effect, as summarized in
Table 1.

Another method is chloride preg-robbing, in which
gold sorption during pressure oxidation forms the gold
chloride complex [AuCl,] ") [35; 36].

Existing methods for refractory
gold-sulfide ore processing

There is currently no universally applicable techno-
logy that ensures cost-effective processing of such ores
[37]. This is primarily due to variations in the over-
all chemical, material, and phase composition of the
ore, which includes the ratio of gold forms that can be
leached by cyanide and those that cannot, as well as the
presence of minerals that interfere with the process, such
as cyanicides and chemical depressors. As a result, a tai-
lored technological approach is often necessary for each
specific deposit [38]. Given these distinctive character-
istics, practical methods for ore dressing and metallur-
gical processing can vary significantly from one deposit
to another.

At present, two main strategies are employed to over-
come the challenge of processing refractory gold-bear-

ing ores. The first method maintains the use of the cya-
nide process but includes additional steps to condition
the ore or concentrate. Fig. 7 provides an overview of the
most common and commercially utilized methods for
ore preparation.

Another approach involves the special treatment or
leaching of gold using non-cyanide media, where the
material is less refractory [40—42].

Considerable attention is devoted to the condi-
tioning and processing of refractory sulfide and car-
bonaceous ores [43], as well as gravity or flotation
concentrates. Typically, fine and ultrafine grinding
of refractory ores significantly reduces gold losses in
tailings [44]. This process involves a mechanical im-
pact that induces changes in the mineral structure at
the molecular level, making it a mechanochemical
method. However, fine grinding without subsequent
oxidation treatment is suitable for non-sulfide materi-
als only. The mechanochemical method for preparing
arsenopyrite-pyrite ores for cyanidation proves ineffi-
cient due to incomplete liberation of finely dispersed
gold particles and increased chemical reactivity of
crushed sulfides.

The objective of oxidative disintegration of ores is to
transform sulfides into oxides or sulfates [45]. This pro-
cess disintegrates the sulfide matrix, allowing the leach-
ing solution to reach previously inaccessible gold parti-
cles and dissolve them easily [46].

Table 2 outlines the primary methods for preparing
sulfide concentrates for cyanidation, along with some
operational characteristics. The economic viability of
these technologies is often limited due to high rea-

27



lzvestiya. Non-Ferrous Metallurgy 2023 ¢ Vol. 29 « No. 6« P.22-34

Grigoreva V.A., Boduen A.Ya. Prospects for refractory gold-sulfide ore processing

Methods of refractory gold-bearing ore conditioning

l

Physical Chemical
Fine Slug Thermal/ Pressure Biological
and ultrafine washing chemical oxidation oxidation
grinding treatment
Albion process Combined
technologies

Fig. 7. Classification of conditioning methods [39]

Puc. 7. Knaccudukanusi cnoco60B KOHIMLIMOHUPOBaHU s [39]

gent consumption, energy costs, extended processing
times, and other factors. Recent research has been fo-
cused on developing alternative methods for extracting
gold from refractory sulfide products, primarily based
on ultrafine grinding of the material [47; 48]. For
example, a study described in [48] presents the optimi-
zation of cyanide leaching of pyrrhotite concentrate,
highlighting three critical factors influencing the gold
leaching rate:

— the extent of pre-crushing to a particle size of

Pgy — 10 pm;

— the volume of oxygen introduced into the system,;

— the addition of lead nitrate.

When gold miners select hydrometallurgical technol-
ogies for the initial preparation of ores for gold leaching
operations, they consider several crucial technological
factors [37]:

— adecline in the quality of the ores being processed,
marked by an increased presence of detrimental compo-
nents, particularly arsenic and sulfur;

— the utilization of pyrometallurgical processes for
ore preparation, which necessitate costly gas cleaning
systems and the management of flue gases and the heat
generated during roasting/pyrolysis;

— the suboptimal technical and economic perfor-
mance of refractory ore treatment when employing di-
rect cyanide technology.

Pyrrhotite, frequently encountered in many gold
ores alongside pyrite and/or arsenopyrite, poses nu-
merous challenges during the processing of refractory
ores. Unlike pyrite, pyrrhotite reacts most vigorous-
ly with cyanide and oxygen, often acting as a reactive
anode [50].

Oxidative disintegration of gold-bearing miner-
als under alkaline conditions is a logical step. This
approach eliminates the need for alkalinization af-
ter oxidation processes in an acidic medium, which is
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typically required when the pH is above 10.5 for cyani-
dation. The alkaline process is suitable for disintegrat-
ing minerals such as pyrite, arsenopyrite, selenides, or
tellurides.

While investigating the oxidation process based
on Albion technology (involving ultrafine grinding
followed by oxidation), researchers have examined
the reactions of sulfide minerals, particularly pyrite
and arsenopyrite [51; 52]. However, the oxidation
mechanism of pyrrhotite under these conditions has
not been thoroughly explored. Earlier experimental
studies have shown that the oxidation of arsenopy-
rite is more pronounced at a pH = 7. These inves-
tigations differ from patented technologies related
to oxidizing gold-bearing materials in an alkaline
medium after preliminary ultrafine grinding [50;
53]. The mechanism of pyrrhotite oxidation remains
underexplored, and further experimental studies are
needed to describe the physicochemical model of the
process.

The study [54] highlights that additional grinding of
refractory gold-bearing material containing pyrrhotite
inclusions, using ceramic media, significantly enhanc-
es gold recovery, with a threefold increase compared to
when steel grinding media are employed. This improve-
ment can be attributed to galvanic interactions between
the forged steel medium and pyrrhotite, which can lead
to the formation of iron hydroxide. Iron hydroxide sub-
sequently reacts with free cyanide to produce ferrocya-
nide, which, in contrast to free cyanide, is incapable of
dissolving gold (resulting in the conversion of 75 % of the
free cyanide to ferrocyanide). Moreover, these galvanic
interactions markedly reduce the levels of dissolved oxy-
gen and cyanide, making the gold leaching process more
complex. Enhanced mechanical activation, therefore,
plays a crucial role in improving the recovery of this pre-
cious metal.
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Table 2. Methods for treating refractory gold-bearing ores [49]

Tabauua 2. CriocoObl 06pabOTKHU YITOPHOTO 30J10TOCOAEPKAIIETO ChIpbs [49]

Processes Basic principles Notes
S, As.and Cin the (?r'e s This process is dependable
Standard are oxidized and volatilized, .. .
. . but demands significant investments
roasting and the mineral structure, o . .
. . and a rather intricate purification
[55] including gold, -
. system to eliminate the off-gases
is destroyed
Roasting The material composed High impurities removal rate;
. of polar molecules .
. by microwave . . . thermal efficiency;
Pyrometallurgical . is more effective at absorbing . .
radiation . . complex and expensive equipment;
56: 57 microwaves and converting off-gas generation
’ them into heat
The introduction of additives
Roasting alters the phase transformation Calcite voids and gold exposure
with additives or reaction process, resulting increase, sulfur and arsenic
[58] in the formation of new phases are present in the calcine
during roasting
Inclusions in minerals This is typically followed
Acid leaching are destroyed by acid by a roasting treatment;
[59] (e.g., sulfuric acid, the operation is simple
hydrochloric acid) but poorly adapted to the ore
Sulfides or oxides,
. which have a mgmﬁcaqt The process is highly efficient,
impact on the gold leaching \
. . doesn't produce harmful gases,
Alkaline leaching | process and encapsulate the gold, .
.. and has low energy consumption.
[60; 61] are eliminated by the use - .
. However, it is not well-suited
of alkaline compounds, for oxide ores
such as sodium hydroxide
or sodium sulfide
Hydrometallurgical
This is typically accomplished
by raising the leaching pressure, It is well-suited to the ore
Pressure leaching often referred to as pressure and enhances gold recovery
[62; 63] oxidation (POX) leaching, efficiency, but the equipment
and conducting fine grinding is complex and expensive
(mechanical activation)
The method is cost-effective
Microorganisms dissolve sulfides and generates minimal waste.
Biological leaching or harmful elements in minerals Nevertheless, it is time-consuming,
[64] to aid in the extraction leading to excessive operating costs
of valuable elements and may not be well-suited
for certain types of ores

Conclusion

The trend of decreasing mined ore quality is persis-
tently growing, necessitating the processing of ores with
lower target component content and complex chemical
and mineralogical compositions. Presently, the gold
mining industry has seen considerable success in deal-
ing with refractory ores in which gold is dispersed with-

in pyrite and arsenopyrite. Bio- and pressure oxidation
followed by cyanide leaching are commonly employed
for this purpose. However, pyrrhotite is increasingly
common in gold-bearing ores, in addition to the tra-
ditional sulfide minerals. The behavior of pyrrhotite in
the technological process differs significantly from the
extensively researched pyrite and arsenopyrite. During
cyanide leaching, it reacts with NaCN/KCN and dis-
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solved oxygen in the pulp, leading to increased reagent
consumption, reduced gold dissolution rates, and de-
creased overall process efficiency.

Currently, lime-air pretreatment of the ore or con-
centrate is used to mitigate the adverse impact of
pyrrhotite on the cyanidation process. This operation,
although not highly intensive, enhances process perfor-
mance but offers potential for improvement.

Upon reviewing available sources, it is apparent
that the physicochemical transformations of pyrrhotite
during oxidation in an alkaline medium remain insuf-
ficiently studied. A deeper understanding of this area
will facilitate more effective process management and
increased efficiency. Consequently, a more compre-
hensive investigation of the pyrrhotite oxidation mech-
anism, considering various technological parameters,
emerges as an urgent scientific and practical task for the
future.
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Abstract: Through the optimization of processing parameters, including pressure, temperature, and deformation degree, a high pressure
torsion (HPT) regime was identified. This regime allows for the creation of a unique microstructure in the biodegradable Zn—1%Li—
2%Mg alloy, which exhibits exceptional physical and mechanical properties. Following 10 revolutions of HPT treatment (resulting in
an accumulated deformation degree, y= 571) at the temperature of 150 °C and an applied pressure of 6 GPa, the Zn—1%Li—2%Mg alloy
displayed notable mechanical characteristics, including a high yield strength (~385 MPa), ultimate tensile strength (~490 MPa), and
ductility (44 %) during tensile tests. To elucidate the underlying reasons for these remarkable mechanical properties, an examination
of the alloy’s microstructure was conducted employing electron microscopy and X-ray phase analysis (XPA). The study revealed the
formation of a distinct microstructure characterized by alternating bands of the o.-phase Zn, a mixture of Zn and ~LiZn; phases, as well
as the o.-phase Zn containing Mg,Zn ; particles, as a consequence of HPT treatment. Additionally, it was observed that HPT treatment
induced a dynamic strain aging process, leading to the precipitation of Zn particles in the LiZn; phase and the precipitation of Mg,Zn
and B-LiZn, particles in the Zn phase. These precipitated particles exhibited a nearly spherical shape. The application of the XPA
method helped to confirm that the Zn phase becomes the predominant phase during HPT treatment, and microscopy data showed the
formation of an ultra-fine grained (UFG) structure within this phase. A comprehensive analysis of the hardening mechanisms, based
on the newly acquired microstructural insights, revealed that enhanced strength and ductility of the Zn—1%Li—2%Mg UFG alloy can
be attributed primarily to the effects of dispersion, grain boundary, and hetero-deformation-induced hardening, including dislocation
strengthening.
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AunoTtamusa: [lyTem onmTuMu3anuu NMapaMeTpoB IMPOILECCUHTA (JaBlIeHUE, TeMmIepaTtypa, cTelneHb nedopMaluu) HaiieH pe-
KUM WHTEHCUBHOU maacTtuueckoi nedopmanuu kpyuenus (MI1JK), mo3Bonsiiomuii chpopMupoBaTs B OMopasiaraeMoM crjiaBe
Zn—1%Li—2%Mg HeoObIYHY 0 MUKPOCTPYKTY DY, POSIBISIONIYIO YHUKaTbHbIe (GU3MKO-MexaH4Yeckue cBoiicTBa. Tak, mocie 10 060-
poroB UITJK (cTtenenb HakorieHHOU nebopmanuu y = 571), peanusoBanHoii npu Temnepatype 150 °C u npuaoXeHHOM JaBlIeHUU
6 I'la, cnnaB Zn—1%Li—2%Mg nipu UCIBITAHUSIX Ha pACTsSIKeHUE TTPOAEMOHCTPUPOBAJ BBICOKME MMOKAa3aTeJN Mpejiesia TeKy4ecTn
(~385 MIla), npenena npouHoctu (~ 490 MIla) u nnactuaHoct (44 %). Ansg 0o0bSICHEHUST IPUYMH YHUKAJbHBIX MEXaHUYECKUX
XapaKTepUCTUK JAaHHOTO MaTepuaja MpoaHaJlM3upOBaHa €ro MUKPOCTPYKTYpa METOJaMU 3JIEKTPOHHOW MUKPOCKOIUYN U PEHTTE-
Hoda3zoBoro aHanusza (PMA). [lokasaHo, uTo B criuaBe B pesyabrate UITK dhopmupyeTcs ocobast MUKPOCTPYKTYpa, COCTOSI A U3
yepeaylowmmnxcs nouoc o-dassl Zn, cmecu das Zn u ~LiZn;, a Takxke o-das3sl Zn, coaepxaiieit yactuibl Mg,Zn ;. YcTaHOBJIEHO,
yTo npu obpadorke MITJIK Ttakxke peanusyercs npouecc IMHAMMYECKOro CTapeHUs, B pe3yjbTaTe KoToporo B haze ~LiZnj Bbina-
JAloT yacTULbl Zn, a B dhase Zn — Mg,Zn|; u B-LiZny. [1pn 3TOM nokasaHo, 4To 3TH YacTUILBI 110 popme Gin3ku K chepe. Mero-
nom PDA takxke ycTaHOBJIEHO, 4TO Ipu o6paboTke MITIK ocHOBHOI cTaHOBUTCS (ha3a Zn, B KOTOPOU, IO JaHHBIM MUKPOCKOIUH,
dopmupyercst yabrpaMmenko3epuuctas (Y M3) cTpykTypa. AHAJIN3 MeXaHU3MOB YIIPOUHEHUsI, OCHOBAHHBIN Ha MOJTYyYeHHBIX HO-
BBIX CBEICHUSIX O MUKPOCTPYKTYpE, MOKa3aJl, YTO OCHOBHBIMY MPUUYMHAMY MOBBIIIEHUSI TPOYHOCTHU U MIacTUYHOCTH Y M3-cnnaBa
Zn—1%Li—2%Mg siBAsIOTCSI BO3MEUCTBUS AUCIEPCUOHHOTO, 36PHOIPAHUYHOTO U reTepoaedOopMalilMOHHOTO TUIOB YIPOUYHEHMSI,
BKJIIOYasl AUCJIOKAllMOHHBI/ TUII.

KoueBbie cJ10Ba: IMHKOBBIH CIIJIaB, MTHTEHCUBHAS IJIacTHYecKast fepopMaIiusi, MpOYHOCTh, JIACTUIHOCTh, MUKPOCTPYKTY A, (ha30BbIit
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Introduction

Inrecent years, there has been a growing focus among
specialists on research aimed at developing and opti-
mizing the physical and mechanical properties of new
biodegradable zinc-based alloys for medical applications
[1—5]. These materials possess the unique characteristic
of complete dissolution within the body, obviating the
need for repeated surgical interventions to remove im-
planted devices [6; 7].

Zinc, as a base material, is well-known for its rela-
tively low ultimate tensile strength (o, ~ 34 MPa) and
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low ductility (6 ~ 1.2 %) [8]. Consequently, substantial
strengthening measures are required to ensure that the
material meets the stringent clinical trial criteria for bi-
odegradable stents. These criteria demand an ultimate
tensile strength exceeding 300 MPa and a minimum
ductility of 15 % [6]. To achieve these specifications,
a range of techniques is employed, including alloying
methods involving various impurity elements (such as
Li, Mg, Mn, Ca, Cu), heat treatments, and different
plastic deformation schemes [9—11].
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Specifically, a study referenced in [10] established
that the ultimate strength of zinc can be substantially en-
hanced, reaching 213 MPa, by alloying it with 0.8 wt.%
of Li. The authors further demonstrated that a combina-
tion of alloying and extrusion processes can elevate the
ultimate strength of the same alloy (Zn—0.8 wt.%' Li)
to ~ 500 MPa, placing it on par with the strength level of
stainless steel. Moreover, the study discovered that addi-
tional alloying of the Zn—Li alloy with Mg, followed by
4 cycles of hot extrusion, can push the ultimate tensile
strength to a remarkable 647 MPa [10], marking an all-
time high for zinc alloys.

Conversely, another study [12] demonstrated that
by increasing the degree of zinc alloying with lithi-
um to 6 at.% and employing a different deformation
scheme (warm rolling), samples with enhanced ultimate
strength (560 M Pa) can be obtained. However, it’s essen-
tial to note that in all of these studies [10; 12], the zinc
alloys exhibited extremely low ductility, not exceeding
5 %. This limitation significantly restricts the range of
potential applications for these materials.

In pursuit of enhancing the properties of zinc alloys,
researchers are actively exploring novel approaches
and thermomechanical processing techniques. These
methods include severe plastic deformation (SPD)
processes, such as Equal Channel Angular Pressing
(ECAP) and High-Pressure Torsion (HPT), as men-
tioned in [13; 14]. The primary objective of these defor-
mation schemes is to enhance the ductility of zinc al-
loys, while simultaneously refining the grain structure
to the nanometer level, thereby creating high-strength
materials. For example, as indicated in [15], the ap-
plication of HPT treatment, even to pure zinc, results
in a notable increase in ultimate strength, reaching
140 MPa, and an impressive ductility of 40 %. In a re-
lated study [14], it was observed that subjecting a doped
zinc alloy, Zn—0.6Mg—0.1Ca, to ECAP (12 cycles) ele-
vated its ultimate tensile strength to 300 MPa, along
with an improved ductility of 20 %.

The paper referenced in [13] details the development
of a high-strength alloy, boasting an ultimate tensile
strength of 318 MPa and a remarkable ductility of 34 %,
following four ECAP cycles of the Zn—1Cu—0.5Mg al-
loy. Furthermore, the authors demonstrated that by in-
creasing the Cu doping level in the alloy to 3 % while ap-
plying the same processing methods, the ultimate tensile
strength (o) rise to 358 MPa, was elevated to 358 MPa,
and the ductility (8) increased to an impressive 51 %.

I Hereinafter the content of alloy components is given
in wt.%.

The concise review highlights the capability to sig-
nificantly enhance the ductility of zinc alloys by adjust-
ing the degree of impurity element doping and optimiz-
ing the conditions and methods of SPD. Consequently,
this paper aims to identify the specific conditions, in-
cluding pressure, temperature, and degree of deforma-
tion, required for the high-pressure torsion method to
create a unique ultra-fine-grained (UFG) structure in
the Zn—1Li—2Mg alloy. This UFG structure is integral
to achieving not only high strength but also exceptional-
ly high ductility in the material.

