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MINERAL PROCESSING OF NON-FERROUS METALS / ОБОГАЩЕНИЕ РУД ЦВЕТНЫХ МЕТАЛЛОВ
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Research article

Научная статья

©  2023 г.  O.N. Krivolapova, I.L. Fureev

Application of microwave radiation for decrepitation 
of spodumene from the Kolmozerskoe deposit
O.N. Krivolapova1, I.L. Fureev2

1 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 

  Ilya 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 

α-spodumene, which possesses a high resistance to chemical attack due to its compact structure containing silicon and aluminum oxides. 

When subjected to microwave radiation, α-spodumene undergoes a transformation, first becoming the γ form and then transitioning to the β 

form. It is known that the β form can be chemically treated to extract lithium. In light of this, microwave exposure was applied to α-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. 
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Применение микроволнового излучения 
для декрипитации сподумена 
Колмозерского месторождения
О.Н. Криволапова1, И.Л. Фуреев2

1 Национальный исследовательский технологический университет «МИСИС»
119049, Россия, г. Москва, Ленинский пр-т, 4, стр. 1

2 Государственный научно-исследовательский и проектный институт 
   редкометаллической промышленности (АО «Гиредмет»)
111524, Россия, г. Москва, ул. Электродная, 2, стр. 1

  Илья Леонидович Фуреев (ifureev@mail.ru)

Аннотация: Литий-ионная промышленность демонстрирует быстрорастущий спрос на Li-содержащие соединения. Сподумен 

является одним из основных промышленных минералов для производства этого металла. Он имеет 3 полиморфные формы. 
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Krivolapova O.N., Fureev I.L. Application of microwave radiation for decrepitation of spodumene from the Kolmozerskoe deposit

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 %;

В природе – это α-сподумен, который обладает высокой устойчивостью к химическому воздействию благодаря своей компакт-

ной структуре, содержащей оксиды кремния и алюминия. Микроволновое излучение превращает α-сподумен сначала в γ-, а 

после в β-форму, и известно, что последняя может подвергаться химическому воздействию с целью извлечения лития. Основы-

ваясь на этом факте, была проведена микроволновая процедура воздействия на α-сподумен, направленная на декрипитацию с 

последующим серно-кислотным разложением минерала, измельченного до разной крупности (1,0, 0,5 и 0,25 мм). Также были 

проанализированы зависимости изменения температуры при использовании традиционного нагрева. Обычный и микровол-

новый нагревы образцов различной крупности проводили до достижения температуры 1200 °С. Сульфатизацию прокаленных 

образцов осуществляли в течение 60 мин при t = 250 °С. После охлаждения до 22 °С добавляли дистиллированную воду и пере-

мешивали в течение 120 мин в закрытых сосудах для выщелачивания. Для определения извлечения ценных и попутных компо-

нентов был проведен анализ кеков выщелачивания и жидкой фазы методом атомно-эмиссионной спектрометрии с индуктивно 

связанной плазмой. На основе анализа результатов экспериментов обоснована рациональность применения микроволнового 

излучения для декрипитации сподумена с целью извлечения лития. Изучено влияние крупности на фазовые превращения и, 

соответственно, степень извлечения лития из сподумена. Показано, что извлечение лития в процессе микроволнового воздей-

ствия и выщелачивания класса менее 0,25 мм достигло 96,82 %. Микроволновый нагрев привел к более низким показателям 

извлечения «вредных» компонентов, таких как железо, натрий и кальций, в процессе выщелачивания, что дает преимущество в 

чистоте получаемого продукта.

Ключевые слова: литий, сподумен, микроволновое излучение, декрипитация, сульфатизация, выщелачивание.

Для цитирования: Криволапова О.Н., Фуреев И.Л. Применение микроволнового излучения для декрипитации сподумена Кол-

мозерского месторождения. Известия вузов. Цветная металлургия. 2023;29(6):5–12. 

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

— 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: α, β, γ [1]. Natural spodumene is naturally found 

in the crystalline α phase. The β form results from 

recrystallization when α 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 γ modification of spodumene is a metastable phase 

that occurs when α spodumene is heated to tempera-

tures ranging from 700 to 900 °C [2; 15]. The γ 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 inf luence 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 % Li2O), 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 % 

Li2O and less than 1 % Fe2O3 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.%:

Li2O .................................................... 5.6

Al2O3 ................................................ 25.1

SiO2................................................... 65.7

Fe2O3 .................................................. 0.7

Na2O ................................................... 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 kW 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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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 t < 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 β 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 β-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 Büchner 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 α-spodumene exhibits very low reactivity, suggest-

Fig. 1. Temperature as a function of heating duration 

in a muffle furnace

Рис. 1. Зависимость температуры образцов 

разной крупности от продолжительности нагрева 

в муфельной печи

Fig. 2. Temperature as a function of microwave heating duration

Рис. 2. Зависимость температуры образцов 

разной крупности от продолжительности 

микроволнового нагрева
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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.

Conclusions

In this study, the impact of microwave radiation 

power on lithium leaching was thoroughly investigated. 

As the temperature increases to approximately 700 °C, 

the microwave heating rate experiences a sharp rise, al-

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 

and, consequently, the leaching of calcined samples of 

spodumene concentrate.

The study has also revealed that the most efficient 

heating method involves a combination of conven-

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 

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.

Metal balance

Баланс металла

Product
Weight (volume), 

g (ml)

Content, % (g/l) Extraction, %

Li Fe Na Ca Li Fe Na Ca

Heating in a  muff le  furnace

Product solution (100.02) (1.27) (0.02) (0.30) (0.57) 97.37 9.81 72.25 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 heat ing

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

Fig. 3. Extraction of major elements by leaching from initial 

spodumene concentrates and calcined by microwave 

and conventional methods

Рис. 3. Извлечение основных элементов 

при выщелачивании из необработанного 

и прокаленного с помощью микроволнового и обычного 

методов нагрева образцов концентрата сподумена
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Effect of lithium on the anodic behavior of AlTi0.1 
aluminum conducting alloy in NaCl electrolyte environment 
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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 t = 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 (AlTi0.1 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 AlTi0.1 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: AlTi0.1 aluminum alloy, lithium, potentiostatic method, stationary potential, corrosion potential, corrosion rate, NaCl electrolyte.
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Аннотация: Среди всех известных металлов алюминий по электропроводности занимает 4-е место после серебра, меди и золо-

та. Электропроводность отожженного алюминия составляет приблизительно 62 % IACS от электропроводности отожженной 
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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 inf luence 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;

стандартной меди, которая при t = 20 °C принимается за 100 % IACS. Однако благодаря малому удельному весу алюминий 

обладает проводимостью на единицу массы в 2 раза большей, чем медь, что дает нам представление об экономической выгод-

ности применения его в качестве материала для проводников. При равной проводимости (одна и та же длина) алюминиевый 

проводник имеет площадь поперечного сечения на 60 % больше, чем медный, а его масса составляет только 48 % от массы 

меди. В большинстве случаев в электротехнике использование алюминия в качестве проводника затруднено, а часто и просто 

невозможно из-за его низкой механической прочности. Повышение этого значимого показателя возможно за счет введения леги-

рующих добавок. В таком случае механическая прочность возрастает, вызывая, однако, заметное снижение электропроводности. 