Materials and methods

The research involved the casting of high-purity
Zn—1Li—2Mg bioresorbable zinc alloy ingots. These
ingots were then subjected to HPT to achieve optimal
mechanical properties. The HPT was carried out at
a pressure of 6 GPa, with the upper striker rotating at
a speed of 1 revolution per minute. This resulted in the
formation of disk-shaped samples, each 1.1 mm thick
and with a radius of 10 mm. Furthermore, the level of
deformation was adjusted by varying the number of
HPT revolutions, ranging from 0.5 to 10, and the tem-
perature, which was set between 27 °C and 150 °C. The
accumulated deformation degree was calculated using
the formula [16]:

Y= 2nNr/h,

where 4 and r represent the thickness and the radius of
the sample, respectively, mm, N is the number of revolu-
tions applied in the HPT process.

To determine the mechanical properties of the alloy,
small flat samples with a gauge length of 4 mm, a thick-
ness of 1.0 mm, and a width of 1.0 mm were tested for
elongation. These tests were conducted using a specia-
lized testing machine, the Instron 8801 (UK). To assess
the ductility of the alloy, the total extension of the sam-
ple was calculated using the following formula:

&= AI-100 %/I,

where [ is the length of the sample’s gauge part, mm,
Al'is the in the length of the sample’s gauge part after the
sample’s destruction, mm.

During the alloy elongation tests, the incremental
step was set at 10~* mm, and the deformation rate was
maintained at 4-10~* mm/s. Mechanical tests were con-
ducted at least three times for each structural state of the
alloy to ensure consistent and reliable results.

The microstructure of the alloy was analyzed using
a Q250 scanning electron microscope (SEM) (Ther-
mo Fisher Scientific, USA). The SEM operated with
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an accelerating voltage of electrons reaching 25 kV. The
electron beam diameter was adjustable within the range
of 1 to 5 um, and the focal length was varied within the
8—10 mm range. During the analysis, the pressure in the
chamber did not exceed 107> Pa.

To estimate the parameters of the alloy’s fine struc-
ture, the X-ray diffraction (XRD) patterns were recorded
and analyzed using a D8 Advance diffractometer (Bru-
ker, Germany) in Bragg-Brentano geometry. The X-ray
diffraction patterns were captured in the continuous
mode at a rate of 1°/min, covering angles 26 = 15°+155°.
The X-ray radiation source used was Cuk,, generated
from a wide-focus X-ray tube with settings of U = 40 kV
and /=40 mA.

Qualitative X-ray phase analysis (XPA) was carried
out using the EVAplus program (www.bruker.com) with
reference to the PDF-2 diffractometric database. Addi-
tionally, quantitative analysis was performed to deter-
mine the phase ratios with the identified phases using the
Rietveld method in TOPAS v.4.2 (www.bruker.com) [17].

Results and discussion

The results of mechanical tensile tests demonstrated
that the parent Zn—1Li—2Mg alloy had the following
properties: a yield strength 6, ~ 150 MPa, an ultimate
tensile strength 6, ~ 155 MPa, and a ductility § < 0.5 %
(See Table). HPT treatment at the room temperature
with 10 revolutions (y = 571) significantly improved the
alloy’s mechanical properties, increasing o, to 330 MPa
and o, to 409 MPa, while also enhancing ductility
to 47 %.

By further varying the temperature and HPT degree,
a specific regime (150 °C, 10 revolutions, y = 571), at
which the alloy exhibited remarkable mechanical prop-
erties (o, ~ 385 MPa, 6, ~ 490 MPa, and 6 = 44 %), was
identified. Notably, during the initial HPT stages (up to
0.5—1.0 revolutions, y= 28.5+57.1), the samples also ex-

Mechanical properties of the Zn—Li—2Mg alloy
in the initial state and after HPT treatment

Mexanuueckue cBoiicTBa craBa Zn—1Li—2Mg
B MCXO/JIHOM COCTOSIHUHU U TIOCJIe 06paboTKM

State o, MPa | o, MPa 3, %
Initial 149 155 0.4
HPT 10 rev.,
y=571,1=27°C 330 409 47
HPT 10 rev.,
y=571,1=150°C 385 490 44
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hibited increased strength, reaching up to 500 MPa, but
their ductility did not surpass 7 %.

To investigate the simultaneous increase in strength
and ductility of the studied alloy, a microstructure ana-
lysis using SEM and XPA methods was conducted.

In the initial (cast) state, the alloy’s microstructure
exhibits both light and dark regions (Fig. 1, a, b). Based
on the Zn—Li phase diagram [18] and the characteristics
of SEM and XPA methods, we identify the light regions
(oval shape and layered structure) as a mixture of Zn and
B-LiZn, eutectic phases, while the dark regions corre-
spond to the primary B-LiZn, phase. At the interface
between these phases, bright regions (inset in Fig. 1, b)
are occasionally observed, which, according to elemen-
tal mapping data, indicate the presence of the MgZn,
phase. Furthermore, a detailed analysis of impurity at-
om distribution was conducted through linear mapping
along the yellow line (Fig. 1, ¢). The results, showing the
mass distribution of Mg and Zn atoms along the selected
line, are depicted in Fig. 1, d. The graph reveals a slight
increase in Mg atom content in the dark regions. Ac-
cording to the Zn—Mg phase diagram at 2 wt.% Mg in
Zn at room temperature, the mixture should contain the
Zn and Mg,Zn;; phases [19]. However, our XPA data, as
presented below, did not detect the Mg,Zn;; phase in the
initial alloy state. This suggests that, in addition to the
MgZn, phase, Mg atoms may exist as impurities within
the primary B-LiZn,.

After HPT treatment at both room temperature and
150 °C (Fig. 2, a, b), significant changes occur in the mi-
crostructure of the analyzed alloy, leading to the emer-
gence of a banded structure. According to XPA data and
existing literature [13, 20], this structure is formed by
Zn phases, as well as mixtures of a-Zn + ~LiZn; and
o-Zn + Mg,Zn,;. Magnified images of the detected
phases in the post-HPT states are presented in Fig. 2, ¢, d.
Following HPT at 150 °C, spherically shaped Mg,Zn,;
phase particles (dark regions) are observed falling out
in bright bands that correspond to the Mg,Zn;; phase
(upper right inset in Fig. 2, d), in agreement with prior
research [7; 13]. After HPT treatment at room temper-
ature, the structure retains remnants of lamellar eutec-
tics, consisting of alternating light Zn lamellae and dark
Mg,Zn;; lamellae (inset in Fig. 2, ¢) with an average
thickness of 360 nm and 140 nm, respectively (Fig. 2, ¢).
Meanwhile, the diameter of spherical Mg,Zn |, particles
in the Zn phase was ~300 nm.

According to the sources [21; 22], warm rolling of
the Zn—Li alloy results in the formation of string-like
B-LiZn, particles, creating a fine-scale network in the
Zn phase, with needle-like Zn particles precipitating
in the B-LiZn, phase. Our research revealed that HPT
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Zn + B-LiZn4
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Fig. 1. SEM images of the Zn—1Li—2Mg initial alloy microstructure

a — magnification 4000%, b — 50000%, ¢ — linear mapping region, d — distribution of Mg and Zn atoms along the line highlighted in Fig. ¢

Puc. 1. POM-u3o6paxkeHuss MUKPOCTPYKTYpbl Zn—1Li—2Mg nucxoaHoro crjiaBa

a — yemuuenue 4000%, b — 50000, ¢ — y4acTOK MPOBEAEHUS TMHERHOIO KAPTUPOBAHUS,
d — pacripenesieHre aToMOB Mg 11 Zn BIOJIb BBIIEICHHON Ha PHC. ¢ IUHUT

treatment of the alloy leads to the precipitation of sphe-
rically shaped B-LiZn, particles in the Zn phase (inset
in Fig. 2, a, b).

In the B-LiZn, phase, apart from the large cylindri-
cal Zn particles, small spherical Zn particles (lower inset
in Fig. 2, ¢) with a diameter of ~ 80 nm also precipitate.
Similar-shaped precipitations were previously observed
in the lightly doped Zn—0.8Li—0.1Mg alloy subjected
to HPT [23]. Detailed analysis reveals that HPT treat-
ment at room temperature is more effective in refining
the grain structure of the Zn phase compared to HPT
at 150 °C (see Fig. 2, a, b and insets). In the former case,
the Zn phase consists of equiaxial nanoscale grains, with
an average size of 360 nm after HPT at 27 °C, while it
reaches 610 nm after HPT at 150 °C.

Figure 3 displays the X-ray diffraction patterns of
the alloy in its initial (cast) state and after 10 revolutions
of HPT (y = 571) at different temperatures. Qualitative
XPA analysis reveals responses related to Zn, ~LiZnj;,
B-LiZn,, Mg,Zn;;, and MgZn, phases. in the X-ray
diffraction patterns of the zinc alloy. Quantitative XPA
analysis indicates that in the initial state, the Zn phase
constitutes 31.3 % of the alloy, while the fractions of

~LiZnj, B-LiZn,, and MgZn, phases are 45, 11.8, and
11.9 %, respectively. After 10 revolutions of HPT (y =
= 571) at t = 27 °C, the Zn content significantly increa-
ses to 52.4 %, while the ~LiZn; phase decreases to 21.7 %.
Furthermore, the fractions of B-LiZn, and MgZn,
phases decrease to 7.2 % and 0.5 %, respectively. No-
tably, in contrast to the initial alloy, HPT treatment at
this temperature results in the formation of the Mg,Zn;;
phase, with a relatively high concentration of 18.2 % in
the alloy.

When the deformation temperature is increased to
150 °C and 10 revolutions of HPT processing are applied
(y = 571), the mass fractions of Zn and Mg,Zn;; phases
further increase to 57.7 % and 21.5 %, respectively. Si-
multaneously, the contents of other phases continue to
decrease: ~LiZnj3 (16.3 %), B-LiZn, (4.2 %), and MgZn,
(0.3 %). Quantitative phase ratios were determined by
analyzing the X-ray diffraction patterns using the Riet-
veld method. An example of the processed region of the
alloy’s X-ray diffraction pattern after 10 revolutions of
HPT (y= 571, t= 150 °C) is shown in Fig. 3, b.

The unique mechanical properties observed in sam-
ples subjected to HPT can be attributed to hardening
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Fig. 2. SEM images of the Zn—1Li—2Mg alloy microstructure after HPT treatment:

a— HPT (+=27°C, 10 rev., y= 571), magnification 5000, the insert shows the Zn phase;

b— HPT (150 °C, 10 rev., y= 571), magnification 10000%, the insert shows the Zn phase;

¢ —HPT (r=27°C, 10 rev., y= 571), magnification 8000, the insert shows Zn and Mg,Zn,; phases;
d — HPT (150°C, 10 rev., y= 571), magnification 20000%, inserts show Zn and Mg,Zn,, particles

Puc. 2. PDM-u3o0paxeHust MUKPOCTPYKTYpbI criiiaBa Zn—1Li—2Mg nociie 06padboTku
a— UIOK (1= 27 °C, 10 06., y= 571), yBemuuenne 5000%, Ha BcraBke — hasa Zn;

b—WIIOK (150 °C, 10 06., y=571), 10000%, Ha BcTaBKe — (hasa Zn;

¢ — WIOK (1= 27 °C, 10 06., y= 571), 8000, Ha BctraBke — 1uiacTunsl a3 Zn u Mg,Zn,;
d — UK (150 °C, 10 06., Y= 571), 20000*, Ha BcTaBKax — qacTuiibl Zn u Mg,Zn |,

mechanisms, as supported by the microstructure ana-
lysis described earlier. SEM and XRD studies revealed
the precipitation of Zn, B-LiZn,, and Mg,Zn, particles
during HPT treatment of the Zn-alloy. It was noted that
at higher deformation temperatures, such as 150 °C, the
quantity and size of these precipitates increase compared
to room temperature HPT. This suggests increased dif-
fusion processes’ activity at elevated HPT temperatures,
leading to more comprehensive dynamic. In general, it
can be concluded that the dispersion mechanism signi-
ficantly contributes to alloy hardening during HPT, and
this effect intensifies with a higher precipitate content
[3; 5].

Additionally, another hardening mechanism at play
in the zinc alloy is grain boundary strengthening result-
ing from grain structure refinement. Grains ground to
nanometer sizes not only enhance strength but can also
increase the alloy’s ductility by activating grain bounda-
ry sliding processes [25; 26]. This mechanism, well-doc-
umented in literature [25], is known to be the predomi-
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nant superductility mechanism in UFG zinc alloys and
is typically activated at grain sizes less than 1 um.

In a study by [26], refining the grain structure of the
Zn—22Al alloy to 700—900 nm using the ECAP me-
thod led to a remarkable increase in ductility, reaching
280 %. Our research has similarly shown that the prima-
ry phase in HPT treatment is zinc with nanometer-sized
grains (Fig. 2, a, b), with an increased fraction of grain
boundaries contributing to enhanced ductility. This
suggests that the grain refinement in the zinc phase not
only strengthens the alloy but also explains its improved
ductility.

Another notable strengthening mechanism in UFG
metallic materials is hetero-deformation induced hard-
ening [27]. This mechanism is observed in metals and
alloys where heterostructured materials form, compris-
ing separate domains that vary significantly in strength.
Extreme plastic deformations generate back stress with-
in the material structure due to the superposition of for-
ward and reverse stresses from hard and soft domains in
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Fig. 3. X-ray diffraction patterns of the initial and HPT-processed alloys (@), as well as the analyzed section of the X-ray
diffraction pattern after HPT treatment (10 rev., y= 571, t= 150 °C) (b)

Puc. 3. ludpakrorpammsl ucxogHoro u MIT1K-o6paboTaHHOro CriiaBoB (@), a TaKXe MpoaHaIM3UPOBAHHBII y4aCTOK
nudpaktorpammbl odpasua nocie UTTAK (10 06., y= 571, t= 150 °C) (b)

the microstructure [27]. Long-range back stresses, cre-
ated by clusters and pile-ups of dislocations, strengthen
the soft domains, contributing to an overall increase in
strength [27].

In cases where HPT is performed at high RPM, a
band structure forms, including o-Zn phases, a mix-
ture of o-Zn phases and the ~LiZn; phase, as well as
the o-Zn phase with Mg,Zn;; particles precipitating.
These phases exhibit different microhardness levels and
can be considered as soft and hard domains or phases.
Our studies [23] have shown that the soft phase of Zn in
the Zn—Li—Mg alloy is characterized by an increased
dislocation density. Consequently, the mechanism of
hetero-deformation induced hardening, which includes
dislocation strengthening, is also an active force at high
RPMs during HPT.

Conclusion

After optimizing the HPT parameters, a unique
regime (pressure 6 GPa, temperature 150 °C, 10 rev-
olutions, y = 571) was discovered, resulting in the
Zn—I1Li—2Mg alloy exhibiting exceptional mechanical
properties. These properties include a yield strength of
~385 MPa, an ultimate tensile strength of ~ 490 MPa,
and ductility reaching 44 %.

Detailed analysis of the alloy’s microstructure re-
vealed the formation of a distinctive band structure. This
structure comprises the o-Zn phase, a mixture of o-Zn
phase and ~LiZn; phases, as well as the o.-Zn phase with
Mg,Zn,; particles. Notably, Zn particles were found to
precipitate in the ~LiZn; phase, while Mg,Zn;; and

B-LiZn, particles precipitated in the Zn phase. Ad-
ditionally, the application of HPT treatment resulted
in the formation of an UFG structure in the primary
Zn phase.

The analysis of hardening mechanisms identified
the key factors contributing to the enhanced strength
of the Zn—I1Li—2Mg alloy with a UFG structure.
These mechanisms include dispersion, grain bound-
ary strengthening, and hetero-deformation induced
hardening, which involves dislocation strengthening.
Moreover, the alloy’s improved ductility can be attrib-
uted to the extremely small grain size of the Zn phase,
which promotes the activation of grain boundary slid-
ing processes.
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Structure and properties of welds
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of iron-chromium-nickel alloy EP718
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Abstract: This article presents the results of a study focused on the formation of structural characteristics and properties of welded joints in the
EP718 alloy with a 13 mm thickness (accounting for a 3 mm technological substrate). The study explores variations in electron beam welding
parameters, such as beam current and the speed of its movement across the specimen’s surface, to determine the optimal welding mode for
this alloy. This alloy is crucial in the production of high-pressure stators for aircraft engines, as the component operates under low-cycle loads
at high stress levels, making its performance critical. Specimens that were welded with a beam speed (v) of 0.0042 m/s and a beam current (i)
of 85 mA exhibited a minimum tensile strength of 1160 MPa. On the other hand, specimens welded with v = 0.006 m/s and i = 65 mA
demonstrated a maximum tensile strength of 1270 MPa. However, it’s noteworthy that specimens welded at 0.006 m/s with beam currents
of 120 mA and 75 mA experienced fracture along the weld, while specimens welded at 0.006 m/s with a beam current of 65 mA and at
0.0042 m/s with a beam current of 85 mA exhibited fracture in the heat-affected zone at a distance of 0.5—3.0 mm from the weld. Examination
of the structure of specimens welded at v=0.006 and 0.0042 m/s and i = 120 mA, 75 mA, and 85 mA revealed expanded grain boundaries in the
heat-affected zone. Consequently, the optimal welding mode was identified as having a beam speed of 0.006 m/s and a beam current of 65 mA.
In this mode, no thickened grain boundaries were detected, and a maximum tensile strength of 1270 M Pa was achieved.