В работе исследовано влияние добавки лития на анодное поведение алюминиевого проводникового сплава марки А5, модифи-

цированного 0,1 мас.% Ti (сплава AlTi0.1), в среде электролита NaCl. Эксперименты проведены потенциостатическим методом 

в потенциодинамическом режиме при скорости развертки потенциала 2 мВ/с. Показано, что добавка лития в сплав AlTi0.1 

способствует смещению потенциалов свободной коррозии, питтингообразования и репассивации в положительную область 

значений, а скорость коррозии при введении 0,01–0,50 мас.% Li снижается на 10–20 %. В зависимости от концентрации хло-

рид-иона в электролите NaCl отмечен рост скорости коррозии сплавов и смещение электрохимических потенциалов в область 

отрицательных значений.

Ключевые слова: алюминиевый сплав AlTi0.1, литий, потенциостатический метод, стационарный потенциал, потенциал корро-

зии, скорость коррозии, электролит NaCl.

Для цитирования: Ганиев И.Н., Рахматуллоева Г.М., Зокиров Ф.Ш., Эшов Б.Б. Влияние лития на анодное поведение алюминие-

вого проводникового сплава AlTi0.1 в среде электролита NaCl. Известия вузов. Цветная металлургия. 2023;29(6):13–21. 
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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 

(AlTi0.1 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].

For instance, Fig. 1 illustrates the comprehensive 

polarization diagram concerning the initial AlTi0 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 II), and the repas-

sivation potential (Erp.p) was determined either from 

the intersection of curves I and II or from the inflec-

tion point in curve II. 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 III) 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 (icorr), regarded as the pri-

mary electrochemical characteristic of the corrosion 

process, was computed utilizing the cathodic curve. 

This calculation considered the Tafel slope (bk =

= 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 = icorrκ,

where κ = 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 AlTi0.1 aluminum al-

loy, incorporating varying amounts of lithium in a NaCl 

electrolyte environment, indicate a noticeable shift in 

the free corrosion potential (Ew.corr) towards positive 

values (Fig. 2). Notably, a higher concentration of the 

modifying component (lithium) correlates with a more 

positive Ew.corr value. Furthermore, transitioning from 

0.03 % NaCl to 3.0 % NaCl, results in a more negative 

Ew.corr, irrespective of the quantity of the modifying ad-

ditive (Li) in the AlTi0.1 alloy.

Table summarizes the corrosion and electrochem-

ical behavior of the examined AlTi0.1 alloy across 

NaCl electrolyte with various concentrations. The ta-

ble illustrates that an increase in lithium content within 

the initial AlTi0.1 sample leads to the displacement of 

Fig. 1. Full polarization curve (at a potential sweep rate 

of 2 mV/s) of AlTi0.1 aluminum conducting alloy 

in a 3.0 % NaCl electrolyte environment 

Еpf – рotential of pitting formation; Erp.p – repassivation potential; 

Еcorr – corrosion potential

Рис. 1. Полная поляризационная кривая 

(при скорости развертки потенциала 2 мВ/с) 

алюминиевого проводникового сплава AlTi0.1 

в среде электролита – 3,0 %-ного NaCl

Еpf – потенциал питтингообразования; 

Erp.p – потенциал репассивации, Еcorr– потенциал коррозии
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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. 

Consequently, the introduction of lithium into the 

aluminum conducting alloy AlTi0.1 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, 

Fig. 2. Potential of free corrosion plotted against time 

for the initial AlTi0.1 aluminum conducting alloy (1) 

and lithium-modified alloys (2–5) in NaCl electrolyte 

environment, wt.%: 0.03 (a), 0.3 (b) and 3.0 (c)

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

Рис. 2. Временнáя зависимость потенциала 

свободной коррозии исходного алюминиевого 

проводникового сплава AlTi0.1 (1) и модифицированных 

литием образцов (2–5) в среде электролита NaCl, мас.%: 

0,03 (а), 0,3 (b) и 3,0 (c)

Содержание Li, мас.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) и 0,50 (5)

Fig. 3. Anode branches of potentiodynamic curves 

(potential sweep rate 2 mV/s) of the initial AlTi0.1 aluminum 

conducting alloy (1) and lithium-modified variants (2–5) 

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

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

Рис. 3. Анодные ветви потенциодинамических кривых 

(скорость развертки потенциала 2 мВ/с) исходного 

алюминиевого проводникового сплава AlTi0.1 (1) 

и модифицированных образцов (2–5) 

в среде электролита NaCl, мас.%: 0,03 (а) и 3,0 (b) 

Содержание Li, мас.%: 0 (1), 0,01 (2), 0,05 (3), 0,10 (4) и 0,50 (5)
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the anodic curves associated with the modified alloys 

are situated to the left of the curve representing the 

original AlTi0.1 sample, implying a somewhat lower 

anodic corrosion rate across all examined environ-

ments (see Fig. 3).

Figure 4 demonstrates the corrosion rates of the 

AlTi0.1 alloy relative to lithium content and NaCl elec-

trolyte concentration. It was observed that the addition 

of lithium to the AlTi0.1 alloy consistently decreases its 

corrosion rate across all NaCl electrolyte environments 

under consideration.

Figure 5 illustrates the corrosion current density of 

the AlTi0.1 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 AlTi0.1 alloy, optimal conditions emerge, exhib-

iting minimal corrosion rates for these alloys. With an 

elevation in chloride ion content, there is a noticeable 

Corrosion and electrochemical characteristics of AlTi0.1 aluminum conducting alloy with varying lithium 
modifications in NaCl electrolyte environment

Коррозионно-электрохимические характеристики алюминиевого проводникового сплава AlTi0.1, 

модифицированного литием, в среде электролита NaCl

NaCl, wt.% Li, wt.%
Electrochemical potentials, V (s.c.e.) Corrosion parameters 

–Еw.corr –Еcorr –Еpf.p –Еrp.p icorr, А/m2 K·103, g/(m2·h)

0.03

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

0.05 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

0.30

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

0.05 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

3.00

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

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

Fig. 4. Corrosion rate variations of the AlTi0.1 

aluminum conducting alloy plotted against lithium content 

in NaCl electrolyte environment, wt.%: 

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

Рис. 4. Зависимость скорости коррозии 

алюминиевого проводникового сплава AlTi0.1 

от содержания в нем лития и концентрации 

электролита NaCl, мас.%: 

0,03 (1), 0,3 (2) и 3,0 (3)
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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 μm and can be 

increased to 5 or 50 μm 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 

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 AlTi0.1 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 AlTi0.1 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.
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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 inf luence 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 Fe5S6 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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Аннотация: Мировая минерально-сырьевая база золота на 30 % представлена упорным по отношению к цианиду сырьем. 

На фоне глобальной тенденции к снижению добычи богатых и легкообогатимых руд в переработку вовлекается низкокаче-

ственное сырье, в том числе и с высоким содержанием серы и мышьяка. Авторами оценены основные факторы, затрудня-

ющие процесс выщелачивания упорного золота: влияние форм нахождения золота в сырье, наличие эффекта прег-роббин-

га, влияние на процесс выщелачивания минералов-цианисидов, в частности пирротина. Сульфидные минералы оказывают 



Известия вузов. Цветная металлургия  •  2023  •  Т. 29  •  № 6 •  С. 22–34

23

Григорьева В.А., Бодуэн А.Я. Перспективы переработки упорного золотосульфидного сырья

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-

значительное влияние на кинетику процесса выщелачивания золота, а также на расходы реагентов. Поведение Fe5S6 опи-

сывается понятием «химическая депрессия». В условиях цианидного выщелачивания пирротин активно вступает в прямое 

взаимодействие с NaCN/KCN, подвергается реакциям поверхностного окисления растворенным в пульпе кислородом с об-

разованием ферроцианидных комплексов, роданидов, не проявляющих выщелачивающую способность в отношении золота. 