Keywords: electron beam welding, heat resistant nickel alloys, heat affected zone, structure, properties.
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Annorauus: [IpuBeneHbI pe3yabTaThl HCCIEAOBAHUI 0COOEHHOCTEH (hOPMUPOBAHUS CTPYKTYPHI M CBOMCTB CBAPHBIX COCIMHEHMH CIIJIaBa
BI1718 TonuuHoi 13 MM (C y4eTOM TEXHOJIOTMYECKOU MONKIIANKY 3 MM) 32 CUET BAPbUPOBAHUSI TAPAMETPOB JIEKTPOHHO-TTyUEBOI cBap-
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KM (TOKa Jiyya U CKOPOCTH €ro MepeMeleHU sl TI0 MOBEPXHOCTH 00pasiia) 1 OIpelesIeHUs] ONITUMAIbHOTO peXuMa CBapKH ISk JaHHOTO
CIlJIaBa, UCITOJIb3YEMOTO TIPU M3TOTOBJIEHU U CTATOPA BHICOKOTO TaBJeHUsT aBUAIIMOHHOTO ABUTaTes1. JleTallb SABJIsIeTCS OTBETCTBEHHBIM
KPYITHOTa0apUTHBIM U3/IeTEeM CIOXHOU MpodUIbHON (GOPMBI U paboTaeT B YCIOBUIX MAJOIIUKIMIHBIX HATPY30K MTPU BHICOKOM YPOBHE
HampsiXKeHW . MUHUMaNbHBII ipeaest mpodyHocTu 1160 MI1a umerot 06pasiibl, CBApeHHbIE TPU CKOPOCTH TIePEMEIICHU I Tyda M0 TOBEepX-
HocTH obpasua v = 0,0042 m/c u Toke nyda 85 MA. 1151 06pas3iios, cBapeHHBIX Tpu vV = 0,006 M/c 1 i = 65 MA, XapaKTepeH MaKCUMaJIbHbII
Mpezaesa MpoYyHoCcTH, paBHbIi 1270 MIla. Ilpu onpeneneHMH BpEMEHHOTO COMPOTUBIICHUsI Y 00pa31ioB, cBapeHHBIX Tipu v = 0,006 Mm/c,
=120 u 75 MA, pa3pylleHure MPOU30IILIO IO CBAPHOMY ILIBY, a Y 00pa3ioB, cBapeHHbIX Ipu v = 0,006 m/c, i = 65 MA u v = 0,0042 m/c,
i =85 MA, — 110 30He TepMUYECKOro BIUsIHUA Ha paccTossHuU 0,5—3,0 MM OT cBapHoro 1iBa. [Ipu MUKpouccieroBaHuM CTPYKTYPbl 00-
pasnos, cBapeHHBIX Tpu Vv = (0,006 1 0,0042 m/c u i = 120, 75 1 85 MA COOTBETCTBEHHO, BBISIBJICHBI paCIIMPEHHBIE TPAHUIIBI 3¢PEH B 30HE
TEPMUYECKOro BiusiHUsI. TakuM 00pa3oM, ONTUMAJBHBIM SIBJISIETCSI PEXXUM CBAPKU MPU CKOPOCTH MTEPEMEIIEHMS JIyda 110 MOBEPXHOCTU
o6pasua 0,006 m/c u Toke ayuya 65 MA. Ha maHHOM pexXxuMe yTOJIIEHHBIX IPAHKIL 3ePEH He 00HAPYKEHO U JOCTUTAETCS MAKCUMaIbHbII
npenes npouHoctu 1270 MIla.

KioueBbie ¢J10Ba: 3JICKTPOHHO-Iy4YeBas cBapKa, KapoIlpo4YHble HUKeJIeBbIe CIJIaBa, 30Ha TEPMUYECKOTO BIIMSIHUS, CTPYKTYpa, CBOMCTBA.

Jng uuruposanus: Mcaes C.J1., Bapanos [I.A., llleapun E.1O., Myparos B.C., Hukutun K.B., Katrkun C.C. CTpyKkTypa U CBOWCTBa
CBapHbBIX IIIBOB NP 3JEKTPOHHO-TYUYEBOIl CBapkKe Xese30XpoMoHukesnaeBoro criaba DI1718. Uzeecmus 6yz06. lleemunas memannypeus.

2023;29(6):44—53. https://doi.org/10.17073/0021-3438-2023-6-44-53

Introduction

In recent years, the use of heat-resistant alloys in
heavy-duty, large-scale power units and assemblies
within aviation engineering has significantly expanded.
These components often operate under low cycle loads
at high stress levels. Among the most compelling al-
loys are those with tensile strengths ranging from 980 to
1200 MPa [1]. One such alloy, KhN45VMTYUBR-ID
(EP718), has gained attention due to its application in
parts operating in temperature ranges of up to 700—
800 °C. Welding plays a pivotal role in the production of
these components.

Welded joints possess distinct mechanical and ope-
rational characteristics, which can markedly differ
from those of the base metal. The reliability and lon-
gevity of welded structures are predominantly influ-
enced by the quality and structure of the weld metal,
the heat-affected zone, and the joint’s design. Welding
heat-resistant alloys introduces unique challenges, in-
cluding the propensity for defect formation, such as
cracks [2; 3].

Electron beam welding (EBW) has emerged as a
method offering minimal remelted material, minimal
product deformation, and strength on par with the base
material. However, achieving high-quality welded joints
through EBW requires precise control of edge penetra-
tion, as well as minimizing chemical and structural in-
homogeneities in the weld metal and heat affected zone
(HAZ) while reducing residual stresses and eliminating
defects like cracks and pores [4; 5].

Analysis of scientific publications from both foreign
and domestic scientists reveals that various methods for
creating defect-free permanent joints in the heat-resis-
tant alloy EP718 are actively under investigation world-

wide. For example, in [6], defect-free joints on 5 mm
thick sheet specimens were achieved using CO, laser
welding. In another study, laser welding (LW) of 1.3 mm
thick EP718 alloy revealed defects in the root part of the
weld, such as pores [7]. [8] explored welds of 3.4 mm thick
specimens made by additive growth through electric arc
welding (EAW) using a non-melting tungsten electrode
in a shielding gas environment. Although a fine-grained
structure was obtained after heat treatment, cracks were
found in the HAZ. In [9; 10], the influence of heat input
during electron beam welding on the possibility of elim-
inating microcracks in the weld and the HAZ of 2 mm
thick specimens was investigated. Furthermore, [11—13]
examined welds of Inconel 718 heat-resistant alloy pro-
duced through EBW, EAW, and LW technologies at var-
ious welding modes, showcasing the impact of grain size
on mechanical properties. The effects of stirring during
friction welding on the mechanical properties of EP718
alloy welds were explored in [14], as were the electric arc
modes for welding 2 mm thick specimens [15]. Addition-
ally, [16] delved into the intricacies of weld formation on
3 mm thick specimens using EBW, while [17] analyzed
the welding of consumable electrodes by a magnetical-
ly compressed arc on 2 mm thick sheet material of the
EP718 alloy.

Some publications have focused on investigating the
unique aspects related to the geometry and microstruc-
ture of welds, as well as the formation of defects in both
the weld and the heat-affected zone, examining ultra-
high frequency and conventional EBW, as well as micro-
wave welding [18—20].

In the studies conducted by Russian researchers [21;
22], the structure and properties of welds created through
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various welding methods, such as robotic welding with
a consumable electrode and LW, were thoroughly exa-
mined.

For the fabrication of permanent joints using the
heat-resistant alloy KhN45SMVTYUBR-ID (EP718),
concentrated energy flows, including electron beam
welding, show promise due to their ability to produce
narrow welds and high-quality joints [23]. Neverthe-
less, the EBW process comes with its set of challenges
and unresolved issues, including the potential for cracks,
pores, and other defects within the welded metal, which
can compromise the reliability and performance charac-
teristics of the final product [24].

The primary objective of this study was to investigate
the specific factors influencing the structure and prop-
erties of welded joints crafted from the EP718 alloy, fea-
turing a thickness of 13 mm (accounting for a technolog-
ical substrate of 3 mm). This was achieved by varying the
parameters of electron beam welding, such as beam cur-
rent and the speed of its movement across the specimen’s
surface, to identify the optimal welding mode. This alloy
is extensively used in the production of high-pressure
stators for aircraft engines, where the components are
of significant size, possess intricate profiles, and operate
under low cycle loads at high stress levels. Remarkably,
this study considered these critical operational condi-
tions, which were not always accounted for in previous
research [6—22].

Materials and methods

The high-pressure stator is fabricated through the
welding of two components: the rear flange, which is
constructed from a solid rolled ring following Indus-
try standard OST 1.90396-91, and the middle ring,
crafted from EP718 sheet material in accordance with
Specifications TU 14-1-5095-92. Following the weld-
ing process, the component undergoes heat treatment
to relieve stress and attain the necessary mechanical
properties.

The investigation of welding parameters and the ex-
amination of microstructure and mechanical proper-
ties were conducted using simulator specimens meas-
ured 200 mm in length, 50 mm in width, and 13 mm in
thickness. They are constructed from a solid rolled ring
(Fig. 1, loc. ) and EP718 heat-resistant alloy sheet ma-
terial (Fig. 1, loc. 2).

The local chemical composition of the alloy was as-
sessed through qualitative and quantitative X-ray spec-
tral microanalysis using a scanning electron micro-
scope. Spectral analysis was conducted to determine the
chemical composition of the specimens, and the results
are provided in Table 1. The material grade of the speci-
mens matches the EP718 alloy.

Permanent connections were created using an elec-
tron beam welding facility. Various EBW modes were
employed, involving adjustments to the specimen’s
movement speed relative to the beam and the beam cur-
rent strength.

Following the welding process, the specimens un-
derwent heat treatment. Hardening was conducted in an
elevator, and ageing was carried out in a shaft electric
furnace. The specific heat treatment modes, including
hardening and ageing, are detailed Table 2.

To assess the mechanical properties of welded joints,
specimens were prepared based on simulator specimens

0-0.01

13

4 3
ol e

Fig. 1. Sketch of a simulator specimen
1 — solid rolled ring; 2 — sheet material
Dimensions are given in mm

Puc. 1. Dcxu3s obpasua-umMmurtaropa

1 — 11e1bHOKATaHOE KOJIBIIO, 2 — JINCTOBOI Matepual
Pa3smepsl yKa3aHbI B MM

Table 1. Chemical composition (wt.%) of simulator specimens’ material

Ta6auia 1. Xumuveckuii coctaB (Mac.%) MaTepuaia o0pa3ioB-UMUTaTOPOB

14-1-5095-92

L I I P | o | Ni W | Mo T Al Nb
(Fig. 1)
Location 1 0.055 0.007 0.07 0.0016 0.004 156 4524 344 445 208 099  1.13
Location 2 0.058 0.08 024 00016 001 159 4473 323 411 217 098 101
Specifications TU- o\ g3 06 <001 <0015 14—16 43-47 2.5-3.5 4.0-52 19-2.4 09-14 08—1.5
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Table 2. Heat treatment modes for specimens before and after welding

Tabnuna 2. PexxuMbl TepMUUYECKOM 00pabOTKU 00pa31oB 10 U TTOCJIe CBapKU

Heat treatment before welding Heat treatment after welding

Quenching Quenching (stress relieving) Ageing 1 Ageing 2

Heating in air = 1100 °C, t=1h,

cooling to 500—600°C in a container in air F=780°C,t=5h,

t=1100°C,t=2h, t=650°C,t=16h,

cooling in air with argon supply, cionolllir;g cionolllir;g
further — without argon supply
a b
200 27.5

| 60

D
1 2 1 2

35 10
f ~
Weld

Fig. 2. Sketches of specimens for evaluatng mechanical properties: ultimate tensile strength, yield strength, elongation,
and contraction () and impact strength (b)

1 — solid rolled ring, 2 — sheet material. Dimensions are given in mm
Puc. 2. Dcku3bl 06pa3IoB IS OLIEHKW MeXaHUUeCKMX CBOMCTB: BpeMEHHOT'0 COTTPOTUBIICHU S, TIpeesia TEKYUECTH,
OTHOCHUTEILHOTO YIJIMHEHU S ¥ CyXKeHU S (@) U yaapHoii Bsa3kocTu (b)

1 — 1leIbHOKATaHOe KOJIbLIO, 2 — JIMCTOBOM MaTepuai. Pazmepbl yka3zaHbl B MM

to determine the tensile strength (c,), yield strength
(0p.9), relative elongation (3), and contraction (y) as per
State Standard GOST 6996-66 (type XIII, Fig. 2, a).
Impact strength (KCU) was also evaluated in accordance
with the standard (type IX, Fig. 2, b). Notably, the weld
was situated at the center of each specimen.

Grain size was determined by measuring chord
lengths in accordance with State Standard GOST 5639-82
using specialized software. Microstructure analysis was
conducted using an optical microscope equipped with a
solid surface microstructure analyzer at various magni-
fications. Microhardness measurements were performed
under a 50 g load.

Results and discussion

Prior to welding, the tensile strength of specimens
from a solid rolled ring was determined to be ¢, =
= 930 MPa, while the sheet material exhibited a tensile
strength of 6, = 990 MPa. Due to the higher strength
of the latter, which exceeded 980 MPa, a quenching
process was carried out before welding. Fig. 3 provides
insight into the microstructure of a 13 mm thick sheet
of the heat-resistant dispersion-hardening nickel alloy
EP718 in its as-delivered state and after quenching at
1100 °C, with a 2-hour hold, followed by air cooling. The
microstructure of the base material post-heat treatment

consists of austenite grains, carbides, and the y” phase
(Fig. 3, a@). In both scenarios, the average grain size
falls within the range of 3—6, in accordance with State
Standard GOST 5639-82.

A series of simulator specimens was produced un-
der different welding modes (Table 3). These modes in-
volved variations in the speed of beam movement along
the specimen’s surface (v) and the beam current (7). The
selection of these parameters was guided by the specifi-
cations and aimed to ensure full penetration of speci-
mens with a thickness of 13 mm. The results of the me-
chanical tests are provided in Table 4.

In modes 7 and 2, failure during the determination
of time resistance occurred along the weld, whereas in
other tested specimens, failure took place in the HAZ at
a distance of 0.5—3.0 mm from the weld.

Table 3. Welding modes

Tabauua 3. PexxuMbl cBapku 00pasiioB

Mode No. v, m/s i, mA
1 0.006 120
2 0.006 75
3 0.006 65
4 0.0042 85
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Table 4. Mechanical properties of welded joints

Tabauua 4. MexaHuyecKue CBOMCTBA CBApPHbBIX COSAMHEHU I

Mode No. G,, MPa G,, MPa 3, % v, % KCU, MJ /m2 Microhardness, kg/mm2
1 1160 760 17.2 15.5 0.42 308
2 1170 770 17.8 19.0 0.41 329
3 1270 920 21.0 21.7 0.93 348
4 1160 810 15.4 15.5 0.81 335
Specifications
TU 14-1-1059-2004 >1080 2790 213 — 20.35 293-363
Specifications
TU 14-1-3905-85 >1080 =790 >12 >14 >0.35 285—415

Fig. 3. Microstructure (x400) of EP 718 sheet alloy in as-delivered condition (@) and after heat treatment (quenching) (b)

Puc. 3. Mukpoctpyktypa (x400) nuctoBoro criyiaBa DI1718 B COCTOSIHUYM MOCTaBKMU (@) U MOCJe TEPMUUYECKO 00pabOTKU

(3akankn) (b)

In the studied welds obtained in modes /—3, com-
plete penetration was achieved (Fig. 4, a—c). However,
in the welded joint of mode 4, a minor lack of pene-
tration of 0.1 mm was observed, with a single pore of
1.0 mm in diameter detected in one section (indica-
ted by arrows in Fig. 4, d). According to specifications
(RTM 1.4.1703-87), for this material thickness, pores of
up to 1.5 mm are permissible. No cracks or other weld-
ing defects were identified during the micro-examina-
tion of sections of the welded specimens.

The macrostructure of the welds exhibits characte-
ristic zones associated with EBW, including the “mush-
room” zone (dimensions / and b), the knife zone (e and
d), and the weld root in the locking part of the joints
(Fig. 4, ¢ and d) and in the lining area (Fig. 4, a). The
overall dimensions of the weld for each mode are pre-
sented in Table 5.
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The highest weld penetration was achieved at a weld-
ing current of 120 mA, while specimens in modes /—3
achieved the required depth. In welding mode 4, Table 5
shows the widest bath width (b) in the ‘mushroom’
zone and the shallowest depth of penetration. Mode /
exhibits the highest “mushroom” zone height (%),
which can lead to additional heating, potential grain
boundary thickening, and microcrack formation.
Modes 2 and 3 yield the same “mushroom” zone
height, but mode 2 has a narrower width. However,
mode 3, with a beam current of 65 mA, provides the
shallowest required weld depth, reducing heat input
into the metal, minimizing grain boundary thicken-
ing in the heat-affected zone, and lowering the risk of
crack formation.

In specimens welded in modes 7, 2, and 4, thickened
grain boundaries are observed in HAZ before heat treat-
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Table 5. Dimensions of the welds

Tabnuna 5. TabapuTHbie pa3Mepbl CBAPHOTIO 1IBa

Mode No. h, mm b, mm e, mm d, mm Penetration depth, mm
1 4.0-4.8 8.3-9.0 2.7-3.0 2.1-2.3 13.0
2 3.5-3.7 6.4-7.6 2.6-2.7 2.0-2.3 12.6
3 3.5-3.7 8.0-8.1 2.6-3.0 2.5 11.4
4 4.0-4.6 8.9-9.5 2.7-3.0 0.2—-0.8 9.8
Specifications KTM Optional 1.5-3.5 1.5-2.5 >10.5

Weld

Base
material

Fig. 4. Macrostructure of welds (x6) obtained in modes I (a), 2 (b), 3 (c), and 4 (d)

Puc. 4. MakpoCTpyKTypa CBapHbIX IIBOB (X6), Mosy4eHHbIX B pexkumax I (a), 2 (b), 3 (¢) u 4 (d)

ment, likely due to carbide phase precipitation during
welding and subsequent cooling, accelerating diffusion
along grain boundaries, which can lead to crack forma-
tion [25]. After heat treatment, the number of thickened
grain boundaries increases.

The microstructure of the base material of all speci-
mens is heterogeneous, with varying grain sizes, main-
ly corresponding to 3—4 points on the GOST 5639-82
scale. In some areas and the heat-affected zone, indi-
vidual grains with 2—3 points are observed. The micro-

Fig. 5. Microstructure of the weld (x50) obtained in welding
mode 1

Puc. 5. MukpocTpyKTypa cBapHOro 1iBa (x50),
MOJYYEHHOI 0 B peXX1UMe CBapKu 1

structure of the specimen from welding mode 3, shown
in Fig. 8, displays no defects in the form of cracks or lack
of penetration.

In mode 3, optimal geometric weld parameters are
achieved with no defects. This mode uses the lowest

Fig. 6. Microstructure of the specimen (x200) obtained
in welding mode 2

a — weld, 6 — heat-affected zone

Puc. 6. MukpoctpykTypa obpasia (x200),
MOJTyYEHHOTO B peXXMUMe CBapKH 2

@ — CBapHO 1IOB, 6 — OKOJIOIIOBHASI 30HA
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Fig. 7. Microstructure (x100) of the specimen in the heat-
affected zone with thickened grain boundaries, obtained
in welding mode 4

Puc. 7. Muxkpoctpykrtypa (x100) odpasiia B OKOJIOIUIOBHOM
30HE C YTOJIILEHHBIMU TPAHUIIAMHU 3€PEH, MOJTYUYEHHOTO
B pexXumMe cBapku 4

Fig. 8. Microstructure of the base metal sample in the heat-
affected zone (a) and the weld (b) during welding mode 3

a —600* magnification, b — 250* magnification
Puc. 8. MukpocTpyKkTypa obpasiia OCHOBHOIO MeTaJljia

B paiioHe OKOJIOIIOBHOU 30HBI (@) U CBapHOTO 11Ba (b)
Mpu cBapke B pexume 3

a — ysenuuenue 600%, b — 250%
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beam current, which minimizes base material heat-
ing while ensuring complete penetration of the edges.
The resulting weld exhibits a columnar structure of a
cast alloy, with thread-like crystals closer to the center,
enhancing the material’s heat resistance in the perma-
nent joint.

The intense heat transfer during EBW conditions re-
sults in a reduction of the HAZ size and the formation of
a fine dendritic structure along the weld’s edge (refer to
Fig. 8). The base metal in the HAZ maintains a uniform
coarse-grained structure, incorporating carbonitrides,
carbides, and a finely dispersed intermetallic ¥y’ phase.
In the microstructure of the HAZ, larger grains are ob-
served compared to the base material.

Conclusions

When studying welds in simulator specimens made of
the alloy KhN4SMVTYUBR-ID (EP718) with a thick-
ness of 13 mm, the following observations were made:

1. The minimum tensile strength of 1160 MPa is
recorded in specimens welded at v = 0.0042 m/s and
a beam current (/) of 85 mA (mode 4). Conversely,
specimens welded at v = 0.006 m/s and i = 65 mA
(mode 3) demonstrated a maximum tensile strength of
1270 MPa.

2. Specimens welded at v = 0.006 m/s, with i = 120
and 75 mA (modes / and 2), exhibited fractures along
the weld during tensile testing. In contrast, when using
welding modes 3 and 4, destruction was observed along
the HAZ at a distance of 0.5—3.0 mm from the weld.

3. Micro-examination of sections from specimens
welded in modes /, 2, and 4 revealed expanded grain
boundaries in the HAZ.

4. Based on the obtained data, it was determined
that welding mode 3, with parameters v = 0.006 m/s
and / = 65 mA, is optimal. This mode exhibited no thi-
ckened grain boundaries and achieved an ultimate ten-
sile strength of 1270 MPa.
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Influence of partial titanium substitution
by its hydride on structure and mechanical properties

of TNM-B1 heat-resistant alloy, obtained by SHS
powder hot isostatic pressing
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Abstract: This paper investigates the influence of partial substitution of titanium by its hydride on the microstructure and mechanical
properties of TNM-BI alloy obtained by powder metallurgy technology. The impact of the Ti:TiH, ratio in the reaction mixture and
heat treatment modes on the microstructure and mechanical properties of TNM-B1+1%Y,0; alloy, obtained using high-energy ball
milling (HEBM), self-propagating high-temperature synthesis (SHS), and hot isostatic pressing (HIP) methods, has been examined.
It was observed that a 10 % substitution of titanium with its hydride in the reaction mixtures reduces the oxygen content in SHS products
from 1 % to 0.8 % due to the generation of a reducing atmosphere during the decomposition of TiH, in the combustion wave. When
the Ti : TiH, ratio is 90 : 10, highest mechanical properties of TNM-B1+1%Y,0; alloy were achieved: a compressive strength (o) of
1200£15 MPa and a yield strength (YS) of 1030£25 MPa. An increase in the proportion of TiH, results in a higher content of oxygen
impurity, leading to the formation of Al,05, which reduces the strength and ductility of the material. With additional heat treatment of
TNM-BI1+1%Y,05 alloy, the globular structure transforms into a partially lamellar one, leading to an increase in ¢, by 50—300 MPa,
depending on the TiH, content. This attributed to a decrease in the average grain size and a reduction in dislocation mobility during
deformation.

Keywords: titanium alloys, titanium hydride, powder metallurgy, high energy machining (HEBM), self-propagating high temperature synthesis
(SHS), hot isostatic pressing (HIP), mechanical properties.
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BiausHue 4aCTUYHOrO 3aMeleHnsl TUTAHA €ro THAPUIOM
HA CTPYKTYPY H CBONicTBa )KaponpoyHoro cinjiasa TNM-B1,
MOJIY4€HHOT0 METOA0M ropsyero u30CTaTH4eCKoro
npeccoBanusi CBC-nopomka

I.M. Mapkos!, IT.A. Jornnos', H.B. IlIesinauna’, ®.A. Backos'?, E.A. JIeBamos'
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Annortanus: B paGore vccienoBaHO BIUSHAE YACTUUHOTO 3aMEIeHU ST TUTAHA €ro THAPUIOM Ha MUKPOCTPYKTYPY M MeXaHUYESCKUE
cpoiictBa cniiaBa TNM-BI, monyyeHHOTro Mo TEXHOJOTUYM MOPOIKOBOM MeTajurypruu. Paccmorpeno Biuanne cootnomenns Ti:TiH,
B peaKLMOHHOI CMECH ¥ PEXMMOB TepMOOOPaOOTKY Ha MUKPOCTPYKTYpPY U MeXaHU4YecKue cBoiicTBa cmasa TNM-B1+1%Y,03, mo-
JIY4YEHHOTO C MCIMOJIb30BaHMEM METOJ0B BHICOKOOHEPreTUUeCKOil MexaHuyeckoit 06paborku (BOMO), camopacnpocTpaHsIIOmEerocs
BeIcOKOoTeMIMepaTypHoro cuHTe3a (CBC) u ropsiuero nzocraruueckoro npeccosanus (I'UIT). Yeranosnero, uto 10 %-Hoe 3amerie-
HUe TUTaHa ero THAPUIOM B PeaKIIMOHHBIX CMECSX TTO3BOJISIET yMEHBLINUTH cofepxkaHue kuciopona B CBC-nponykrax ¢ 1 no 0,8 %
6yiaroapsi CO31aHNI0 BOCCTAHOBUTEIbHON aTMocdepsl npu pasnoxenun TiH, B BonHe ropenus. Ilpu cootnomwenun Ti : TiH, =
=90: 10 TOCTUTHYTH MaKCUMaJIbHBIE MeXaHIUecKHe cBoiicTBa crtaBa TNM-BI+1%Y,05: mpouHocTs mpu cxkaTnu 6, = 120015 MITa
U npenen TeKyuecTu 6, = 1030£25 MIla. Poct nonu TiH, yBennuupaet comepkaHue IPpUMECHOTO KUCIOPO/A, TTIPUBOMSIIETO K 06~
pasoBaHuio Al,0O3, KOTOPBIl CHUXKAET MPOYHOCTb U MJIACTUYHOCTh MaTepuaia. 3a cueT JOMOJHUTEIbHON TepPMOOOpPabOTKY CIiia-
Ba TNM-B1+1%Y,05 rino06yiasipHast CTpyKTypa npeobdpasyercst B YaCTUYHO JaMeJUIIPHYIO, YTO NPUBOIUT K YBEJIUYEHUIO Gy Ha 50—
300 MIla B 3aBucumMocTu ot copepxanus TiH,. [Torydyaembrit apeKkT 06ycioBIeH yMEHBLIEHUEM CPEIHETO pa3Mepa 3epeH U CHUXe-
HUEM MOABUXHOCTHU AUCIOKALIUI pU fedopMaliuu.

KuoueBbie c0Ba: TUTAHOBBIE CIJIABBI, TUIPUI TUTAHA, TOPOUIKOBASI METAJIyPrusi, BRICOKOOHEpPreTuieckasi MexaHuueckasi oopadborka
(B®MO), camopacnpocTtpansitoniuiicst BbicokotemnepatypHblii cunte3 (CBC), ropsiuee nusocraruueckoe npeccosanue (I'MI1), mexanu-
YecKue CBOCTBA.

BaaronapuocTtu: Pabora BolroTHeHa 1py GUHAHCOBOI MoAIepXXKe MUHUCTEPCTBA HAYKU U BhIciero oopasoBanus PD B pamkax rocy-
napcTBeHHoro 3agaaHus (nmpoekt 0718-2020-0034).

s uutupoBanus: Mapkos [.'M., Jlorunos I1.A., HIBsinauna H.B., backos ®.A., JleBaioB E.A. BiusiHre yacTHIHOTO 3aMeIeHUsI TUTA-
Ha ero ruJIpuIoM Ha CTPYKTYPY U CBOMCTBA KapornpoyHoro crijiaBa TNM-B1, mosy4eHHOro MeTo/10M ropsiuero M30CTaTuueckoro rnpecco-
BaHust CBC-niopouika. Hzeecmus 6y306. Lleemnas memannypeus. 2023;29(6):54—065.

https://doi.org/10.17073/0021-3438-2023-6-54-65

Introduction

Heat-resistant alloys based on TiAl/Ti3Al inter-
metallic compounds represent an independent class of
materials, the main feature of which is high strength at
elevated temperatures and heat resistance. These alloys
find applications in the field of engine construction,
where materials capable of enduring high-tempera-
ture loads for extended periods are essential [1]. Their
relatively low density (3.9—4.2 g/cm?) results in higher
specific strength when compared to nickel superal-
loys. Combined with exceptional creep resistance, this

makes them promising candidates for use as materials in
low-pressure turbine blades [2; 3].

Most industrial alloys based on TiAl/Ti;Al contain
between 43 to 48 atomic percent aluminum. The opti-
mal aluminum concentration depends on the presence
of dopants that influence the position of the yand o + v
phase regions on the Ti—Al phase diagram. Several ge-
nerations of alloys based on titanium aluminides have
been developed [4]. The Ist generation includes the
Ti—48A1—2Cr—2Nb alloy, known as GE4822, as well
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as low-alloy analogues like Ti—47A1—2Cr—2Nb and
Ti—48A1—2Cr—2Mn [4; 5]. The complexity of the al-
loying system using V, Zr, W, Ta, Mn, and other ele-
ments has led to the creation of 2" generation alloys
[6]. The 3rd generation alloys represent the most ad-
vanced materials within the TiAl-based family. They
are characterized by a high content of niobium, mo-
lybdenum, and the presence of boron, with the prima-
ry structural component consisting of o, + y eutectoid
colonies [7; 8].

Conventional methods for producing intermetallic
alloys based on TiAl include casting technologies, such
as vacuum induction melting [9]. These methods com-
pete with powder metallurgy techniques [10], which
encompass additive manufacturing allowing the pro-
duction of items with complex geometries from powder
[11]. Additionally, a combination of methods involving
high-energy ball milling (HEBM) of elemental pow-
der mixtures, self-propagating high-temperature syn-
thesis (SHS), and hot isostatic pressing (HIP) [12—14]
are utilized [12—14]. The key advantages of the latter
approach are the ability to produce materials with a
homogeneous, fine-grained structure and the suppres-
sion of the  phase formation, which is characteristic of
high-niobium alloys. A non-uniform distribution of the
B phase reduces creep resistance and high-temperature
strength [15].

In multicomponent alloys, the distribution of ele-
ments can be uneven due to their low solubility. The use
of HEBM can address this issue by enhancing the uni-
formity of the element distribution in the reaction mix-
ture, as well as increasing the reactivity of the charge,
which positively impacts the degree of conversion during
SHS [14].

The SHS process can be implemented in the layer-
by-layer combustion mode, resulting from local thermal
initiation [16; 17], or in the mode of volumetric combus-
tion (thermal explosion) [6]. This method is widely em-
ployed for obtaining intermetallic materials, including
titanium aluminides [13; 18].

Challenges in the production of intermetallic al-
loys through powder metallurgy methods include an
increased content of impurity oxygen and microstruc-
tural heterogeneity, leading to a decrease in high-tem-
perature strength characteristics [19; 20]. One solution
to this issue could be the partial substitution of metallic
titanium in the powder reaction mixture with its hydride
(TiH,). TiH, is easily ground in a planetary centrifugal
mill due to its high brittleness [19], uniformly distribu-
ted as individual particles that are insoluble in the matrix
[20], and decomposes to metallic titanium at relatively
low temperatures (400—750 °C) [21]. TiAl-based alloys
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with TiH, are not produced using conventional cast-
ing technology because titanium hydride promotes
active pore formation during decomposition and the
release of accompanying gases. However, in powder
technology, due to the staged nature and flexibility of
consolidation modes, the use of TiH, is of interest.
In this case, it is important to determine the optimal
Ti: TiH, ratio in the reaction mixture, considering
the composition of oxygen impurities, microstruc-
ture, and mechanical properties of consolidated and
heat-treated samples.

The objective of this research was to study the ef-
fect of partial substitution of titanium with its hydride
on the microstructure and mechanical properties of the
TNM-BI1 powder alloy.

Materials and methods
Initial materials

The following powder materials, produced in Russia,
were used in this study:

— titanium grade PTOM-1 (AO Polema, particle size

d =40 um);

— TiH, powder obtained through the hydrogenation

of titanium sponge (ZAO “Plasmoterm”, d ~ 12 um);

— aluminum PA-4 (AO “Polema”, d ~ 10 um);

— niobium NbP-3a (OO0 “GK SMM?”, d < 40 um);

— molybdenum PM-99.95 (AO “Polema”, d =5 pm);

— boron grade V-99A (OO0 “NPK Ermakhim”,

d~ 0.2 um);

— yttrium oxide nanopowder (ZAO “Plazmoterm”,

d ~ 20+100 nm).

These components were combined in the neces-
sary ratios to produce the well-known 3rd generation
TNM-BI alloy based on TiAl [13, 14], hereafter referred
to as TNM-B1+1%Y,05 in the text. The Ti : TiH; ratio in
the mixture was varied as follows (wt.%): 90 : 10, 80 : 20,
70 : 30, and 60 : 40.

High-energy ball milling

Powder mixtures were prepared in two stages. In
the first stage, Ti, TiH,, Nb, Mo, B, and Y,05 powders
were mixed in an Activator-4M planetary centrifugal
mill (PCM) (OO0 “Machine Building Plant Activa-
tor”, Russia). The grinding jars were rolled at a speed
of 694 rpm for a duration of 10 min. The weight ratio
of materials to grinding media was 1 : 15, and the jars
were filled with argon to protect the mixture against
oxidation. Subsequently, aluminum was added to the
Ti/TiH,—Nb—Mo—B—Y,0; alloy obtained after HEBM,
and it was mixed using a rotating ball mill for 2 h.
The weight ratio of the mixture components to grind-
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ing media was 1 : 10. The use of this mixer in the second
stage was necessary to prevent oxidation and the adhe-
sion of plastic aluminum to the jar walls and grinding
media.

Self-propagating
high-temperature synthesis

Briquetted powder mixtures, following HEBM, were
inserted into a tube furnace by advancing crucible with
briquettes into a hot zone heated to 900 °C to initiate the
SHS process in thermal explosion mode within an argon
atmosphere. Following SHS, annealing was conduct-
ed in a furnace for 30 min at the same temperature to
homogenize the chemical composition of the synthesis
products. Subsequent to sintering, the SHS workpieces
were crushed using a jaw crusher and a PCM to achieve
a powder with a particle size of less than 100 pm. The
desired fraction was then separated using sieve classifi-
cation.

Hot isostatic pressing

The resulting powder was consolidated by the HIP
method using an HIRP10/26—200 gas static extrud-
er (ABRA AG, Switzerland). Pre-forming workpieces,
which were cylindrical titanium capsules, were annealed
in a vacuum at a temperature of 1030 °C for 1 hour to
eliminate gas impurities. The HIP process was conduct-
ed at 1250 °C and a pressure of 160 MPa, with argon
serving as the pressure transfer medium. For the samples
consolidated via the HIP method, a heat treatment (HT)
was carried out for 2 h at a temperature of 1380 °C in
a Termionik T1 vacuum furnace (OOO “Termionika”,
Russia).

Research procedures for structure
and mechanical properties

Powder materials and compact samples were sub-
jected to X-ray diffraction analysis (XRD) using a D2
PHASER diffractometer (Bruker AXS GmbH, Ger-
many). Cuk,, radiation was employed in the diffrac-
tion angle range of 20 = 20°+100°, with an exposure
time of 0.6 s.

The microstructure of both powder and consolida-
ted samples was examined using an S-3400 N scanning
electron microscope (Hitachi, Japan), equipped with a
NORAN attachment for energy dispersive X-ray spec-
troscopy (EDX). The oxygen content in the mixtures
following each technological operation was determined
by incinerating the material in an inert atmosphere
using a TC-600 device (Leco, USA), in accordance
with ASTM E1019-18. Mechanical tests were conduc-
ted using uniaxial compression on cylindrical samples

(D6 x 9.0 mm) with a strain rate of ~0.001 s~!. These
tests were performed on an LF-100 kN universal testing
machine (Walter + Bai AG, Switzerland).

Results and discussion
High-energy ball milling

Figure 1 illustrates the microstructures of powders
with different Ti : TiH, ratios obtained using the HEBM
method. The base of powder agglomerates, formed du-
ring processing due to intense plastic deformation, con-
sists of titanium and its hydride. The primary compo-
nents are arranged in the form of alternating layers, up
to 3 um thick (Fig. 1, e). As the TiH, content increases,
the degree of their agglomeration into larger particles al-
so increases. The dopants, Nb, and Mo, are uniformly
distributed inside the particles in the form of thin layers.
This distribution enhances their dissolution rate within
the y-TiAl/a,-Ti;Al-based matrix during the SHS pro-
cess [13].

In the X-ray diffraction patterns obtained from the
ligature immediately after HEBM, only peaks corre-
sponding to the initial powder materials, including o.-Ti,
TiH,, Nb, and Mo, are evident (Fig. 2). The intensity of
the TiH, peaks increases in proportion to the fraction
of hydride in the master alloy, indicating that it remains
intact during the HEBM process and does not decom-
pose into metallic titanium and hydrogen. Niobium
and molybdenum, characterized by a BCC Ilattice with
an Im3m space group, are observed in granular form as
independent phases. This can be attributed to the low
solubility of these components in titanium, which has an
HCP lattice, owing to differences in crystal structure as
well as their high hardness and low plasticity.