На сегодняшний день существуют два подхода к способам повышения технологических показателей технологии переработки 

упорного сырья. Первый метод предполагает включение в технологическую схему операций подготовки к цианированию, на-

целенных на раскрытие заключенного в сульфидную матрицу золота (гидрометаллургические и пирометаллургические тех-

нологии окисления, механоактивация). Альтернативным подходом является использование в качестве выщелачивателя иных 

реагентов (наиболее известные из них – тиомочевина, тиосульфаты натрия и аммония, галоиды). В статье рассматриваются 

способы модификации технологического процесса извлечения золота при значительных содержаниях пирротина в составе 

руд или продуктов обогащения.

Ключевые слова: золото, упорные руды, цианирование, прег-роббинг, пирротин, пирит, арсенопирит, выщелачивание.
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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/HCl 

[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 

Fig. 1. Dynamics of the price (1), mining volumes (2), 

production from minerals and scrap (3), and gold exports (4) 

of the Russian Federation

Рис. 1. Динамика показателей цены (1), объемов 

добычи (2), производства из минерального сырья 

и скрапа (3) и экспорта золота (4) РФ
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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-

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.

Fig. 2. Percentage of U.S. patents on gold leaching categorized by leaching approaches or reagents [3]

Рис. 2. Доля патентов США по теме выщелачивания золота, разделенных по заявленным подходам 

к выщелачиванию или реагентам [3]
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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 Б 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 В contain cy-

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 Г 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-

Fig. 3. Framework for gold-bearing ore preparation for investigation

Рис. 3. Блок-схема подготовки золотосодержащего сырья к исследованиям

Fig. 4. Classification of gold ores by the degree and nature 

of their technological refractoriness [21]

Рис. 4. Классификация золотых руд по степени 

и характеру их технологической упорности [21]
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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:

Fe5S6 +NaCN → NaCNS + 5FeS, (1)

FeS + 2O2 → FeSO4, (2)

FeSO4 + 6NaCN → Na4[Fe(CN)6] + Na2SO4. (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 

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-

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

Рис. 5. Влияние степени окисления на извлечение золота, 

в зависимости от минерального состава сырья [30]

А: 82 % пирит, 15 % арсенопирит, 3 % пирротин, 

Au преимущественно с арсенопиритом

В: 91 % пирит, 6,5 % арсенопирит, 0,5 % пирротин, 2 % сфалерит, 

Au ассоциировано с пиритом и арсенопиритом

Fig. 6. Process of the gold particle dissolution

Рис. 6. Процесс растворения частицы золота
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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 [AuCl4]–) [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 f lotation 

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-

Table 1. Mechanisms of preg-robbing depending on the material responsible for the effect

Таблица 1. Описание механизма прег-роббинга в зависимости от материала, 

вызывающего данный эффект

Materials Mechanism

Carbon
Surface adsorption 

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
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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 

P80 — 10 μm; 

— 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]:

— a decline 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 

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.

Fig. 7. Classification of conditioning methods [39]

Рис. 7. Классификация способов кондиционирования [39]
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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-

Table 2. Methods for treating refractory gold-bearing ores [49]

Таблица 2. Способы обработки упорного золотосодержащего сырья [49]

Processes Basic principles Notes

Pyrometallurgical

Standard 

roasting 

[55]

S, As and C in the ores 

are oxidized and volatilized, 

and the mineral structure, 

including gold, 

is destroyed

This process is dependable 

but demands significant investments 

and a rather intricate purification 

system to eliminate the off-gases

Roasting 

by microwave 

radiation 

[56; 57]

The material composed 

of polar molecules 

is more effective at absorbing 

microwaves and converting 

them into heat

High impurities removal rate; 

thermal efficiency; 

complex and expensive equipment; 

off-gas generation

Roasting 

with additives 

[58]

The introduction of additives 

alters the phase transformation 

or reaction process, resulting 

in the formation of new phases 

during roasting

Calcite voids and gold exposure 

increase, sulfur and arsenic 

are present in the calcine

Hydrometallurgical

Acid leaching 

[59]

Inclusions in minerals 

are destroyed by acid 

(e.g., sulfuric acid, 

hydrochloric acid)

This is typically followed 

by a roasting treatment; 

the operation is simple 

but poorly adapted to the ore

Alkaline leaching 

[60; 61]

Sulfides or oxides, 

which have a significant 

impact on the gold leaching 

process and encapsulate the gold, 

are eliminated by the use 

of alkaline compounds, 

such as sodium hydroxide 

or sodium sulfide

The process is highly efficient, 

doesn't produce harmful gases, 

and has low energy consumption. 

However, it is not well-suited 

for oxide ores

Pressure leaching 

[62; 63]

This is typically accomplished 

by raising the leaching pressure, 

often referred to as pressure 

oxidation (POX) leaching, 

and conducting fine grinding 

(mechanical activation)

It is well-suited to the ore 

and enhances gold recovery 

efficiency, but the equipment 

is complex and expensive

Biological leaching 

[64]

Microorganisms dissolve sulfides 

or harmful elements in minerals 

to aid in the extraction 

of valuable elements

The method is cost-effective 

and generates minimal waste. 

Nevertheless, it is time-consuming, 

leading to excessive operating costs 

and may not be well-suited 

for certain types of ores
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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, γ = 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 α-phase Zn, a mixture of Zn and ~LiZn3 phases, as well 

as the α-phase Zn containing Mg2Zn11 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 LiZn3 phase and the precipitation of Mg2Zn11 

and β-LiZn4 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.

Keywords: zinc alloy, severe plastic deformation, strength, ductility, microstructure, phase composition, X-ray diffraction analysis, hardening 

mechanisms.
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Introduction

In recent 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 (σut ~ 34 MPa) and 

Влияние интенсивной пластической деформации 
на структуру и свойства сплава Zn–1%Li–2%Mg
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Аннотация: Путем оптимизации параметров процессинга (давление, температура, степень деформации) найден ре-

жим интенсивной пластической деформации кручения (ИПДК), позволяющий сформировать в биоразлагаемом сплаве 

Zn–1%Li–2%Mg необычную микроструктуру, проявляющую уникальные физико-механические свойства. Так, после 10 обо-

ротов ИПДК (степень накопленной деформации γ = 571), реализованной при температуре 150 °C и приложенном давлении 

6 ГПа, сплав Zn–1%Li–2%Mg при испытаниях на растяжение продемонстрировал высокие показатели предела текучести 

(~385 МПа), предела прочности (~ 490 МПа) и пластичности (44 %). Для объяснения причин уникальных механических 

характеристик данного материала проанализирована его микроструктура методами электронной микроскопии и рентге-

нофазового анализа (РФА). Показано, что в сплаве в результате ИПДК формируется особая микроструктура, состоящая из 

чередующихся полос α-фазы Zn, смеси фаз Zn и ~LiZn3, а также α-фазы Zn, содержащей частицы Mg2Zn11. Установлено, 

что при обработке ИПДК также реализуется процесс динамического старения, в результате которого в фазе ~LiZn3 выпа-

дают частицы Zn, а в фазе Zn – Mg2Zn11 и β-LiZn4. При этом показано, что эти частицы по форме близки к сфере. Мето-

дом РФА также установлено, что при обработке ИПДК основной становится фаза Zn, в которой, по данным микроскопии, 

формируется ультрамелкозернистая (УМЗ) структура. Анализ механизмов упрочнения, основанный на полученных но-

вых сведениях о микроструктуре, показал, что основными причинами повышения прочности и пластичности УМЗ-сплава 

Zn–1%Li–2%Mg являются воздействия дисперсионного, зернограничного и гетеродеформационного типов упрочнения, 

включая дислокационный тип. 

Ключевые слова: цинковый сплав, интенсивная пластическая деформация, прочность, пластичность, микроструктура, фазовый 

состав, рентгеноструктурный анализ, механизмы упрочнения.

Благодарности: Исследование выполнено за счет гранта Российского научного фонда № 23-29-00667, 

https://rscf.ru/project/23-29-00667

Для цитирования: Ситдиков В.Д., Хафизова Э.Д., Поленок М.В. Влияние интенсивной пластической деформации на структуру 

и свойства сплава Zn–1%Li–2%Mg. Известия вузов. Цветная металлургия. 2023;29(6):35–43.

https://doi.org/10.17073/0021-3438-2023-6-35-43

low ductility (δ ~ 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.%1 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 MPa) 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 (σut) rise to 358 MPa, was elevated to 358 MPa, 

and the ductility (δ) increased to an impressive 51 %. 

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]:

γ = 2πNr/h,

where h 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:

δ = Δl ·100 %/l,

where l is the length of the sample’s gauge part, mm, 

Δl 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 10–4 mm, and the deformation rate was 

maintained at 4·10–4 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 

1 Hereinafter the content of alloy components is given 

in wt.%.
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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 μm, and the focal length was varied within the 

8—10 mm range. During the analysis, the pressure in the 

chamber did not exceed 10–3 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 2θ = 15°÷155°. 

The X-ray radiation source used was CuKα, generated 

from a wide-focus X-ray tube with settings of U = 40 kV 

and I = 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 σy ~ 150 MPa, an ultimate 

tensile strength σut ~ 155 MPa, and a ductility δ  0.5 % 

(See Table). HPT treatment at the room temperature 

with 10 revolutions (γ = 571) significantly improved the 

alloy’s mechanical properties, increasing σy to 330 MPa 

and σut to 409 MPa, while also enhancing ductility 

to 47 %. 

By further varying the temperature and HPT degree, 

a specific regime (150 °C, 10 revolutions, γ = 571), at 

which the alloy exhibited remarkable mechanical prop-

erties (σy ~ 385 MPa, σut ~ 490 MPa, and δ = 44 %), was 

identified. Notably, during the initial HPT stages (up to 

0.5—1.0 revolutions, γ = 28.5÷57.1), the samples also ex-

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 

β-LiZn4 eutectic phases, while the dark regions corre-

spond to the primary β-LiZn4 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 MgZn2 

phase. Furthermore, a detailed analysis of impurity at-

om distribution was conducted through linear mapping 

along the yellow line (Fig. 1, c). 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 Mg2Zn11 phases [19]. However, our XPA data, as 

presented below, did not detect the Mg2Zn11 phase in the 

initial alloy state. This suggests that, in addition to the 

MgZn2 phase, Mg atoms may exist as impurities within 

the primary β-LiZn4.

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 α-Zn + ~LiZn3 and 

α-Zn + Mg2Zn11. Magnified images of the detected 

phases in the post-HPT states are presented in Fig. 2, c, d. 

Following HPT at 150 °C, spherically shaped Mg2Zn11 

phase particles (dark regions) are observed falling out 

in bright bands that correspond to the Mg2Zn11 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 

Mg2Zn11 lamellae (inset in Fig. 2, c) with an average 

thickness of 360 nm and 140 nm, respectively (Fig. 2, c). 

Meanwhile, the diameter of spherical Mg2Zn11 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 

β-LiZn4 particles, creating a fine-scale network in the 

Zn phase, with needle-like Zn particles precipitating 

in the β-LiZn4 phase. Our research revealed that HPT 

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

Механические свойства сплава Zn–1Li–2Mg 

в исходном состоянии и после обработки

State σy, MPa σut, MPa δ, %

Initial 149 155 0.4

HPT 10 rev., 

γ = 571, t = 27 °С
330 409 47

HPT 10 rev., 

γ = 571, t = 150 °С
385 490 44
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treatment of the alloy leads to the precipitation of sphe-

rically shaped β-LiZn4 particles in the Zn phase (inset 

in Fig. 2, a, b). 

In the β-LiZn4 phase, apart from the large cylindri-

cal Zn particles, small spherical Zn particles (lower inset 

in Fig. 2, c) 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 (γ = 571) at different temperatures. Qualitative 

XPA analysis reveals responses related to Zn, ~LiZn3, 

β-LiZn4, Mg2Zn11, and MgZn2 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 

~LiZn3, β-LiZn4, and MgZn2 phases are 45, 11.8, and 

11.9 %, respectively. After 10 revolutions of HPT (γ =

= 571) at t = 27 °C, the Zn content significantly increa-

ses to 52.4 %, while the ~LiZn3 phase decreases to 21.7 %. 

Furthermore, the fractions of β-LiZn4 and MgZn2 

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 Mg2Zn11 

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 

(γ = 571), the mass fractions of Zn and Mg2Zn11 phases 

further increase to 57.7 % and 21.5 %, respectively. Si-

multaneously, the contents of other phases continue to 

decrease: ~LiZn3 (16.3 %), β-LiZn4 (4.2 %), and MgZn2 

(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 (γ = 571, t = 150 °С) is shown in Fig. 3, b.

The unique mechanical properties observed in sam-

ples subjected to HPT can be attributed to hardening 

Fig. 1. SEM images of the Zn–1Li–2Mg initial alloy microstructure

a – magnification 4000×, b – 50000×, c – linear mapping region, d – distribution of Mg and Zn atoms along the line highlighted in Fig. c

Рис. 1. РЭМ-изображения микроструктуры Zn–1Li–2Mg исходного сплава

а – увеличение 4000×, b – 50000×, c – участок проведения линейного картирования, 

d – распределение атомов Mg и Zn вдоль выделенной на рис. c линии

a

c d

b
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mechanisms, as supported by the microstructure ana-

lysis described earlier. SEM and XRD studies revealed 

the precipitation of Zn, β-LiZn4, and Mg2Zn11 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-

nant superductility mechanism in UFG zinc alloys and 

is typically activated at grain sizes less than 1 μm. 

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 

Fig. 2. SEM images of the Zn–1Li–2Mg alloy microstructure after HPT treatment:

a – HPT (t = 27 °С, 10 rev., γ = 571), magnification 5000×, the insert shows the Zn phase; 

b – HPT (150 °C, 10 rev., γ = 571), magnification 10000×, the insert shows the Zn phase; 

c – HPT (t = 27 °С, 10 rev., γ = 571), magnification 8000×, the insert shows Zn and Mg2Zn11 phases; 

d – HPT (150°C, 10 rev., γ = 571), magnification 20000×, inserts show Zn and Mg2Zn11 particles

Рис. 2. РЭМ-изображения микроструктуры сплава Zn–1Li–2Mg после обработки

a – ИПДК (t = 27 °С, 10 об., γ = 571), увеличение 5000×, на вставке – фаза Zn; 

b – ИПДК (150 °С, 10 об., γ = 571), 10000×, на вставке – фаза Zn; 

c – ИПДК (t = 27 °С, 10 об., γ = 571), 8000×, на вставке – пластины фаз Zn и Mg2Zn11; 

d – ИПДК (150 °С, 10 об., γ = 571), 20000×, на вставках – частицы Zn и Mg2Zn11

a

c d

b
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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 α-Zn phases, a mix-

ture of α-Zn phases and the ~LiZn3 phase, as well as 

the α-Zn phase with Mg2Zn11 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, γ = 571) was discovered, resulting in the 

Zn—1Li—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 α-Zn phase, a mixture of α-Zn 

phase and ~LiZn3 phases, as well as the α-Zn phase with 

Mg2Zn11 particles. Notably, Zn particles were found to 

precipitate in the ~LiZn3 phase, while Mg2Zn11 and 

β-LiZn4 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—1Li—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 
in electron beam welding 
of iron-chromium-nickel alloy EP718
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  Konstantin V. Nikitin (kvn-6411@mail.ru)

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 (ν) 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 ν = 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 ν = 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 MPa was achieved.