Study of synthesis products
and their consolidation via hot isostatic pressing

After further mixing of Ti/TiH2—Nb—Mo—B—
Y,0; master alloys with aluminum and conducting
syntheses in thermal explosion mode, SHS-sintered
samples were obtained, and their microstructure and
phase composition were examined. It was observed that
the samples following SHS possess a uniform micro-
structure with localized regions enriched in the alloying
components Nb and Mo, as depicted in Fig. 3. No un-
reacted Ti and Al particles were detected. An increase
in the TiH, concentration in the initial mixture resulted
in a reduction in the grain size of the synthesis products.
This effect is attributed to the intense hydrogen evolu-
tion and, consequently, the disruption of the briquettes’
integrity, leading to increased porosity in the SHS-sin-
tered samples.
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Fig. 1. Structure of Ti/TiH,—Nb—Mo—B—Y,0; powder particles after HEBM

TiH,, wt.%: 10 (a), 20 (), 30 (c), 40 (d, e)

Puc. 1. CtpykTtypa nopoukossix yactuu Ti/TiH,—Nb—Mo—B—-Y,0; nocie BOMO

TiH,, mac.%: 10 (a), 20 (b), 30 (c), 40 (d, e)
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Fig. 2. X-ray diffraction patterns of Ti/TiH,—Nb—Mo—B—-Y,0; powders after HEBM

(0%TiH, XRD pattern based on the data published in [13])

Puc. 2. PentreHorpammsl turaryp Ti/TiH,—Nb—Mo—B—Y,0; nocie BBMO

(Ha OCHOBe MaTepUaJioB, OMMYOJIMKOBAHHBIX B paboTte [13])

According to the XRD data (Fig. 4), the result-
ing SHS powder consists of 78 % v-TiAl (P4/mmm),
19 % 0,-TizAl (P63/mmc), and 3 % solid solution (Nb)
(Im-3m). The absence of TiH, peaks suggests that du-
ring the SHS process, this phase underwent complete
decomposition, and the resulting metallic titanium re-
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acted with aluminum. The formation of y-TiAl and
0,-Ti3Al follows a reaction diffusion mechanism. Ini-
tially, aluminum melts and spreads over the titanium
surface, accompanied by the creation of the TiAl; phase.
As the liquid phase diminishes and diffusion interaction
between Ti and TiAl; becomes active, intermetallic
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compounds form in the following sequence: TiAl, —
— TiAl — TizAl [24—26]. The powder particles obtained
via the SHS method exhibit a microgradient structure
based on the 0,-TisAl and y-TiAl phases (Fig. 3).
Compact samples of the TNM-B1+1%Y,05 alloy
were produced using the HIP method. To achieve a
lamellar microstructure, the alloys were further subjec-
ted to HT. The resulting microstructures of the alloy are

depicted in Fig. 5. The sample after HIP exhibits a fine-
grained globular structure inherited from SHS powders,
with the primary structural components taking the form
of y-TiAl and o,-Ti;Al phases. Fine aluminum oxide
particles are also observable in SEM images, but their
concentration in the alloy with 10 % TiH, is mini-
mal. X-ray diffraction patterns indicate that the in-
tensity of the peaks corresponding to the Al,O5 phase

ar Ti:Al o

Fig. 3. SHS-sintered samples’ structure after the addition of TiH, to the reaction mixtures

TiH,, wt.%: 10 (a), 20 (b), 30 (c), 40 (d)

Puc. 3. Ctpykrypa CBC-cniekoB, Mojly4eHHbIX U3 peaKLIMOHHBIX cMeceil ¢ nodasiaeHuem TiH,

TiH,, mac.%: 10 (a), 20 (b), 30 (c), 40 (d)

1 SHS, 10 % TiH,
2 HIP, 10 % TiH,

3 HIP + HT, 10 % TiH,
4 HIP + HT, 20 % TiH,
5 HIP + HT, 30 % TiH,
6 HIP+ HT, 40 % TiH,

T ey-Tial *
m o TiLAl
AALO,
=2
-~
5
E

20 30 40 50

60 70 80 20, degree

Fig. 4. X-ray diffraction patterns of alloy with varying TiH, content after SHS, HIP and HIP + HT

Puc. 4. PentreHorpaMmMsl crjiaBa ¢ pa3ianuHbelM copepxanuem TiH, nocae CBC, TUIT u TUIT + TO
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Fig. 5. Structure of the TNM-B1+1%Y,05 alloy with 10% TiH, after HIP (a) and HIP + HT ()
Puc. 5. Crpyxrypa crimaBa TNM-BI+1%Y,05 ¢ 10 % TiH, mocne TUTI (a) u TUIT + TO (b)

increases in samples with the addition of 20 % TiH,
and higher.

Heat treatment of the TNM-B1+1%Y,0; alloy en-
abled the transformation of its structure from globular
to partially lamellar. During heating to 1380 °C, the al-
loy transitions from the two-phase region (o + ) of the
phase diagram to the single-phase region (a-Ti), where
the y-TiAl phase dissolves and becomes saturated with
aluminum. Upon cooling below the eutectoid trans-
formation temperature, the o phase disintegrates into
alternating dispersed lamellae of y-TiAl and o,-TisAl,
forming colonies. In between these colonies, a small
portion of equiaxed grains of the y-TiAl and o,-TizAl
phases remains.

Structure and mechanical properties
of TNM-B1+1%Y,0j5 alloy
after HIP and HIP + HT

The microstructures of TNM-BI+1%Y,05 alloy
samples after HIP and HIP + HT, which vary in the
TiH, content in the initial powders, are depicted in
Fig. 6. The alloys exhibit the presence of y-TiAl and
o,-TisAl phases with equiaxed and lamellar structures,
respectively. Additionally, a small amount of dispersed
solid solution particles (Nb, Mo) can be observed. As
the quantity of TiH, in the initial powder mixtures in-
creases, there is a tendency for the occurrence and an
increase in the content of Al,05. These Al,O5 particles
are presented in the form of dispersed particles locat-
ed along the boundaries of the coarse grains of y-TiAl
and o,-TizAl

To ascertain the reasons for the formation of Al,0O;
in compositions with a high TiH, concentration as a
precursor, the oxygen and nitrogen contents were ana-
lyzed after each technological procedure (HEBM, SHS,
and HIP). In this experiment, powder mixtures, SHS
products, and consolidated samples served as reference
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samples, prepared using only metallic titanium as the
initial material.

It was found that the oxygen concentration after
HEBM exhibited a weak dependence on the TiH, con-
tent and measured at 0.67 %, 0.57 %, 0.59 %, 0.68 %,
and 0.65 %, while the nitrogen concentration was
0.049 %, 0.039 %, 0.043 %, 0.046 %, and 0.052 % for
compositions with 0 %, 10 %, 20 %, 30 %, and 40 %
TiH,, respectively. The most substantial increase in
impurity oxygen was recorded at the SHS stage, rising
from 0.8 % to 2.8 % (Fig. 7). Following the HIP stage,
the amount of gas impurities remained nearly un-
changed.

Regarding the chemical purity of the alloys, the opti-
mal Ti : TiH, ratio was found to be 90 : 10 (Fig. 7). The
nature of the dependence of impurity oxygen content on
the TiH, amount in the initial charge can be explained
by two competing factors. On one hand, the presence
of TiH, in the charge creates a localized reducing at-
mosphere due to the release of hydrogen during its de-
composition in the SHS process. On the other hand, as
shown earlier, excessive gas evolution leads to increased
residual porosity in SHS-sintered products, an increase
in the specific surface area of synthesis products, and
adsorption.

The impact of TiH, content in the reaction mix-
tures on the mechanical properties of alloys after HIP
and HIP + HT was evaluated using strain diagrams de-
picting “true compressive stress — logarithmic strain”
(Fig. 8). The test results (refer to Table 1) demonstrat-
ed that the alloy with a Ti: TiH, ratio of 90 : 10 exhib-
ited the highest level of strength properties, with ¢, =
= 1200x15 MPa and YS = 1030+25 MPa. The reduc-
tion in strength and increased brittleness in samples with
higher TiH, content can be attributed to the embrittling
effect of Al,O5 particles.

In TNM-BI+1%Y,0; alloys, an improvement in
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(Nb, Mo)

40% TiH,

Fig. 6. Structure of the TNM-B1+1%Y,0; alloy after HIP (a) and HIP + HT (b)
Puc. 6. Crpykrypa ciaa TNM-B1+1%Y,05 nocie TUII (a) u TUIT + TO (b)

strength and resistance to plastic deformation was ob-
served after HIP + HT. This can be attributed to the
characteristics of the microstructure. The partially
lamellar structure results in a decrease in the average
size of grains and lamellae inside colonies, from 2.5 to
0.3 um. This reduction leads to a decrease in the mean
free path of dislocations during deformation. Nota-
bly, the alloy in which titanium was substituted by its

hydride also exhibited the highest strength, with ¢, =
= 1253+15 MPa and YS = 1090+30 MPa.

The studied alloys TNM-B1+1%Y,0;, both with
globular and partially lamellar microstructure, sur-
passed the classical alloy 4822 [2] and the more in-
tricately doped analogs, Ti—46Al—4Nb—I1Mo and
Ti—45A1—8.5Nb—0.2W—0.2B [27; 28], in terms of
strength.
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TiH,, wt.%

Fig. 7. Content of oxygen impurity in the TNM-B1+1%Y,04
alloy with Ti : TiH, varying ratios after HEBM, SHS, and HIP

Puc. 7. CogepxaHue MpuMeCHOro KMUCIopoaa
B critaBe TNM-B1+1%Y,0; ¢ pa3au4HBIM COOTHOIIEHUEM
Ti: TiH, nocie BOMO, CBC u I'MII

o, MPa
1400
a
1200 -
1000 4
800 -
600 —— TiAl + 10 % TiH,
400 4 —— TiAl + 20 % TiH,
JR— 1 + 0, M
200 TiAl + 30 % TiH,
— TiAl+40 % TiH,
0 0.05 0.10 0.15 e, %
o, MPa
1400
b
1200 -
1000 -
800 -
600 —— TiAl + 10 % TiH,
400 - — TiAl + 20 % TiH,
AL A0 T
200 4 TiAl + 30 % TiH,
— TiAl+40 % TiH,
0 0.05 0.10 0.15 e, %

Fig. 8. Stress-strain diagrams for the TNM-B1+1%Y,0; alloy
obtained from SHS powders after HIP (a) and HIP + HT (b)

Puc. 8. Iuarpammel jorapudmuueckoii aepopmainu
MpU cXaTUU AJs1 mojiydeHHoro u3 CBC-nopouikon
criaBa TNM-B1+1%Y,05 nocne T'UII (a) u TUIT + TO (b)

62

Mechanical properties of the TNM-B1+1%Y,05 alloy
compact samples following HIP and HIP + HT

MexaHuuyeckre CBOMCTBAa KOMITAKTHBIX 00pa31ioB
crutaBa TNM-B1+1%Y,0; nocne T'WUIT u TUIT + TO

Content
Treatment of TiH,, G, MPa | YS, MPa €, %
wt.%
10 1200£15 1030%£25  0.010
20 1053+50  953£20 0.009
HIP
30 830+45 — 0.007
40 742+32 — 0.006
10 1253£15 1090£30  0.010
20 1122+£55  988+25 0.009
HIP + HT
30 1165+£58 995+£15 0.010
40 630+25 — 0.005
Conclusions

1. The study investigated the influence of the
Ti : TiH, ratio in the reaction mixture, along with heat
treatment, on the microstructure and mechanical prop-
erties of the TNM-B1+1% Y,0; alloy, which was ob-
tained using the HEBM, SHS, and HIP methods. The
substitution of 10 % of titanium with its hydride in reac-
tion mixtures led to a reduction in the oxygen content in
SHS products from 1.0 % to 0.8 %. This reduction can
be attributed to the generation of a reducing atmosphere
during the decomposition of TiH, in the combustion
wave.

2. The maximum mechanical properties of the
TNM-BI+1%Y,05 alloy were achieved at a Ti : TiH,
ratio of 90 : 10, with the compressive strength (c,)) mea-
suring 1200£15 MPa and YS measuring 1030%+25 MPa.
However, an increase in the proportion of TiH, led to
a higher content of oxygen impurity, resulting in the for-
mation of Al,05. This, in turn, reduced the strength and
ductility of the material.

3. Heat treatment of the TNM-B1+1%Y,0; al-
loy transformed the globular structure into a partial-
ly lamellar one, resulting in an increase in ¢, by 50—
300 MPa, depending on the TiH, content. This im-
provement can be attributed to a reduction in the av-
erage grain size and a decrease in dislocation mobility
during deformation.

References

1. Burtscher M., Klein T., Lindemann J., Lehmann O., Fell-
mann H., Giither V., Clemens H., Mayer S. An advanced



13BeCTnS By30B. LIBETHAS METAAAYPIUS o 2023 o T.29 o N26 o C. 54-65

Mapkos M., AorviHoB [1.A., LLBbIHAVMHA H.B. 1 pAP. BAUSIHME YOCTUYHOTO 3aMELLEHNS TUTAHA ero TMAPUAOM HA CTPYKTYPY 1 CBOMCTBA...

TiAl alloy for high-performance racing applications.
Materials. 2020;13(21):4720.
https://doi.org/10.3390/ma13214720

aiiueB A.A., Kannanckuit FO.1O., Centiopuna XK.A.,
JleamoB E.A., KacumueB A.B., Iloroxes .C.,
KOmun C.H., Cupunmosa T.A., Mansapos A.B. Ilory-
YeHUe CIIeYeHHOTO CIjlaBa Ha OCHOBE MWHTEPMETaJlJIN-
na TiAl Y. 2. UccaepoBaHue npoueccoB (GOpMOBaHUST
U crexkaHus. HUzsecmus 6y3oe. Lleemnas memannypeus.
2016;(1):50—62.
https://doi.org/10.17073/0021-3438-2016-1-50-62
Zaitsev A.A., Kaplanskii Y.Y., Sentyurina Z.A., Leva-
shov E.A., Kasimtsev A.V., Pogozhev Y.S., Yudin S.N.,
Sviridova T.A., Malyarov A.V. Production of a sintered
alloy based on the TiAl intermetallic compound: Pt. 2.
Investigation into forming and sintering processes.
Russian Journal of Non-Ferrous Metals. 2016;57:113—123.
https://doi.org/10.3103/S1067821216020139

Kacumues A.B., IOqun C.H., Csupunona T.A., Mas-
poB A.B., 3aiiueB A.A., CentiopuHa XK.A., Kannan-
ckmuii 10.10., [Toroxes 10.C., Jlesamos E.A. [TonyuyeHne
CMEYEHHOrO crJjaBa Ha OCHOBe UHTepMeTaaauia TiAl.
Y. 1. 'mapuaHo-KaablueBass TEXHOJIOTUS TOJYUYESHU S
nopomkoBoro criaBa Ti—47A1—2Nb—2Cr u ero cBoli-
cTBa. Mzeecmus 6y306. lleemnas memannypeus. 2015;(4):
63—68. https://doi.org /10.17073/0021-3438-2015-4-63-68
Kasimtsev A.V., Yudin S.N., Sviridova T.A., Malya-
rov AV. Zaitsev A.A., Sentyurina Zh.A., Kaplans-
kii Yu.Yu., Pogozhev Yu.S., Levashov E.A. Production
of a sintered alloy based on the TiAl intermetallic com-
pound. Pt. 1: Calcium-hydride fabrication technology of
the Ti—47A1—2Nb—2Cr powder alloy and its properties.
Russian Journal of Non-ferrous Metals. 2015;56:548—554.
https://doi.org/10.3103/S1067821215050065

Bewlay B.P., Nag S., Suzuki A., Weimer M.J. TiAl alloys
in commercial aircraft engines. Materials at High Temper-
atures. 2016;33(4-5):549—559.
https://doi.org/10.1080/09603409.2016.1183068
Rittinghaus S.K., Zielinski J. Influence of process condi-
tions on the local solidification and microstructure dur-
ing laser metal deposition of an intermetallic TiAl alloy
(GE4822). Metallurgical and Materials Transactions: A.
2021;52:1106—1116.
https://doi.org/10.1007/s11661-021-06139-2

Ostrovskaya O., Badini C., Deambrosis S.M., Miorin E.,
Biamino S., Padovano E. Protection from oxidation of
second and third generation TiAl intermetallic alloys
by magnetron sputtering deposition of a TiAl/TiAIN
coating. Materials & Design. 2021;208:109905.
https://doi.org/10.1016/j.matdes.2021.109905

Abdoshahi N., Dehghani M., Hatzenbichler L., Spoerk-
Erdely P., Ruban AV., Musi M., Mayer S., Spitaler J.,

10.

11.

12.

13.

14.

15.

16.

17.

Holec D. Structural stability and mechanical properties
of TiAl + Mo alloys: A comprehensive ab initio study.
Acta Materialia. 2021; 221:117427.
https://doi.org/10.1016/j.actamat.2021.117427

IMonbkun U.C., I'pedeniok O.H., Canenkos B.C. UH-
TepMeTaJUIMAbI HA OCHOBE TUTaHA. TeXHono2us AecKux
cnaasos. 2010;2:5—15. https://cyberleninka.ru/article/n/
intermetallidy-na-osnove-titana-1
28.09.2023)

Pol’kin I.S., Grebenyuk O.N., Salenkov V.S. Intermetallic
compounds based on titanium. 7Tekhnologiya legkikh
splavov. 2010;2:5—15. (In Russ.).

Kamyshnykova K., Lapin J. Vacuum induction melting
and solidification of TiAl-based alloy in graphite cruci-
bles. Vacuum. 2018;154:218—226.
https://doi.org/10.1016/j.vacuum.2018.05.017

Siheng G., Xianjuan D., Xuan X., Yong X. Effect of ball
milling speed and sintering temperature on microstruc-

(nata oOpalleHus

ture and properties of TiAl alloy prepared by powder
metallurgy. Procedia Manufacturing. 2020;50:355—361.
https://doi.org/10.1016/j.promfg.2020.08.066

Knorlein J., Franke M.M., Schloffer M., Berger T., Kor-
ner C. Microstructure and mechanical properties of ad-
ditively manufactured y-TiAl with dual microstructure.
Intermetallics. 2023;161:107978.
https://doi.org/10.1016/j.intermet.2023.107978

Wu X. Review of alloy and process development of TiAl
alloys. Intermetallics. 2006;14(10-11):1114—1122.
https://doi.org/10.1016/j.intermet.2005.10.019

Loginov P.A., Kaplanskii Y.Y., Markov G.M., Patsera E.I.,
Vorotilo K.V., Korotitskiy A.V., Shvyndina N.V., Leva-
shov E.A. Structural and mechanical properties of
Ti—Al—Nb—Mo—B alloy produced from the SHS pow-
der subjected to high-energy ball milling. Materials Sci-
ence and Engineering: A. 2021;814:141153.
https://doi.org/10.1016/j.msea.2021.141153

Taguchi K., Ayada M., Ishihara K.N., Shingu P.H. Near-
net shape processing of TiAl intermetallic compounds via
pseudoHIP-SHS route. Intermetallics. 1995;3(2):91—98.
https://doi.org/10.1016/0966-9795(95)92673-N

Aguilar J., Schievenbusch A., Kiittlitz O. Investment cast-
ing technology for production of TiAl low pressure tur-
bine blades—Process engineering and parameter analysis.
Intermetallics. 2011;19(6):757—761.
https://doi.org/10.1016/j.intermet.2010.11.014

Lagos M.A., Agote 1. SPS synthesis and consolidation of
TiAl alloys from elemental powders: Microstructure evo-
lution. Intermetallics. 2013;36:51—56.
https://doi.org/10.1016/j.intermet.2013.01.006

Bycypuna M.JI., Ymapos JI.M., KosaneB 1./., CaukoBa
H.B., bycypun C.M., Baguenko C.I., CerueB A.E. Oco-
OEHHOCTU CTPYKTYpO- U (hpa3ooOpa3oBaHUS B CUCTEME

63



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 ¢« No.6 e P.54-65

Markov G.M., Loginov P.A., Shvyndina N.V. et al. Influence of partial fitanium substitution by its hydride on structure and mechanical...

Ti—Al—Nb B pexxume TemJI0BOro B3pbiBa. Pusura 2ope-
Hus u e3puiea. 2016;52(6):44—50.
https://doi.org/10.1134/S0010508216060058
BusurinaM.L., Umarov L.M., Kovalev I.D., Sachkova N.V.,
Busurin S.M., Vadchenko S.G., Sychev A.E. Features of
structure and phase formation in the Ti—Al—Nb system
in the thermal explosion mode. Combustion, Explosion and
Shock Waves. 2016;52(6): 659—664.
https://doi.org/10.15372/FGV20160605

18. Mukasyan A.S., Rogachev A.S. Combustion behavior of
nanocomposite energetic materials. Energetic Nanomate-
rials. 2016;163—192.
https://doi.org/10.1016/B978-0-12-802710-3.00008-8

19. Rak Z.S., Walter J. Porous titanium foil by tape cast-
ing technique. Journal of materials processing technology.
2006;175(1-3):358—363.
https://doi.org/10.1016/j.jmatprotec.2005.04.066

20. Bidaux J.E., Garcia-Goémez J., Hamdan H., Zufferey D.,
Rodriguez-Arbaizar M., Girard H., Carreno-Morelli E.
Tape casting of porous titanium thin sheets from titani-
um hydride. In: Proceedings of the Euro PM2011 Congress
& Exhibition. (Barcelona, Spain. 9—12 October 2011).
2011. P. 2.