Keywords: electron beam welding, heat resistant nickel alloys, heat affected zone, structure, properties. 
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Структура и свойства сварных швов 
при электронно-лучевой сварке 
железохромоникелевого сплава ЭП718
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Аннотация: Приведены результаты исследований особенностей формирования структуры и свойств сварных соединений сплава 

ЭП718 толщиной 13 мм (с учетом технологической подкладки 3 мм) за счет варьирования параметров электронно-лучевой свар-
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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 inf lu-

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-

ки (тока луча и скорости его перемещения по поверхности образца) и определения оптимального режима сварки для данного 

сплава, используемого при изготовлении статора высокого давления авиационного двигателя. Деталь является ответственным 

крупногабаритным изделием сложной профильной формы и работает в условиях малоцикличных нагрузок при высоком уровне 

напряжений. Минимальный предел прочности 1160 МПа имеют образцы, сваренные при скорости перемещения луча по поверх-

ности образца ν = 0,0042 м/с и токе луча 85 мА. Для образцов, сваренных при ν = 0,006 м/с и i = 65 мА, характерен максимальный 

предел прочности, равный 1270 МПа. При определении временного сопротивления у образцов, сваренных при ν = 0,006 м/с, 

i = 120 и 75 мА, разрушение произошло по сварному шву, а у образцов, сваренных при ν = 0,006 м/с, i = 65 мА и ν = 0,0042 м/с, 

i = 85 мА, – по зоне термического влияния на расстоянии 0,5–3,0 мм от сварного шва. При микроисследовании структуры об-

разцов, сваренных при ν = 0,006 и 0,0042 м/с и i = 120, 75 и 85 мА соответственно, выявлены расширенные границы зерен в зоне 

термического влияния. Таким образом, оптимальным является режим сварки при скорости перемещения луча по поверхности 

образца 0,006 м/с и токе луча 65 мА. На данном режиме утолщенных границ зерен не обнаружено и достигается максимальный 

предел прочности 1270 МПа.

Ключевые слова: электронно-лучевая сварка, жаропрочные никелевые сплава, зона термического влияния, структура, свойства.
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wide. For example, in [6], defect-free joints on 5 mm 

thick sheet specimens were achieved using CO2 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 KhN45MVTYUBR-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 f lange, 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. 1) 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 

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

Таблица 1. Химический состав (мас.%) материала образцов-имитаторов

Cutting location 

(Fig. 1)
C Si Mn S P Cr Ni W Mo Ti Al Nb

Location 1 0.055 0.007 0.07 0.0016 0.004 15.6 45.24 3.44 4.45 2.08 0.99 1.13

Location 2 0.058 0.08 0.24 0.0016 0.01 15.9 44.73 3.23 4.11 2.17 0.98 1.01

Specifications TU-

14-1-5095-92
0.1 0.3 0.6 0.01 0.015 14–16 43–47 2.5–3.5 4.0–5.2 1.9–2.4 0.9–1.4 0.8–1.5

Fig. 1. Sketch of a simulator specimen

1 – solid rolled ring; 2 – sheet material 

Dimensions are given in mm

Рис. 1. Эскиз образца-имитатора

1 – цельнокатаное кольцо, 2 – листовой материал

Размеры указаны в мм
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to determine the tensile strength (σu), yield strength 

(σ0.2), relative elongation (δ), and contraction (ψ) 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 σu =

= 930 MPa, while the sheet material exhibited a tensile 

strength of σu = 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 γ ′ 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 (ν) and the beam current (i). 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 1 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 2. Heat treatment modes for specimens before and after welding

Таблица 2. Режимы термической обработки образцов до и после сварки

Heat treatment before welding Heat treatment after welding

Quenching Quenching (stress relieving) Ageing 1 Ageing 2

t = 1100 °С, τ = 2 h, 

cooling in air

Heating in air t = 1100 °С, τ = 1 h, 

cooling to 500–600°C in a container in air 

with argon supply, 

further – without argon supply 

t = 780 °С, τ = 5 h, 

cooling 

in air 

t = 650 °С, τ = 16 h, 

cooling 

in air 

Fig. 2. Sketches of specimens for evaluatng mechanical properties: ultimate tensile strength, yield strength, elongation, 

and contraction (a) and impact strength (b)

1 – solid rolled ring, 2 – sheet material. Dimensions are given in mm

Рис. 2. Эскизы образцов для оценки механических свойств: временного сопротивления, предела текучести, 

относительного удлинения и сужения (а) и ударной вязкости (b)

1 – цельнокатаное кольцо, 2 – листовой материал. Размеры указаны в мм

Table 3. Welding modes

Таблица 3. Режимы сварки образцов

Mode No. ν, m/s i, mA

1 0.006 120

2 0.006 75

3 0.006 65

4 0.0042 85
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In the studied welds obtained in modes 1—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 h and b), the knife zone (e and 

d), and the weld root in the locking part of the joints 

(Fig. 4, c 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.

The highest weld penetration was achieved at a weld-

ing current of 120 mA, while specimens in modes 1—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 1 

exhibits the highest “mushroom” zone height (h), 

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 1, 2, and 4, thickened 

grain boundaries are observed in HAZ before heat treat-

Table 4. Mechanical properties of welded joints

Таблица 4. Механические свойства сварных соединений

Mode No. σu, MPa σy, MPa δ, % ψ, % КСU, 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 790 13 – 0.35 293–363

Specifications 

TU 14-1-3905-85 1080 790 12 14 0.35 285–415

Fig. 3. Microstructure (×400) of EP 718 sheet alloy in as-delivered condition (a) and after heat treatment (quenching) (b)

Рис. 3. Микроструктура (×400) листового сплава ЭП718 в состоянии поставки (а) и после термической обработки 

(закалки) (b)

a b
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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-

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 

Table 5. Dimensions of the welds

Таблица 5. Габаритные размеры сварного шва

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 RTM 

1.4.1703-87
Optional 1.5–3.5 1.5–2.5 10.5

Fig. 4. Macrostructure of welds (×6) obtained in modes 1 (a), 2 (b), 3 (c), and 4 (d)

Рис. 4. Макроструктура сварных швов (×6), полученных в режимах 1 (а), 2 (b), 3 (c) и 4 (d)

Fig. 5. Microstructure of the weld (×50) obtained in welding 

mode 1

Рис. 5. Микроструктура сварного шва (×50), 

полученного в режиме сварки 1

Fig. 6. Microstructure of the specimen (×200) obtained 

in welding mode 2

a – weld, б – heat-affected zone

Рис. 6. Микроструктура образца (×200), 

полученного в режиме сварки 2

а – сварной шов, б – околошовная зона

a

a c d

b

b
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Fig. 7. Microstructure (×100) of the specimen in the heat-

affected zone with thickened grain boundaries, obtained 

in welding mode 4

Рис. 7. Микроструктура (×100) образца в околошовной 

зоне с утолщенными границами зерен, полученного 

в режиме сварки 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

Рис. 8. Микроструктура образца основного металла 

в районе околошовной зоны (а) и сварного шва (b) 