21. Samal S., Cho S., Park D.W., Kim H. Thermal character-
ization of titanium hydride in thermal oxidation process.
Thermochimica Acta. 2012;542:46—51.
https://doi.org/10.1016/j.tca.2012.02.010

22. Peillon N., Fruhauf J.B., Gourdet S., Feraille J., Sau-
nier S., Desrayaud C. Effect of TiH, in the preparation of
MMC Ti based with TiC reinforcement. Journal of Alloys
and Compounds. 2015; 619:157—164.
https://doi.org/10.1016/j.jallcom.2014.09.014

23. Azevedo C.R.F., Rodrigues D., Neto F.B. Ti—Al—V

powder metallurgy (PM) via the hydrogenation-dehy-
drogenation (HDH) process. Journal of Alloys and Com-
pounds. 2003;353(1-2):217—227.
https://doi.org/10.1016/S0925-8388(02)01297-5

24. Kypo6arkuna B.B., Ilauepa E.W., bonsin A.T., JleBa-
moB E.A. [lonyyeHre cyOMUKpPOHHOTO MOPOIIKa Ha OC-
HoBe TiAlBpexkrMe TernJ0BOro B3pbiBa. [leemubie meman-
st 2017;2:68—73. https://doi.org/10.17580/tsm.2017.02.11
Kurbatkina V.V,, Patsera E.I., Bodyan A.G., Levashov E.A.
Preparation of submicron TiAl-based powder in thermal
explosion mode. Tsvetnye metally. 2017;2:68—73. (In Russ.).
https://doi.org/10.17580/tsm.2017.02.11

25. Xu W.C., Huang K., Wu S.F., Zong Y.Y., Shan D.B. In-
fluence of Mo content on microstructure and mechani-
cal properties of B-containing TiAl alloy. Transactions of
Nonferrous Metals Society of China. 2017;27(4):820—828.
https://doi.org/10.1016/S1003-6326(17)60094-3

26. PanY., Lu X, Liu C., Hui T., Zhang C., Qu X. Sintering
densification, microstructure and mechanical properties
of Sn-doped high Nb-containing TiAl alloys fabricated
by pressureless sintering. Intermetallics. 2020;125:106891.
https://doi.org/10.1016/j.intermet.2020.106891

27. LiZ., Luo L., SuY., Wang B., Wang L., Liu T., Yao M.,
Liu C., Guo J., Fu H. A high-withdrawing-rate method
to control the orientation of (y + a,) lamellar structure in
a B-solidifying y-TiAl-based alloy. Materials Science and
Engineering: A. 2020;857:144078.
https://doi.org/10.1016/j.msea.2022.144078

28. Qiang F., Kou H., Tang B., Song L., Li J. Effect of cool-
ing rate on microstructure evolution of Ti—45A1—8.5—
Nb0.2—W0.2—B0.02—Y alloy during multi-step heat
treatment. Materials Characterization. 2018;145:210—217.
https://doi.org/10.1016/j.matchar.2018.08.031

Information about the authors

Georgy M. Markov — Junior Research Scientist of the “In situ
Diagnostics of Structural Transformations” Laboratory

of Scientific Educational Center of Self Propagating
High-Temperature Synthesis (SEC SHS), MISIS—ISMAN,
National University of Science and Technology (NUST)
“MISIS”.

https://orcid.org/0000-0001-7285-7888

E-mail: markov.sci@gmail.com

Pavel A. Loginov — Cand. Sci. (Eng.), Senior Research Scien-
tist of the “In situ Diagnostics of Structural Transformations”
Laboratory of SEC SHS, MISIS—ISMAN.
https://orcid.org/0000-0003-2505-2918

E-mail: pavel.loginov.misis@list.ru

Nataliya V. Shvyndina — Leading Engineer of SEC SHS,
MISIS—-ISMAN.

https://orcid.org/0000-0002-4662-544X

E-mail: natalil9-03@list.ru

64

Nudopmanus 06 aBTopax

l'eopruii MuxaiiioBuy MapkoB — MJI. Hay4y. COTPYIHUMK
naboparopui «In situ TMarHoCTUKa CTPYKTYPHBIX ITpeBpa-
1IeHU» HayyHO-y4YeOHoro ueHTpa (HY L) CBC, MUCUC—
NCMAH, HauyoHanbHBII UCCIEA0BaTEIbCKMI TEXHOJIO-
rudeckuit yausepcuretr (HUTY) <MUCHC».
https://orcid.org/0000-0001-7285-7888

E-mail: markov.sci@gmail.com

IlaBen Anekcanaposuy JIOoruHoB — K.T.H., CT. HAy4. COTPYI-
HUK JabopaTopui «In situ TMarHOCTUKA CTPYKTYPHBIX
npespauieHuitr» HYLL CBC, MUCUC-UCMAH.
https://orcid.org/0000-0003-2505-2918

E-mail: pavel.loginov.misis@list.ru

Haranuna Baagumuposna IIBsinAMHA — Bell. UHXEHEDP
HYL CBC, MUCHUC-NCMAH.
https://orcid.org/0000-0002-4662-544X

E-mail: natalil9-03@list.ru



13BeCTnS By30B. LIBETHAS METAAAYPIUS o 2023 o T.29 o N26 o C. 54-65

Mapkos M., AorviHoB [1.A., LLBbIHAVMHA H.B. 1 pAP. BAUSIHME YOCTUYHOTO 3aMELLEHNS TUTAHA ero TMAPUAOM HA CTPYKTYPY 1 CBOMCTBA...

Fedor A. Baskov — Cand. Sci. (Eng.), Research Scientist
of the “In situ Diagnostics of Structural Transformations”
Laboratory of SEC SHS, MISIS—ISMAN, Head of Sector,
JSC “Composite”.

https://orcid.org/0000-0001-6238-4378

E-mail: baskov_fa@mail.ru

Evgeny A. Levashov — Dr. Sci. (Eng.), Professor, Full Member
of Russian Academy of Natural Science, Head of Department
of Powder Metallurgy and Functional Coatings, NUST
“MISIS”, Head of SEC SHS, MISIS—ISMAN.
https://orcid.org/0000-0002-0623-0013

E-mail: levashov@shs.misis.ru

®enop AnekceeBud BackoB — K.T.H., Hay4. COTPYIHMK 1ab0-
paTopuu «In situ AMarHOCTMKA CTPYKTYPHBIX TIpeBpale-
Huii» HYII CBC, MUCUC—-HNCMAH, HauaJIbHUK ceKTOpa
AO «KoMIo3uT».

https://orcid.org/0000-0001-6238-4378

E-mail: baskov_fa@mail.ru

Esrenuii Anekcanaposuy JleBamos — 1.T.H., mpod., akaieMUK
PAEH, akanemuk BcemupHoii akajgeMuu KepaMuKH,

3aB. Kadeapoii MOpOITKOBO METAJUTYPTUM U (PYyHKITMOHATb-
HbIX TOKpbITHE HUTY «MUCHUC», nupexkTop HY L CBC,
MUCUC-UCMAH.
https://orcid.org/0000-0002-0623-0013

E-mail: levashov@shs.misis.ru

Contribution of the authors

Georgy M. Markov — formulated the research purpose, pre-
pared initial materials, conducted experiments, and wrote
the manuscript.

Pavel A. Loginov— formulated the research purpose, partici-
pated in result discussions, and reviewed and edited the
article.

Natalia V. Shvyndina — conducted microscopy examinations
and participated in result discussions.

Fedor A. Baskov — carried out sample compaction and parti-
cipated in result discussions.

Evgeniy A. Levashov — contributed to the conceptualization
and supervised the article, participated in result discussions.

Bkaana aBTopoB

I.M. MapkoB — onpeziejieHue 1ieJ1 padoThl, TOATOTOBKA
HUCXOHBIX MAaTePUAIOB, MPOBEACHNE SKCIIEPUMEHTOB, HaMU-
CaHMe TeKCTa CTaThU.

I1.A. JloruHOB — omipeeieHNe LIeJIU paboThl, y4acTue B 00-
CYXIEHUH Pe3yIbTaToOB, IPOBEACHKME 0030pa U pEOJAKTHPO-
BaHUE CTAThHU.

H.B. IlIBpinAMHA — MTpOBeIeHE MUKPOCKOTTMYSCKUX UCCIE-
JIOBaHW1, yuyacTHe B 0OCYXKIEHUU PEe3yIbTAaTOB.

®.A. BackoB — IIpoBeieHe KOMITAKTUPOBAHU ST 00pa3IloB,
y4acTue B 00CYXIEHUU PEe3yIbTaTOB.

E.A. JleBamoB — KoHLIENTyaau3al s U TPOBEPKA CTAThU,
yJacTue B 00CYKICHUU pe3yIbTaTOB.

The article was submitted 28.09.2023, revised 11.10.2023, accepted for publication 13.10.2023

Cmamusa nocmynuaa 6 pedaxyuro 28.09.2023, dopabomana 11.10.2023, noonucana 6 newams 13.10.2023

65



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.6 e P. 66-83

Makarov A.V., Lezhnin N.V., Kotelnikov A.B. et al. Restoration of continuous casting machine mold copper plates made of Cr-Zr bronze...

PHYSICAL METALLURGY AND HEAT TREATMENT / METAAAOBEAEHUE N TEPMUYECKASY OBPABOTKA

UDC 669.017:669.3 + 621.721.1 Research article

https://doi.org/10.17073/0021-3438-2023-6-66-83 Hayunas crarbst @

Restoration of continuous casting machine mold
copper plates made of Cr—Zr bronze
using multi-pass friction stir lap welding
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Abstract: An innovative technology has been developed and implemented for the restoration and manufacturing of new mold copper plates
for continuous casting machines (CCMs) using wear-resistant composite coatings. These copper plates significantly surpass the service life
of imported copper plates featuring galvanic coatings, sometimes by up to 20 times. However, the pressing challenge of restoring the copper
plates of molds once they have reached the minimum permissible thickness remains unresolved. This study aimed to explore the feasibility of
restoring a plate composed of precipitation-hardening Cr—Zr bronze with the same material by employing friction stir lap welding (FSLW).
The objectives were to examine the structure, quality, and hardness of the welded joint, alongside investigating the impact of heat treatment
(quenching and aging). By utilizing multi-pass FSLW method with a rotating tool crafted from a heat-resistant alloy and overlapping (partially
overlapping) successive passes, a welded joint with a thickness of ~5 mm was achieved, devoid of critical continuity flaws (cracks or voids).
Within the bronze layer restored through FSW, a softening effect ranging from 85—105 HV1 was observed compared to the initial hardness
of the bronze in its hardened and aged state while in service (116—126 HV1). This is attributed to recrystallization and overaging, specifically
the coarsening of chromium particles within the Cr—Zr bronze due to the heating of the weld nugget (stir zone) to 600—700 °C. The observed
softening effect during FSW can be effectively rectified through heat treatment involving dissolution of the hardening phases followed by
aging, resulting in a hardness increase to approximately 120—150 HV1. The process of restoring copper plates to their original thickness via the
progressive and environmentally friendly FSW method, followed be the subsequent application of wear-resistant composite coatings, presents
the opportunity for an almost infinite operational cycle of molds. This advancement could potentially eradicate the necessity for Russia to rely
on importing such molds copper plates.

Keywords: mold copper plate, restoration, bronze, friction stir lap welding (FSLW), hardness, structure, hardening, aging.
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AnHoranusa: PazpaboTaHa ¥ nmpakTHUYecKH peajn30BaHa MHHOBALIMOHHASI TEXHOJOTHSI BOCCTAHOBUTEJIBHOIO PEMOHTA U MPOU3BOACTBA
HOBBIX CTEHOK KPUCTAJIN3aTOPOB MAllIMH HEMPEPBIBHOTO JIUThs 3aroToBoK (M HJI3) ¢ M3HOCOCTOMKNMY KOMIIO3UITMOHHBIMU TTOKPBI-
TUSMU, 3HAUUTENBbHO (10 20 pa3) MpeBOCXOASIINX PECyPC UMIOPTHBIX CTEHOK C raJlbBAHUUECKUMU MOKPBITUIMU. OMHAKO HepelLIeHHOMU
OCTaeTCsl aKTyaJbHasl 3a7aya BOCCTAHOBJEHUSI MEIHBIX CTEHOK (IJIUT) KPUCTAIIU3ATOPOB MOCIe JOCTUXKEHUSI UMM MUHUMAJIbHO 10-
MMYCTUMOU TONIIWHBI. LIeTbio paboThl SIBJISIIOCH UCCIIEIOBAHNE BO3MOKHOCTH BOCCTAHOBJICHUS TIMTHI U3 TUCTIEPCHOHHO-TBEPACIONIeH
XPOMOIIMPKOHMEBOI 6poH3bl Mapku bpX1lp aTuM ke MaTeprasoM ¢ UCMOJIb30BaHUEM CBapKU TpeHueM ¢ nepeMeinuBanueM (CTIT), us-
yUYeHUe CTPYKTYpPbl, KauecTBa U TBEPJOCTU CBAPHOIO COEAMHEH NS, a TAKKe BIMSIHUS HA €0 CTPYKTYPY M TBEPAOCTb TEPMUUECKOil 0Opa-
60TKU (3aKanku u ctapeHust). C mpuMeHeHueM MHOTOIpoxoaHou riockocTHoi CTII BpamaonmuMcs ”HCTPYMEHTOM K3 KapOTPOYHOTO
cIjiaBa Py HAJOXEHUU (YJACTUYHOM MEePEeKPLITUM) TTOCIEA0BATEIbHBIX JOPOXKEK MOTYUYEHO CBAPHOE COeNMHEHME TONIINHON ~5 MM 6e3
KPUTUYHBIX Ae(DEKTOB CIJIOIIHOCTH (TpelIrH, rnop). B BocctanoBiaeHHOM crioco6om CTII ciioe 6poH3bl 0OHAPYKEHO pa3ynpoYyHEeHUe 10
85—105 HVI1 1o cpaBHEHUIO ¢ UCXOMHOI TBEPAOCTHIO OPOH3HI B 3aKaJICHHOM M COCTAPEHHOM COCTOSTHUM TUTUTHI, OBIBIIIEH B 9KCILIyaTa-
uuu (116—126 HV1). DTo cBsi3daHO ¢ peKpucTaIIn3alueil 1 nepectapuBaHueM (YKpymHeHUEM yacTull XpoMa) B Cr—Zr-0poH3e B pe3yJib-
TaTe Harpesa siipa cBapku (30HbI mepeMeniuBanus) no Temmeparyp 600—700 °C. OtmedyenHoe pasynpouHeHue ipu CTIT MoxeT GbITh
3bGEKTUBHO YCTPaHEHO TEPMUUECKOIT 00pabOTKOM (3aKaTKOIi C MOCIEAYIONIUM CTapeHUEM), TTPUBOISIIICH K MOBBIIICHUIO TBEPIOCTU
1o 120—150 HVI1. BoccraHoBiIeHHE MEIHBIX TJIMT 10 MEPBOHAYAIbHOM TOJIIMHBI TPOrPeCCUBHBIM 3K0I0ruYHbIM MeTogoMm CTII ¢ mo-
CJAeNyIOLIMM HaHECEHMEM U3HOCOCTOMKMX KOMIMO3ULIMOHHBIX MOKPBITUIX OTKPbIBAET MEPCHEKTUBBI NPAKTUUYECKU OECKOHEUHOTO LIMKJIa
9KCILIyaTallu¥ KPUCTAJTN3aTOPOB U UCKITIOUEHU I TOTpeOHOCTH Poccuu B X umIiopTe.

KuroueBbie ¢j10Ba: 1jinTa KpUcTajiM3aTopa, BOCCTAHOBUTEIbHBIN PEMOHT, OpOH3a, cBapka TpeHueM ¢ nepemelnnBanuem (CTII), TBep-
NOCTh, CTPYKTYpa, 3aKaJika, CTapeHUe.

BaarogapHoctu: PabGoTa BbIMOJHEHAa B paMKax TrocylapcTBeHHOro 3amaHus MuHoOpHayku Poccum (trema «CTpyKTypar,
Ne 122021000033-2) 1 KOMIIJIEKCHOTO TIpoekTa «Pa3paboTKa HOBBIX MaTepPUAJIOB U TEXHOJOTHH 1151 hOPMUPOBAHUSI IOKPBITUI, CTOMKHUX
B YCJIOBUSIX a0pa3MBHOTO M KOPPO3MOHHOTO M3HamuBaHusi» Y MHOLL mupoBoro ypoHst «[lepegoBbie TpoM3BOACTBEHHbBIC TEXHOJIOT MY U
MaTepuabl». PaboTta BeinoHeHa ¢ ucnonb3oBaHuem ooopynoBanus LIKIT «McnibiTaTebHbIi HEHTP HAHOTEXHOJIOT U U TIEPCIIEKTUBHBIX
MmatepuajoB» UOM YpO PAH.

Jlng nurupoBanua: Maxkapos A.B., Jlexuun H.B., KorenbHukoB A.Bb., BomHepyk A.A., Kopo6os 10.C., Banuyniun A.U., Bonkosa E.T.
BoccTaHOBJIEHHME CTEHOK KPUCTAJIM3aTOPOB MAllMH HEMPEPbIBHOI'O JIUThsI 3arOTOBOK M3 XPOMOLMPKOHUEBOI OPOH3bI METOOM MHOI'O-
IPOXOIHOM CBapK¥ TPEHUEM ¢ TIepeMeluBanueM. Mzgecmus 6y306. Llsemnas memannypeus. 2023;29(6):66—83.
https://doi.org/10.17073/0021-3438-2023-6-66-83

Introduction

Continuous casting machines (CCMs) (Fig. 1, a) con-
tribute to more than 96 % of global steel production [1].
The main technological component of the CCM is the
mold, wherein the crucial consumable element comprises
water-cooled plates made from copper alloys (Fig. 1, b).

To decrease wear resulting from friction with the solidi-
fying slab shell, the thermal effects of liquid and solidi-
fying metal, as well as corrosive wear of the copper plates
in the lower part of the mold [2], protective coatings are
applied to the working surface of these copper plates.

67



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.6 e P. 66-83
Makarov A.V., Lezhnin N.V., Kotelnikov A.B. et al. Restoration of continuous casting machine mold copper plates made of Cr-Zr bronze...

The dependency on imported copper plates fea-
turing protective galvanic coatings in Russian metallur-
gical plants was notably high, reaching 97 % in 2012.
This heavy reliance is critical for Russian national safe-
ty. The exit of foreign manufacturers and suppliers of
plates from the Russian market poses a tangible threat
to the Russian steel industry. Over the period spanning
from the 1960s to the 2000s, advancements in the com-
position of galvanic coatings led to a significant rise in
the average durability of copper plates, escalating from
100 to 1000 heats [1].

Nevertheless, the imported galvanic coatings em-
ployed as protective coatings present significant draw-
backs: notable susceptibility to wear and tear (Fig. 2, a),
the occurrence of thermal cracks within the coating
(Fig. 2, b), alongside high costs and limited environ-
mental friendliness associated with the galvanization
method.

In Russia, a collaborative endeavor involving special-
ists from R&D Enterprise “Mashprom”, JSC, Institute

Copper plate
Protective covering

Water-cooled
housing

] Crystallizer

of Metal Physics, Institute of Engineering Science of
Ural Branch of the Russian Academy of Sciences, Ural
Federal University, and several metallurgical enterprises
has successfully developed and implemented an inno-
vative technology for the restorative repair and produc-
tion of new copper plates for CCM molds, integrating
wear-resistant composite coatings [1; 3] (Fig. 3).

During the development of this new domestic tech-
nology, a series of pivotal tasks were addressed:

— formulation of metal-ceramic powder mixtures
for wear-resistant coatings was achieved by using pow-
ders within the Ni—Cr alloying system, incorporating
carbides (WC, Cr;C,, SiC, TiC), borides (CrB,, TiB,),
and metallic (Cr, Mo) compounds. Additionally, a
unique technology involving robotic high velocity air fu-
el (HVAF) thermal spraying for applying coatings was
created [1; 4];

— scientific substantiation of the optimal application
efficacy of composite coatings containing substantial
strengthening phases was accomplished [5];

Fig. 1. Schematic view of the slab continuous casting machine (CCM) (a) and mold design for the slab CCM (b)

Puc. 1. CxeMa MalllMHBI HEMPEPBIBHOTO JIMThSI 3arOTOBOK (@) M KOHCTPYKLIM S KpUcTaaiau3aropa ciasioosoii MHJI3 (b)

Fig. 2. Electroplated coatings defects: wear (a) and heat cracks (b)

Puc. 2. JlecdexThl raibBaHUUYECKUX MOKPBITUI: U3HOC (@) M TETIJIOBbIE TPEIIUHBI (b)
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Fig. 3. Slab CCM mold plates: wide (@) and narrow (b)

Puc. 3. [llupokas (a) u y3kue (b) CTEeHKM KpHUcTaJiu3aropa ciasoosoit MHJI3

— a methodology was developed, enabling the rein-
forcement of copper alloy and enhancing the heat
and wear resistance of the coating. This was achieved
through the implementation of a new scientific phenom-
enon wherein a wear-resistant framework composed of
coarse carbide and boride particles is formed during an-
nealing [6—9].

During industrial trials conducted at Russian met-
allurgical enterprises such as MMK, EVRAZ NTMK,
Severstal, NLMK, OMK-Steel, and others, it was deter-
mined that the durability of the innovative mold copper
plates increased significantly, ranging from 4 to 20 times
when compared to imported counterparts equipped with
galvanic coatings. Simultaneously, these advancements
led to an enhancement in the quality of produced bil-
lets. The wear resistance of the composite coatings has
demonstrated an ability to endure up to 700 thousand
tons of cast steel within a single overhaul cycle. The in-
tegration of this technology into the production com-
plex of R&D Enterprise “Mashprom” in Nizhny Tagil
surpasses the production capabilities of foreign compa-
nies that rely on galvanic production. This superiority
extends across environmental safety, energy efficien-
¢y, and resource utilization. The development entirely
aligns with the objectives outlined in the action plan of
the Russian Ministry of Industry and Trade, specifical-
ly addressing the need for import substitution in heavy
machine building. Following the successful implemen-
tation of this technology in major Russian Steelmakers,
the proportion of foreign slab molds utilized in domestic
steel mills decreased substantially, reaching 40 % by the
end of 2022.

The pressing challenge of restoring copper plates in
molds after reaching the minimum allowable thickness
remains unresolved. When the loss of copper plate ma-
terial reach 10—15 mm due to wear and repair cycles
(Fig. 4), the costly plate with cooling channels is typical-
ly discarded as it no longer meets the necessary mechan-

ical characteristic requirements.

Presently, the restoration of copper plates of con-
tinuous casting molds primarily relies on arc welding
using a non-consumable electrode within inert gases
(Fig. 5). However, this process exhibits low manufactu-
rability concerning this specific product due to the met-
allurgical intricacies involved in welding this material.
Copper and its alloys possess distinctive attributes such
as high thermal conductivity, heat capacity, coefficient
of thermal expansion, and a susceptibility to forming
hot cracks and pores. Notably, within the temperature
range of = 250+550 °C, copper experiences a reduction
in strength and ductility [10]. These properties necessi-
tate the preheating of a solid plate during TIG welding,
within a fairly narrow temperature range of approxi-
mately 350+10 °C. Throughout the TIG welding process
on a solid plate, maintaining the temperature within this
narrow range proves challenging. This difficulty signif-
icantly escalates the labor intensity compared to vol-
ume-based metal deposition estimations. The constant

15
MAX. REMACHINING

%
(15)

i
gt

N

Fig. 4. Schematic diagram of the copper CCM mold plate

Dimensions in mm

Puc. 4. KoHCTpYyKIIMSI METHOM TLTUTHI
KkpucTtanauzatropa MHJI3

PasMepsl yKa3aHbl B MM
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need for plate heating, labor costs to rectify defects, and
the inconsistent quality of the deposited metal amplify
labor requirements. Moreover, this technology poses en-
vironmental hazards and risks to the welder’s health.

Consequently, the information presented in Fig. 5
cannot be deemed a viable restoration technology for
extensive surface areas of plates, let alone for full-size
plates.

The utilization of specialized solid-state weld-
ing methods such as diffusion welding [11], explosion
welding [12], and ultrasonic welding [13] for the afore-
mentioned purposes is unfeasible. The impossibility of
using laser techniques arises from the high reflectiv-
ity exhibited by copper (95 %) and Cu—Cr—Zr alloy
(90 %) when exposed to fiber optic and other solid-state
lasers emitting at a wavelength (A) of 1064 nm, which is
standard in most complexes used for laser cladding and
additive manufacturing [14; 15]. This reflective prop-
erty hinders the application of modern laser technolo-
gies for the restoration of copper plates. The absorption
capacity of copper and chromium-zirconium bronze
significantly increases only for ultrashort wavelengths
(less than 550 nm) of electromagnetic radiation. How-
ever, powerful technological laser installations uti-
lizing green (A = 510+532 nm) and blue (A = 360+
+480 nm) lasers have yet to be developed. Consequent-
ly, the restoration of copper plates of CCM molds is
most promisingly addressed by advancing an environ-
mentally friendly friction stir welding (FSW) technol-
ogy to resolve these challenges.

70

Fig. 5. The mold plate

a — typical damage,

b — plate deposition via TIG welding,
¢ — deposited layer on the worn surface
Puc. 5. [1nurta kpucraaiusaropa

a — TUITUYHOE TTIOBPEXIICHUE,
b — mpoliecc HaTUIaBKK MTOBPEKIEHHOTO yUacTKa
JIyTOBOM CBapKOM HEIIaBSILIMMCS JIEKTPOIOM,
€ — HaruIaBJIEHHbIN CJIOW Ha U3HOLIEHHON
TIOBEPXHOCTU

The FSW technology, initially proposed in the So-
viet Union [16] and subsequently patented by the British
Institute of Welding in 1991 [17], facilitates the joining
of materials in a solid state by employing a rotating tool
to stir the materials. This process induces a plastic state
in the material due to frictional heating without reach-
ing a melting point, resulting in the formation of a weld
through mechanical stirring of the metal in the work-
pieces [18—20]. FSW operates at relatively low tempera-
tures, circumventing issues associated with conventional
fusion welding, such as overheating and related crystal-
lization defects like porosity, cast structure, and crys-
tallization cracks. Since the early 2000s, active research
has been conducted on FSW and Friction Stir Process-
ing (FSP) of pure copper [21—23] and nickel aluminum
bronze [24; 25]. Extensive studies have focused on creat-
ing dissimilar welded joints involving copper alloys [26;
27], copper or bronze in combination with other met-
als [28—31], and analyzing structural patterns during
FSW of copper [21]. Additionally, investigations have
explored phase transformations and various properties
of surface-modified FSP cast nickel-aluminum bronz-
es, encompassing corrosion and cavitation resistance, as
well as fatigue resistance [18; 32—34]. Specific studies
have delved into the characteristics of FSW involving
Cu—Cr—Zr alloys [35; 36].

In a study [37], the potential for restoring CCM mold
copper plates using the FSW method with a Cu—Ag al-
loy is discussed. Moreover, research has demonstrated
the capability of joining pure copper plates with thick-
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nesses of 16—22 mm to copper plates with thicknesses of
2.5—5.0 mm using FSW [38]. The intricacies of FSLW
of a 5 mm thick plate made of pure copper to a fragment
of a mold plate, composed of Cr—Zr bronze, were exam-
ined [39]. However, it’s noteworthy that in studies [37;
39], the welding was conducted in separate tracks rather
than over the entire surface.

To restore substantial sections of the plate, mul-
ti-pass FSLW involving the sequential overlap of welds
is necessary, subjecting the metal to thermomechanical
influence during joint performance. Achieving com-
plete restoration of a Cr—Zr bronze plate is best accom-
plished using the same bronze material as a filler rather
than pure copper, as detailed in [38]. This study demon-
strated that, under specific FSW conditions, a welded
copper joint exhibited nearly equal strength compared
to a copper base. When restoring Cr—Zr bronze with a
pure copper plate in the welding zone, an increase in mi-
crohardness to 150—190 HVI was observed compared
to the original coarse-grained bronze with a hardness of
110—130 HVI. This rise was attributed to the formation
of an ultrafine structure (0.5—1.0 pum) resulting from
FSW and dispersion strengthening of the alloy using na-
no-sized particles of chromium and the CusZr interme-
tallic compound [39].

However, in the case of multi-pass FSLW of thick
Cu—Cr—Zr alloy plate, high temperatures within the
mixing zone led to adverse effects such as grain growth,
dissolution and coarsening of strengthening phases.
This resulted in a detrimental impact on the mechan-
ical and physical properties of the material [40]. The
structure and strength properties of Cr—Zr bronze
can be significantly influenced by both the thermo-
mechanical effects during multipass FSLW and subse-
quent heat treatment processes, particularly hardening
and aging, which are commonly employed for disper-
sion-hardening alloys.

The objective of this study is to investigate the po-
tential for restoring a plate made of dispersion-strength-
ened Cr—Zr bronze using the same material through the
multi-pass friction stir lap welding method while ap-
plying consecutive joints with partial overlay. Addition-
ally, the study aims to analyze the structure, integrity,
and hardness of the welded joint, as well as to assess the
impact of heat treatment (quenching and aging) on its
structure and hardness.

Materials and methods

The foundational material comprised a 38 mm thick
plate, constituting the copper plate of a CCM mold.
Made from precipitation-hardening chromium zir-

conium bronze, it underwent hardening, aging, and
subsequent operational phases. Additionally, a 5 mm
thick bronze plate with identical chemical composi-
tion served as filler material, wt.%: 98.82—99.57 Cu;
0.80 Cr; 0.13 Zr; <0,03.Ni; <0.01 As; <0.003 Pb;
<0.01 Zn; <0.002 Bi; <0.01 Sn; <0.1 impurities. Unlike
solid solution strengthened alloys, which exhibit reduced
thermal conductivity due to dissolved alloying elements,
the precipitation-strengthened Cu—Cr—Zr alloy of-
fers both high strength and superior thermal conduc-
tivity [41]. The remarkably low solubility of chromium
and zirconium in copper at temperatures below 600 °C
facilitates the creation of an alloy matrix primarily com-
posed of pure copper, thereby ensuring high thermal
conductivity. Meanwhile, finely dispersed particles of
chromium and the intermetallic compound CusZr serve
as strengthening phases, significantly enhancing the
alloy’s strength and heat resistance following thermal
aging. Chromium plays an important role in dispersion
strengthening, whereas zirconium contributes to elevat-
ing the recrystallization temperature, thereby enhanc-
ing heat resistance.

To bond the plates through an “overlap” technique,
a portal welding setup was utilized at the Institute of
Metal Physics of Ural Branch of the Russian Academy
of Sciences (Fig. 6, a). The workpiece was secured on-
to the welding table using the equipment depicted in
Fig. 6, b. For the welding process, a specialized weld-
ing tool crafted from the heat-resistant alloy was em-
ployed. This tool featured a conical threaded pin, 6
mm in length, with a base diameter of 8 mm tapering
down to 6 mm at the tip (Fig. 7, a). As illustrated in
Fig. 7, this rotating welding tool was angled at o = 3°
opposite to the welding direction and immersed in-
to the filler plate, thereby generating a zone of su-
perplasticity. The heat necessary for welding was
produced through the friction between the rotating
tool’s pin and the shoulder, combined with intense
plastic deformation of the metal plate. The heating
process resulted in the plasticization of the material
around the pin. As the tool moved forward, it me-
chanically transferred the material from the front to
the back edge of the tool, effectively filling the weld.
The tool’s shoulder applied pressure to the plate’s sur-
face, ensuring that the flow of plasticized metal re-
mained close to it. Consequently, a welded joint was
formed without requiring the material to melt.

Multi-pass lap welding was executed through a se-
quence of successive passes, with a seam axis step of
6 mm, which accounts for 0.86 of the average diameter of
the tool’s conical pin, measuring 7 mm. The welding pa-
rameters were as follows: load §' = 13.7+15.7 kN, spindle
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Fig. 6. FSW machine: general view (a) and equipment
for securing restorable plate and filler material
on the welding table (b)

Puc. 6. Ycranoska st CTII: o6iuii Bua (@)

M OCHACTKA JUJTSI 3aKPETJICH sl BOCCTaHABJIMBAEMOIi
TUIUTHI ¥ TPUCAZIOYHOTO MaTepuaia Ha CBApOYHOM
crode (b)

(

Fig. 7. Heat-resistant stir tool (@) and schematic drawing of multi-pass FSLW (b)

S —load, W — tool rotational speed, V— longitudinal welding velocity, o — tilt angle

Puc. 7. BHelHMIi BUJ CBAPOYHOT0 MHCTPYMEHTA U3 KapOoIpOYHOTro cIjiaBa (a) ¥ cxema mpouecca miockoctHoit CTII (b)

S — Harpy3ska; W — cKopocTb BpallleHUsI MTHCTpYMeHTa, 00/MUH; V — CKOPOCTb CBApKU, MM/MUH; OL — YTOJI HAKJIOHA, TPpajl

(tool) rotation speed W = 900 rpm, and welding speed
V=30 mm/min (refer to Fig. 7, b). Throughout the weld-
ing process, the parts were cooled by directing an air jet
onto them. The temperature at the periphery of the tool
shoulder was monitored using a DGE 10NV non-con-
tact laser pyrometer (DIAS_Pyrospot, Germany).

Following FSW, a heat treatment procedure was im-
plemented, involving quenching from 1050 °C (held for
T = 1 hour in an evacuated ampoule) in water, followed
by aging at t =450 °C (t = 1 hour, cooled in air).

The macrostructure of the samples was examined
through optical microscopy after etching in a 50 %
aqueous solution of nitric acid. This analysis was con-
ducted on transverse metallographic sections perpen-
dicular to the passages of the welding tool. The fine
structure was scrutinized using Transmission Elec-
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tron Microscopy (TEM) using thin foils. For assess-
ing hardness, a Vickers indenter with a load of 1 kg was
employed via a Qness 10A+ automated hardness tester
(Qness, Austria). Comprehensive data was obtained,
including 2D maps, 3D hardness distribution profiles,
and hardness distribution curves along the depth of the
welded joint. This involved conducting 10 measure-
ments at various depths to ascertain the hardness char-
acteristics.

Results and discussion

Figure 8, a presents an overall view of the plate
surface, which was reconstructed through multi-pass
FSLW, displaying overlapped tracks from individual
passes of the welding tool. The examination of the mac-
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rostructure of the welded joint on a transverse section
(across the passages) revealed specific characteristics
(Fig. 8, b): the structure of the used bronze plate ex-
hibited large recrystallized grains, measuring between
5t0 20 mm.

As documented in [39], scanning electron microsco-
py reveals spherical particles of pure chromium featur-
ing a BCC Ilattice, measuring 1—5 pum in size, distrib-
uted within the grains of a metal matrix. Additionally,
rod-shaped particles, reaching up to 1 um in size and
representing CusZr with a complex face-centered cubic
lattice type BesAu [43], were observed. Optical micros-
copy (Fig. 9, a) also distinctly highlighted the presence
of round chromium particles, up to 5 um in size, within
the plate’s structure. Their existence in the original plate

structure following hardening, aging, and prolonged op-
erational use can be attributed to the limited solubility of
chromium in copper, which, even at ¢ = 1050 °C, does
not exceed 0.6 wt.% [41].

Transmission electron microscopy observations re-
vealed the existence of a specific quantity of dislocations
within the copper grains (Fig. 10). However, the elevat-
ed hardness of the restored CCM mold plate, measuring
between 116—126 HVI (Fig. 11 and 12, curve 1), is pri-
marily attributed not only to these structural character-
istics but predominantly to the presence of pre-deposits
in the aged bronze, specifically Guinier—Preston zones,
and nanodispersed chromium particles that are coherent
with the matrix. These elements generate elastic stress
fields within the matrix [44—46].

Fig. 8. Appearance of the FSW restored layer (@) and macrostructure of the restored layer and substrate in a transverse

cross-section (b)

Puc. 8. Bun BoccranosnenHoro CTII-cios (@) 1 MaKpoCTpYKTYpa BOCCTAHOBJEHHOTI'O CJI0S1 Y MOMJIOXKKU B MOMEPEYHOM

ceyeHuwu (b)

b

Fig. 9. Chromium particles in the initial
bronze structure in the mold plate (a),

in the restored bronze layer after FSW (b),
and after quenching from 1050 °C (¢)
(optical microscopy)

Puc. 9. YacTuus xpoma

B MCXOTHOM CTPYKTYpe OPOH3HI B ITUTE
KpucTaau3aTopa (a), B BOCCTAHOBIEHHOM
cnoe 6pon3sl mocne CTII (b) u mocne
JIoTNoJHUTeAbHOM 3aKaiku oT 1050 °C (c)
(onTHUYecKass MUKPOCKOIUSI)
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In Figure 8, b, it is evident that multi-pass welding,
with a 6 mm step, generates a continuous bronze layer
approximately 5 mm thick on the plate’s surface. This
layer is formed due to the partial overlap of welded
joints. The restored layer exhibits a relatively uniform
macrostructure. Importantly, no observable continuity
defects such as breaks, cracks, or pores were detected ei-
ther across the entire cross-section of the welded joint
or along the boundary of the connection between the
applied material and the metal of the plate undergoing
restoration.