при сварке в режиме 3

а – увеличение 600×, b – 250×

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 γ ′ 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 KhN45MVTYUBR-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 ν = 0.0042 m/s and 

a beam current (i) of 85 mA (mode 4). Conversely, 

specimens welded at ν = 0.006 m/s and i = 65 mA 

(mode 3) demonstrated a maximum tensile strength of 

1270 MPa.

2. Specimens welded at ν = 0.006 m/s, with i = 120 

and 75 mA (modes 1 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 1, 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 ν = 0.006 m/s 

and i = 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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Abstract: This paper investigates the inf luence of partial substitution of titanium by its hydride on the microstructure and mechanical 

properties of TNM-B1 alloy obtained by powder metallurgy technology. The impact of the Ti :TiH2 ratio in the reaction mixture and 

heat treatment modes on the microstructure and mechanical properties of TNM-B1+1%Y2O3 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 TiH2 in the combustion wave. When 

the Ti : TiH2 ratio is 90 : 10, highest mechanical properties of TNM-B1+1%Y2O3 alloy were achieved: a compressive strength (σu) of 

1200±15 MPa and a yield strength (YS) of 1030±25 MPa. An increase in the proportion of TiH2 results in a higher content of oxygen 

impurity, leading to the formation of Al2O3, which reduces the strength and ductility of the material. With additional heat treatment of 

TNM-B1+1%Y2O3 alloy, the globular structure transforms into a partially lamellar one, leading to an increase in σu by 50–300 MPa, 

depending on the TiH2 content. This attributed to a decrease in the average grain size and a reduction in dislocation mobility during 

deformation.
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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/cm3) results in higher 

specific strength when compared to nickel superal-

loys. Combined with exceptional creep resistance, this 

Влияние частичного замещения титана его гидридом 
на структуру и свойства жаропрочного сплава TNM-B1, 
полученного методом горячего изостатического 
прессования СВС-порошка

Г.М. Марков1, П.А. Логинов1, Н.В. Швындина1, Ф.А. Басков1,2, Е.А. Левашов1
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Россия, 119049, г. Москва, Ленинский пр-т, 4, стр. 1
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Аннотация: В работе исследовано влияние частичного замещения титана его гидридом на микроструктуру и механические 

свойства сплава TNM-B1, полученного по технологии порошковой металлургии. Рассмотрено влияние соотношения Ti:TiH2 

в реакционной смеси и режимов термообработки на микроструктуру и механические свойства сплава TNM-B1+1%Y2O3, по-

лученного с использованием методов высокоэнергетической механической обработки (ВЭМО), самораспространяющегося 

высокотемпературного синтеза (СВС) и горячего изостатического прессования (ГИП). Установлено, что 10 %-ное замеще-

ние титана его гидридом в реакционных смесях позволяет уменьшить содержание кислорода в СВС-продуктах с 1 до 0,8 % 

благодаря созданию восстановительной атмосферы при разложении TiH2 в волне горения. При соотношении Ti : TiH2 =

= 90 : 10 достигнуты максимальные механические свойства сплава TNM-B1+1%Y2O3: прочность при сжатии σв = 1200±15 МПа 

и предел текучести σ0,2 = 1030±25 МПа. Рост доли TiH2 увеличивает содержание примесного кислорода, приводящего к об-

разованию Al2O3, который снижает прочность и пластичность материала. За счет дополнительной термообработки спла-

ва TNM-B1+1%Y2O3 глобулярная структура преобразуется в частично ламеллярную, что приводит к увеличению σв на 50–

300 МПа в зависимости от содержания TiH2. Получаемый эффект обусловлен уменьшением среднего размера зерен и сниже-

нием подвижности дислокаций при деформации. 

Ключевые слова: титановые сплавы, гидрид титана, порошковая металлургия, высокоэнергетическая механическая обработка 
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makes them promising candidates for use as materials in 

low-pressure turbine blades [2; 3].

Most industrial alloys based on TiAl/Ti3Al 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 γ and α + γ 

phase regions on the Ti—Al phase diagram. Several ge-

nerations of alloys based on titanium aluminides have 

been developed [4]. The 1st generation includes the 

Ti—48Al—2Cr—2Nb alloy, known as GE4822, as well 
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as low-alloy analogues like Ti—47Al—2Cr—2Nb and 

Ti—48Al—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 2nd 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 α2 + γ 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 β phase formation, which is characteristic of 

high-niobium alloys. A non-uniform distribution of the 

β 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 

(TiH2). TiH2 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 

with TiH2 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 f lexibility of 

consolidation modes, the use of TiH2 is of interest. 

In this case, it is important to determine the optimal 

Ti : TiH2 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-B1 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 μm);

— TiH2 powder obtained through the hydrogenation 

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

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

— niobium NbP-3a (OOO “GK SMM”, d < 40 μm);

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

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

d ~ 0.2 μm);

— 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-B1 alloy based on TiAl [13, 14], hereafter referred 

to as TNM-B1+1%Y2O3 in the text. The Ti : TiH2 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, TiH2, Nb, Mo, B, and Y2O3 powders 

were mixed in an Activator-4M planetary centrifugal 

mill (PCM) (OOO “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/TiH2–Nb–Mo–B–Y2O3 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 μm. 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). CuKα radiation was employed in the diffrac-

tion angle range of 2θ = 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 

(∅6 × 9.0 mm) with a strain rate of ~0.001 s–1. 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 : TiH2 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 μm thick (Fig. 1, e). As the TiH2 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 γ-TiAl/α2-Ti3Al-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 α-Ti, 

TiH2, Nb, and Mo, are evident (Fig. 2). The intensity of 

the TiH2 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 lattice 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—

Y2O3 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 TiH2 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.



58

Izvestiya. Non-Ferrous Metallurgy  •  2023  •  Vol. 29  •  No. 6 •  P. 54–65

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

According to the XRD data (Fig. 4), the result-

ing SHS powder consists of 78 % γ-TiAl (P4/mmm), 

19 % α2-Ti3Al (P63/mmc), and 3 % solid solution (Nb) 

(Im-3m). The absence of TiH2 peaks suggests that du-

ring the SHS process, this phase underwent complete 

decomposition, and the resulting metallic titanium re-

acted with aluminum. The formation of γ-TiAl and 

α2-Ti3Al follows a reaction diffusion mechanism. Ini-

tially, aluminum melts and spreads over the titanium 

surface, accompanied by the creation of the TiAl3 phase. 

As the liquid phase diminishes and diffusion interaction 

between Ti and TiAl3 becomes active, intermetallic 

Fig. 1. Structure of Ti/TiH2–Nb–Mo–B–Y2O3 powder particles after HEBM

TiH2, wt.%: 10 (a), 20 (b), 30 (с), 40 (d, e)

Рис. 1. Структура порошковых частиц Ti/TiH2–Nb–Mo–B–Y2O3 после ВЭМО 

TiH2, мас.%: 10 (а), 20 (b), 30 (c), 40 (d, e)

Fig. 2. X-ray diffraction patterns of Ti/TiH2–Nb–Mo–B–Y2O3 powders after HEBM 

(0%TiH2 XRD pattern based on the data published in [13])

Рис. 2. Рентгенограммы лигатур Ti/TiH2–Nb–Mo–B–Y2O3 после ВЭМО 

(на основе материалов, опубликованных в работе [13])

a

c d

b

e
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compounds form in the following sequence: TiAl2 →
→ TiAl → Ti3Al [24—26]. The powder particles obtained 

via the SHS method exhibit a microgradient structure 

based on the α2-Ti3Al and γ-TiAl phases (Fig. 3).