The analysis conducted via an automated hardness
tester provided a 2D map, a 3D hardness distribution
profile (Fig. 11), and a graph illustrating changes in
hardness along the depth of the welded joint (Fig. 12,
curve 7). These assessments revealed a reduction in the
hardness of the applied layer to a range of 85—105 HV1
due to multi-pass FSLW. This decrease contrasts with
the initial hardness of the CCM mold plate, which was
measured at 116—126 HV1. Additionally, no significant

Fig. 10. Initial microstructure of the Cr—Zr bronze (TEM)

differences or noticeable drops in hardness were ob-
served in the overlap area of adjacent passages. Within
the thermomechanically affected zone (refer to Fig. 11,
zone I1), a slight increase in hardness was noted com-
pared to the hardness level in the original (base) metal
of the mold plate. This elevated hardness can be attri-
buted to the deformation hardening of the plate material
nearby the rotating welding tool caused by its mecha-
nical action.

Optical metallography analysis reveals a notable
dispersion in the structure of the deposited bronze
layer, particularly evident in the weld nugget (Fig. 13).
This dispersion results in the weld structure exhibiting
grain sizes, ranging from units to tens of micrometers
(Fig. 14). In the upper section of the layer restored by
FSW (stir zone) (as shown in Fig. 13), a fine-grained
equiaxial recrystallized structure emerges, charac-
terized by a grain size of approximately 5 pm (refer to
Fig. 14, a). While the predominant size of recrystal-
lized grains in the stir zone falls within the range of

a — bright-field image and electron-diffraction pattern, zone axis [12§ ]; b — dark-field image in the f31Cu reflection

Puc. 10. VicxonHast cTpyKTypa 6pOoH3bI M3 TIUTHI KpucTajau3zaropa MHJI3 (ITOM)

a — CBETJIONOJIbHOE N300pakeH!e 1 KapTHHA MUKPOAUMPaKIU, OCb 30HBI [125]; b — TeMHOMOIBHOE U300paxeHue B pepiaekce 131,
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Fig. 11. Hardness distribution of the weld: 2D-map (a) and 3D profile (b)
I — stir zone of the restored layer; II — thermomechanically affected zone; III — initial (base) metal of the mold plate

Puc. 11. PacripenesieHre TBepaOCTH IO CEYCHUIO cBapHOTo coeauHeHus: 2D-kapra (a) u 3D-nipoduis (b)

I — BocctaHoBieHHbII crtoco6oM CTTI cioit 6poH3bl (30Ha nepeMeninBaHus); I — 30Ha TEpMOMEXaHUYECKOTO BIIUSTHUS;

11T — vicxonHBIii (OCHOBHOI) METAJIT TUTUTHI KPUCTAIIM3aTOPa
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5 to 15 um, observations at different depths beneath
the surface reveal areas and bands spanning several
hundred micrometers with a grain size of up to 20—
50 um (see Fig. 14, b, ¢). Within the thermomechani-
cally affected zone (refer to Fig. 13), a combination of
fine-grained structure and deformed coarse grains is
evident (depicted in Fig. 14, d). These areas gradually
transition into the structure resembling the initial ma-
terial of the mold plate.

Hardness, HV1

Restored layer

160+

140

1204

100+

804

60

40 T T T
0 2 4 6 8 10

Distance from surface, mm

Fig. 12. Hardness distribution in the restored layer

and the mold plate after various technological operations
1— FSW; 2 — FSW + quenching 1050°C;

3 — FSW + quenching 1050°C + aging at 450°C

Puc. 12. PacipeneneHuie TBepIOCTH B BOCCTAHOBICHHOM
cnoe Cr—Zr-6poH3bl U TIUTe KpuctauiudaTopa MHII3
MocJie Pa3JIMYHbIX TEXHOJIOTMYECKUX ONepaluii

1— CTII; 2 — CTII + 3akanka ot 1050 °C;

3 — CTII + 3akanka ot 1050 °C + crapenue mipu 450 °C

5 mm

Fig. 13. General view of a transverse section of the weld

I — stir zone of the restored layer; II — thermomechanically affected
zone; Il — initial (base) metal of the mold plate

Puc. 13. O61uii BUI ITOIepevyHOTOo IITu(a CBapHOTO
COEIMHEHU ST XpPOMOLIMPKOHUEBOI OPOH3bI

I — BoccraHoBeHHBIM criocodom CTTI cioit (30Ha nepemMelnBaHus);
II — 30Ha TEPMOMEXaHMUECKOTO BIUSTHUS;

IIT — vicxoaHbIi (OCHOBHOI) METaJLT IJIUThI KPUCTAJLIM3aTopa

The movement of material around the pin of the
welding tool during FSW is intricate, characterized by
gradients in the degree and rate of deformation as well as
temperature fluctuations [18; 19]. Consequently, the mi-
crostructure in the weld nugget (stir zone) retains traces
of varying thermomechanical histories of different met-
al layers. This leads to structural heterogeneity due to
the complexity of FSW. In the case of multi-pass FSW
(as shown in Fig. 7, b and 8, a), additional thermal and
thermomechanical effects on the metal structure occur
due to different weld zones overlapping (such as thermal
and thermomechanically affected zones and the weld
nugget). This further contributes to the observed struc-
tural heterogeneity in the restored layer and the zone of
thermomechanical influence, as highlighted in Figs. 13
and 14. Notably, despite the varied grain sizes observed
in these zones, it’s essential to point out that this diver-
sity did not significantly impact the uniformity of hard-
ness distribution in these specified zones (as evident in
Figs. 11 and 12). Furthermore, it’s important to men-
tion that the heat-affected zone does not exhibit distinct
identification based on changes in the size of structural
components or alterations in the material’s hardness.

Transmission electron microscopy examinations in
the stir zone reveal the presence of areas with deformed
grains alongside a significant number of clean recrystal-
lized grains characterized by broad banded boundaries
(Fig. 15 a, b). Within these grains, chromium particles
are observed (Fig. 15, ¢), with sizes that can extend up
to 100 nm. Heating to high temperatures and intense
plastic deformation during multi-pass FSW leads to the
initiation of dynamic recrystallization processes behind
the welding tool and contribute to the enlargement of
strengthening phases (overaging). It’s previously shown
(refer to Fig. 9, b) that FSW does not result in complete
dissolution of coarse chromium particles, which are in-
itially present in the structure of the original plate (as
seen in Fig. 9, a). Consequently, these relatively larger
chromium particles, which can reach sizes of up to 5 um,
do not exert a decisive influence on the material’s hard-
ness.

The substantial decrease in hardness within the stir
zone, from the initial 116—126 HVI1 of the continu-
ous caster mold plate to the range of 85—105 HVI (as
observed in Fig. 11 and 12), despite the significant re-
finement of the bronze grain structure (as depicted in
Fig. 8, b and 14), is attributed to recrystallization and
overaging processes resulting from multi-pass FSW.
During the FSW of chromium zirconium bronze, the
temperature measured at the periphery of the tool shoul-
der, composed of the heat-resistant alloy, registered at
500—550 °C (Fig. 16) using a non-contact laser pyrome-
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Fig. 14. Structure of chromium-zirconium bronze in the restored layer of the continuous caster mold plate after FSW
(optical microscopy)
a — near the surface; b — mid area, ¢ — area of variable grain structure, d — the transition zone «layer — base metal»

Puc. 14. CTpyKTypa XpOMOILMPKOHKMEBOI OPOH3BI B BOCCTAHOBJICHHOM CJIO€ TUIUTHI KpuctaianuzaTopa MHJI3 mocne CTII
(onTUYeCKast MUKPOCKOITH )

a — BOJIM3K TIOBEPXHOCTH; b — B LIEHTPAIbHOM YaCTH BOCCTAHOBJIEHHOTO CJI0sI, ¢ — HA IPAHMIIE YYaCTKOB C Pa3HOPa3MEPHOIA CTPYKTYPOIi,
d — B IepeXoHOI 30HE C OCHOBHBIM METAJLIIOM

Fig. 15. Bronze structure in the stir zone (TEM)

a — bright-field image and electron-diffraction pattern,
zone axis [112]; B

b — dark-field image in the 111, reflection;

¢ — bright-field image of the chromium particles

Puc. 15. CtpykTypa OpoH3BI
B 30He niepeMetnuBaHus ([19M)

a — CBETJIONOJIbHOE N300pakeHne U KapTHHA
MUKpoIudpakinu, ock 30HbI [112]; B

b — TemHoMoOJBHOE M300paxkeHue B peaexce 111q;
¢ — CBETJIONOJIbHOE N300paXeHHe YacTHLL XpoMa
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ter. Simulation results [40] indicate that the temperature
within the weld zone (stir zone) surpasses the measured
value by 100—150 °C, reaching 600—700 °C. Addition-
ally, the accumulation of metal heating under multi-pass
FSW conditions contributes to the softening effect. In a
study [39], during a single-pass FSW with a tool made
of H13 die steel, which heated the welding zone to ap-
proximately 420 °C, a reduction in bronze softening was
observed. Conversely, this led to material strengthen-
ing by 1.5—2.0 times. This outcome suggests that less
heating did not trigger the development of overaging
processes.

Quenching the material from 1050 °C induces sub-
stantial growth in many grains within the layer restored
by multi-pass FSLW (Fig. 17, a, b). This growth occurs
due to the development of recrystallization processes
during high-temperature exposure to the quenching
process. The thermal dissolution of dispersed strength-
ening phases, particularly chromium particles meas-
uring up to 100 nm observed post-welding (refer to
Fig. 15, ¢), facilitates the growth of recrystallized grains.
Consequently, in certain areas of the restored layer,

grain growth expands to several hundred microns, often
accompanied by the formation of annealing twins (de-
picted in Fig. 17, a, b). The observed grain coarsening
and the dissolution of dispersed reinforcing chromium
particles contribute to significant softening, reducing

i

R O N
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Fig. 16. Temperature variation at the periphery of the welding

tool shoulder during FSW of Cr—Zr bronze

Puc. 16. VI3ameHeHue TeMTiepatypsl Ha iepudepun
3ariedyrKa CBapOYHOTO MHCTPYMEHTA B IIpo1iecce
miaockocTHoi CTII XpoMoOLIMpKOHUEBOM OPOH3BI

Fig. 17. Cr—Zr bronze structure in the restored layer after various heat treatments (optical microscopy)
a, b — FSW + quenching from 1050 °C; ¢, d — FSW + quenching from 1050 °C + aging at 450 °C

a, ¢ — near the surface; b, d — in the mid area of the restored layer

Puc. 17. CtpykTypa XpOMOLIMPKOHNEBOI OPOH3BI B BOCCTAHOBIEHHOM CJIO€ TIMTHI KpucTtaiuzaropa MHJI3
nocJie pa3JaMYHbIX TEPMUYECKUX 00pabOTOK (ONMTUYECKAST MUKPOCKOITH )

a, b — CTII + 3akanka ot 1050 °C; ¢, d — CTII + 3akaznka ot 1050 °C + crapenue npu 450 °C
a, ¢ — BOJIM3U MMOBEPXHOCTHU; b, d — B LIEHTPaAJIbHOI YaCTU BOCCTAHOBJIEHHOTO CJIOS
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the hardness to values between 52—62 HVI1, observed in
both the restored layer with a dispersed structure and the
coarse-grained base material of the plate (Fig. 12, cur-
ve 2). Interestingly, even after one hour of hardening at
t = 1050 °C, coarse chromium particles up to 5 microns
in size, initially present in the bronze structure of the
original plate (as seen in Fig. 9, a) and post-FSW treat-
ment (as shown in Fig. 9, b), retain in the structure (seen
in Fig. 9, ¢). This retention is due to the limited solubility
of chromium in copper, which at the specified quench-
ing temperature does not exceed 0.6 wt.% [41].
According to the observations made through trans-
mission electron microscopy, following the quenching
process, coarse grains exhibit a limited number of dis-
locations found both inside the grain and at high-an-
gle boundaries (Fig. 18, a). Additionally, undissolved
dispersed chromium particles, measuring up to 30 nm,
are present (Fig. 18, b), alongside twins (Fig. 18, ¢, d).
Figures 18, ¢, d also show a deformation contrast in the
form of “butterfly wings” or arcs. The structural ima-
ges reveal specific contrasts, such as “coffee beans” and
“rings”, which indicate the presence of Guinier—Pres-
ton zones within the structure. These zones are known

to be coherently associated with the matrix [44; 45] or
forming nuclei of chromium particles that generate
a field of elastic stresses around themselves within the
matrix [46]. The emergence of such characteristic struc-
tural features of aged bronze post-quenching in water
[44—46] could be linked to the use of a sealed ampoule
during the high-temperature heating of the sample,
causing a delay in its cooling process.

Quenching followed by aging at = 450 °C results
in the strengthening of the weld joint to 120—150 HV1
(as observed in Fig. 12, curve 3). This strengthening ef-
fect occurs despite the presence of large grains within
the structure of the restored layer (seen in Fig. 17, ¢, d),
formed during the heating to 1050 °C for quenching. In
the bright-field TEM image, a contrast in the form of
arcs is observed within the grain bulk (Fig. 19, a), in-
dicating the initial stages of fine strengthening phase
formation. Moreover, the dark-field image in Fig. 19, b
indicates the release of a considerable number of dis-
persed particles enriched with chromium from a super-
saturated solid solution. These released particles play
a significant role in efficient dispersion strengthening,
affecting both the layer restored by FSW and the origi-

Fig. 18. Bronze structure in the stir zone of FSW joint at a depth of 1 mm (a, b) and at a depth of 4 mm (¢, d) after quenching

from 1050 °C (TEM)

a, b — bright-field images; ¢ — bright-field image and electron-diffraction pattern, zone axis [114]; d — dark-field image in the 1_31Cu reflection

Puc. 18. CrpykTypa 6pon3ssl B 30He nepememinBanust CTII na rnyoune 1 mum (a, b) u 4 mm (c, d) mocne 3akanku ot 1050 °C

(TIOM)

a, b — cBeTIIONOobHbIE N300PAXKEHUST; ¢ — CBETJIONOJIbLHOE N300pakeHe U KapTHA MUKPOIUGDPAKIINH, OCh 30HBI [ 114],

d — TeMHOTIOJIbHOE M300pakeHue B pediekce 1_31(;u
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Fig. 19. Bronze structure in the stir zone near the surface at a depth of 1 mm, after quenching from 1050 °C followed

by aging at 450 °C (TEM)

a — bright-field image and microdiffraction pattern, zone axis [123]; b — dark-field image in the 11 1oy, cr mixed reflection

Puc. 19. Ctpykrypa 6pon3sl B 30He nepemeniuBanusi CTII Ha rmyoune 1 mm nocie 3akanku ot 1050 °C

u ctapeHus nmpu 450 °C (ITBM)

a — CBETJIOTIOJIbHOE N300pakeHne U KapTUHA MUKPOIUGbPaKIIUU, OCh 30HHI [123];

b — TemHOMONMBHOE M306paXKeHHsT B cMetaHHoM pedrexce 111¢y ¢

nal plate of chromium-zirconium bronze (as seen in
Fig. 12, curve 3). This signifies the dominant role of
the dispersion strengthening mechanism over the grain
boundary strengthening mechanism. Active release of
dispersed chromium particles during aging is facilitated
by the presence of chromium-enriched Guinier—Pres-
ton zones or chromium particle nuclei, as observed in
the discussion regarding Fig. 18, ¢, d, subsequent to
hardening. Consequently, this heat treatment process
(quenching followed by aging) effectively reverses the
de-strengthening effect observed in the stir zone of
chromium-zirconium bronze, a result of overaging dur-
ing the multi-pass FSW caused by overheating.

Conclusions

The manufacture and restoration of CCM molds
hold significant strategic importance for ensuring the
national safety of the Russian Federation within the
steel industry. An innovative technology has been de-
veloped and practically implemented in major Russian
metallurgical enterprises for the restoration and produc-
tion of new mold plates, incorporating wear-resistant
composite HVAF thermal spray coatings. This inno-
vation has shown remarkable performance, surpassing
imported plates with galvanic coatings by a significant
margin (4—20 times), while simultaneously enhancing
the quality of the produced workpieces. Consequently,
the reliance on foreign slab molds in Russian metallur-
gical plants has been decreased from 97 % in 2012 to
40 % by the end of 2022.

To prolong the service life and reduce the cost of
consumable components in a CCM, solutions are being

sought to address the pressing issue of restoring copper
plates of slab molds after reaching the minimum per-
missible thickness due to operation and repairs. The
advantages and potential of restoring mold plates using
Cr—Zr bronze are being explored, employing the envi-
ronmentally friendly method of multi-pass Friction Stir
Lap Welding by applying a filler plate made of the same
material onto the restored plate. A series of successive
passes using a rotating conical tool with partial joints
overlap produced a welded layer (restored bronze layer)
approximately 5 mm thick, exhibiting no critical con-
tinuity defects such as breaks, cracks, or pores. Various
grain sizes, ranging from units to tens of microns, were
observed in the weld zones.

The FSW process, coupled with blowing the welding
zone with an air jet, resulted in softening of the bronze
within the restored layer, measuring 85—105 HV1 com-
pared to the original plate hardness of 116—126 HVI.
This softening phenomenon is linked to dynamic
recrystallization and overaging, involving the coarsen-
ing of chromium particles to approximately 100 nm in
Cr—Zr bronze due to heating the weld nugget (stir zone)
to temperatures of 600—700°C.

Subsequent quenching from 1050 °C further contrib-
uted to the softening of the bronze, reducing its hardness
to 52—62 HVI. This affected both the FSW restored
layer with a dispersed structure and the original plate
containing coarse grains (5—20 mm) due to the devel-
opment of recrystallization and thermal dissolution of
dispersed strengthening phases (chromium particles) up
to 100 nm in size, observed post-welding.

Subsequent aging at a t = 450 °C results in the
strengthening of the restored layer to a 120—150 HVI,
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despite the retention of coarse-grained structure formed
during the heating process for quenching. This effi-
cient strengthening during aging, observed in both the
restored layer and the original plate, is attributed to
the release of chromium-enriched dispersed particles
from a supersaturated solid solution. This highlights
the predominant role of the dispersion mechanism in
strengthening Cr—Zr bronze over the grain-boundary
strengthening mechanism. The active release of dis-
persed chromium particles during aging is facilitated by
the formation of chromium-enriched Guinier—Pres-
ton zones or nuclei of chromium particles within the
bronze layer restored by FSW, which begins during the
quenching stage. Consequently, the softening of bronze
during multi-pass FSW can be effectively eliminated by
quenching followed by aging.

The restoration of copper plates to their original
thickness using multi-pass friction stir lap welding cou-
pled with the subsequent application of wear-resistant
composite coatings ensures a continuous operational
cycle for slab molds and substantially diminishes the
necessity for their importation. The utilization of ad-
vanced FSW methods for plate restoration, apart from
being economically efficient, also promises considera-
ble environmental benefits. This approach reduces the
requirement for environmentally harmful metallurgical
production to manufacture new mold plates from copper
alloys.
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