Compact samples of the TNM-B1+1%Y2O3 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 γ-TiAl and α2-Ti3Al phases. Fine aluminum oxide 

particles are also observable in SEM images, but their 

concentration in the alloy with 10 % TiH2 is mini-

mal. X-ray diffraction patterns indicate that the in-

tensity of the peaks corresponding to the Al2O3 phase 

Fig. 3. SHS-sintered samples’ structure after the addition of TiH2 to the reaction mixtures

TiH2, wt.%: 10 (a), 20 (b), 30 (c), 40 (d)

Рис. 3. Структура СВС-спеков, полученных из реакционных смесей с добавлением TiH2

TiH2, мас.%: 10 (а), 20 (b), 30 (c), 40 (d)

Fig. 4. X-ray diffraction patterns of alloy with varying TiH2 content after SHS, HIP and HIP + HT

Рис. 4. Рентгенограммы сплава с различным содержанием TiH2 после СВС, ГИП и ГИП + ТО 

a

c d

b
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increases in samples with the addition of 20 % TiH2 

and higher.

Heat treatment of the TNM-B1+1%Y2O3 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 (α + γ) of the 

phase diagram to the single-phase region (α-Ti), where 

the γ-TiAl phase dissolves and becomes saturated with 

aluminum. Upon cooling below the eutectoid trans-

formation temperature, the α phase disintegrates into 

alternating dispersed lamellae of γ-TiAl and α2-Ti3Al, 

forming colonies. In between these colonies, a small 

portion of equiaxed grains of the γ-TiAl and α2-Ti3Al 

phases remains.

Structure and mechanical properties 
of TNM-B1+1%Y2O3 alloy 
after HIP and HIP + HT

The microstructures of TNM-B1+1%Y2O3 alloy 

samples after HIP and HIP + HT, which vary in the 

TiH2 content in the initial powders, are depicted in 

Fig. 6. The alloys exhibit the presence of γ-TiAl and 

α2-Ti3Al 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 TiH2 in the initial powder mixtures in-

creases, there is a tendency for the occurrence and an 

increase in the content of Al2O3. These Al2O3 particles 

are presented in the form of dispersed particles locat-

ed along the boundaries of the coarse grains of γ-TiAl 

and α2-Ti3Al.

To ascertain the reasons for the formation of Al2O3 

in compositions with a high TiH2 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 

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 TiH2 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 % 

TiH2, 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 : TiH2 ratio was found to be 90 : 10 (Fig. 7). The 

nature of the dependence of impurity oxygen content on 

the TiH2 amount in the initial charge can be explained 

by two competing factors. On one hand, the presence 

of TiH2 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 TiH2 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 : TiH2 ratio of 90 : 10 exhib-

ited the highest level of strength properties, with σu =

= 1200±15 MPa and YS = 1030±25 MPa. The reduc-

tion in strength and increased brittleness in samples with 

higher TiH2 content can be attributed to the embrittling 

effect of Al2O3 particles.

In TNM-B1+1%Y2O3 alloys, an improvement in 

Fig. 5. Structure of the TNM-B1+1%Y2O3 alloy with 10% TiH2 after HIP (a) and HIP + HT (b)

Рис. 5. Структура сплава TNM-B1+1%Y2O3 с 10 % TiH2 после ГИП (а) и ГИП + ТО (b)

a b



Известия вузов. Цветная металлургия  •  2023  •  Т. 29  •  № 6 •  С. 54–65

61

Марков Г.М., Логинов П.А., Швындина Н.В. и др. Влияние частичного замещения титана его гидридом на структуру и свойства...

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 μm. 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 σu =

= 1253±15 MPa and YS = 1090±30 MPa.

The studied alloys TNM-B1+1%Y2O3, both with 

globular and partially lamellar microstructure, sur-

passed the classical alloy 4822 [2] and the more in-

tricately doped analogs, Ti—46Al—4Nb—1Mo and 

Ti—45Al—8.5Nb—0.2W—0.2B [27; 28], in terms of 

strength.

Fig. 6. Structure of the TNM-B1+1%Y2O3 alloy after HIP (a) and HIP + HT (b)

Рис. 6. Структура сплава TNM-B1+1%Y2O3 после ГИП (а) и ГИП + ТО (b)

a b
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Conclusions

1. The study investigated the influence of the 

Ti : TiH2 ratio in the reaction mixture, along with heat 

treatment, on the microstructure and mechanical prop-

erties of the TNM-B1+1% Y2O3 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 TiH2 in the combustion 

wave. 

2. The maximum mechanical properties of the 

TNM-B1+1%Y2O3 alloy were achieved at a Ti : TiH2 

ratio of 90 : 10, with the compressive strength (σu) mea-

suring 1200±15 MPa and YS measuring 1030±25 MPa. 

However, an increase in the proportion of TiH2 led to 

a higher content of oxygen impurity, resulting in the for-

mation of Al2O3. This, in turn, reduced the strength and 

ductility of the material. 

3. Heat treatment of the TNM-B1+1%Y2O3 al-

loy transformed the globular structure into a partial-

ly lamellar one, resulting in an increase in σu by 50—

300 MPa, depending on the TiH2 content. This im-

provement can be attributed to a reduction in the av-

erage grain size and a decrease in dislocation mobility 

during deformation. 
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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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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). 

Восстановление стенок кристаллизаторов 
машин непрерывного литья заготовок 
из хромоциркониевой бронзы методом многопроходной 
сварки трением с перемешиванием
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Аннотация: Разработана и практически реализована инновационная технология восстановительного ремонта и производства 

новых стенок кристаллизаторов машин непрерывного литья заготовок (МНЛЗ) с износостойкими композиционными покры-

тиями, значительно (до 20 раз) превосходящих ресурс импортных стенок с гальваническими покрытиями. Однако нерешенной 

остается актуальная задача восстановления медных стенок (плит) кристаллизаторов после достижения ими минимально до-

пустимой толщины. Целью работы являлось исследование возможности восстановления плиты из дисперсионно-твердеющей 

хромоциркониевой бронзы марки БрХЦр этим же материалом с использованием сварки трением с перемешиванием (СТП), из-

учение структуры, качества и твердости сварного соединения, а также влияния на его структуру и твердость термической обра-

ботки (закалки и старения). С применением многопроходной плоскостной СТП вращающимся инструментом из жаропрочного 

сплава при наложении (частичном перекрытии) последовательных дорожек получено сварное соединение толщиной ~5 мм без 

критичных дефектов сплошности (трещин, пор). В восстановленном способом СТП слое бронзы обнаружено разупрочнение до 

85–105 HV1 по сравнению с исходной твердостью бронзы в закаленном и состаренном состоянии плиты, бывшей в эксплуата-

ции (116–126 HV1). Это связано с рекристаллизацией и перестариванием (укрупнением частиц хрома) в Cr–Zr-бронзе в резуль-

тате нагрева ядра сварки (зоны перемешивания) до температур 600–700 °С. Отмеченное разупрочнение при СТП может быть 

эффективно устранено термической обработкой (закалкой с последующим старением), приводящей к повышению твердости 

до 120–150 HV1. Восстановление медных плит до первоначальной толщины прогрессивным экологичным методом СТП с по-

следующим нанесением износостойких композиционных покрытий открывает перспективы практически бесконечного цикла 

эксплуатации кристаллизаторов и исключения потребности России в их импорте.

Ключевые слова: плита кристаллизатора, восстановительный ремонт, бронза, сварка трением с перемешиванием (СТП), твер-

дость, структура, закалка, старение. 
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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.
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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 

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, Cr3C2, SiC, TiC), borides (CrB2, TiB2), 

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)

Рис. 1. Схема машины непрерывного литья заготовок (а) и конструкция кристаллизатора слябовой МНЛЗ (b)

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

Рис. 2. Дефекты гальванических покрытий: износ (а) и тепловые трещины (b)

a

a

b

b



Известия вузов. Цветная металлургия  •  2023  •  Т. 29  •  № 6 •  С. 66–83

69

Макаров А.В., Лежнин Н.В., Котельников А.Б. и др. Восстановление стенок кристаллизаторов машин непрерывного литья заготовок...

— 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-

cy, 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 t = 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 

Fig. 3. Slab CCM mold plates: wide (a) and narrow (b)

Рис. 3. Широкая (а) и узкие (b) стенки кристаллизатора слябовой МНЛЗ

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

Dimensions in mm

Рис. 4. Конструкция медной плиты 

кристаллизатора МНЛЗ

Размеры указаны в мм

a b
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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 (λ) 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 (λ = 510÷532 nm) and blue (λ = 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.

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-

Fig. 5. The mold plate 

а – typical damage, 

b – plate deposition via TIG welding, 

c – deposited layer on the worn surface

Рис. 5. Плита кристаллизатора

а – типичное повреждение, 

b – процесс наплавки поврежденного участка 

дуговой сваркой неплавящимся электродом, 

c – наплавленный слой на изношенной 

поверхности

a

c

b
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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 HV1 was observed compared 

to the original coarse-grained bronze with a hardness of 

110—130 HV1. This rise was attributed to the formation 

of an ultrafine structure (0.5—1.0 μm) resulting from 

FSW and dispersion strengthening of the alloy using na-

no-sized particles of chromium and the Cu5Zr 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 Cu5Zr 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 α = 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 f low 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 S = 13.7÷15.7 kN, spindle 
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(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 
τ = 1 hour in an evacuated ampoule) in water, followed 

by aging at t = 450 °C (τ = 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-

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-

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

S – load, W – tool rotational speed, V– longitudinal welding velocity, α – tilt angle

Рис. 7. Внешний вид сварочного инструмента из жаропрочного сплава (а) и схема процесса плоскостной СТП (b)

S – нагрузка; W – скорость вращения инструмента, об/мин; V – скорость сварки, мм/мин; α – угол наклона, град

Fig. 6. FSW machine: general view (a) and equipment 

for securing restorable plate and filler material 

on the welding table (b)

Рис. 6. Установка для СТП: общий вид (а) 

и оснастка для закрепления восстанавливаемой 

плиты и присадочного материала на сварочном 

столе (b)

a

a

b

b
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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 

5 to 20 mm.

As documented in [39], scanning electron microsco-

py reveals spherical particles of pure chromium featur-

ing a BCC lattice, measuring 1—5 μm in size, distrib-

uted within the grains of a metal matrix. Additionally, 

rod-shaped particles, reaching up to 1 μm in size and 

representing Cu5Zr with a complex face-centered cubic 

lattice type Be5Au [43], were observed. Optical micros-

copy (Fig. 9, a) also distinctly highlighted the presence 

of round chromium particles, up to 5 μm 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 t = 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 HV1 (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 (a) and macrostructure of the restored layer and substrate in a transverse 

cross-section (b)

Рис. 8. Вид восстановленного СТП-слоя (а) и макроструктура восстановленного слоя и подложки в поперечном 

сечении (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 (c) 

(оptical microscopy)

Рис. 9. Частицы хрома 

в исходной структуре бронзы в плите 

кристаллизатора (а), в восстановленном 

слое бронзы после СТП (b) и после 

дополнительной закалки от 1050 °С (c) 

(оптическая микроскопия)

a b

a

c

b
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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 1). 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 

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 II), 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 μm (refer to 

Fig. 14, a). While the predominant size of recrystal-

lized grains in the stir zone falls within the range of 

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

Рис. 11. Распределение твердости по сечению сварного соединения: 2D-карта (а) и 3D-профиль (b)

I – восстановленный способом СТП слой бронзы (зона перемешивания); II – зона термомеханического влияния; 

III – исходный (основной) металл плиты кристаллизатора

Fig. 10. Initial microstructure of the Cr–Zr bronze (ТЕМ)

а – bright-field image and electron-diffraction pattern, zone axis [125
–

]; b – dark-field image in the 1
–
31Сu reflection

Рис. 10. Исходная структура бронзы из плиты кристаллизатора МНЛЗ (ПЭМ)

а – светлопольное изображение и картина микродифракции, ось зоны [125
–

]; b – темнопольное изображение в рефлексе 1
–
31Сu 

a

a

b

b
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5 to 15 μm, observations at different depths beneath 

the surface reveal areas and bands spanning several 

hundred micrometers with a grain size of up to 20—

50 μm (see Fig. 14, b, c). 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.

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, c), 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 μm, 

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 HV1 of the continu-

ous caster mold plate to the range of 85—105 HV1 (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-

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

Рис. 12. Распределение твердости в восстановленном 

слое Cr–Zr-бронзы и плите кристаллизатора МНЛЗ 

после различных технологических операций

1 – СТП; 2 – СТП + закалка от 1050 °С; 

3 – СТП + закалка от 1050 °С + старение при 450 °С

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

I – stir zone of the restored layer; II – thermomechanically affected 

zone; III – initial (base) metal of the mold plate

Рис. 13. Общий вид поперечного шлифа сварного 

соединения хромоциркониевой бронзы

I – восстановленный способом СТП слой (зона перемешивания); 

II – зона термомеханического влияния; 

III – исходный (основной) металл плиты кристаллизатора
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Fig. 14. Structure of chromium-zirconium bronze in the restored layer of the continuous caster mold plate after FSW 

(оptical microscopy)

a – near the surface; b – mid area, c – area of variable grain structure, d – the transition zone «layer – base metal» 

Рис. 14. Структура хромоциркониевой бронзы в восстановленном слое плиты кристаллизатора МНЛЗ после СТП

(оптическая микроскопия)

а – вблизи поверхности; b – в центральной части восстановленного слоя, c – на границе участков с разноразмерной структурой, 

d – в переходной зоне с основным металлом

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

а – bright-field image and electron-diffraction pattern, 

zone axis [112]; 

b – dark-field image in the 111
–

Cu reflection; 

c – bright-field image of the chromium particles

Рис. 15. Структура бронзы 

в зоне перемешивания (ПЭМ)

а – светлопольное изображение и картина 

микродифракции, ось зоны [112]; 

b – темнопольное изображение в рефлексе 111
–

Cu; 

c – светлопольное изображение частиц хрома

a

a

c

c

d

b

b
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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, c), 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 

Fig. 16. Temperature variation at the periphery of the welding 

tool shoulder during FSW of Cr–Zr bronze

Рис. 16. Изменение температуры на периферии 

заплечика сварочного инструмента в процессе 

плоскостной СТП хромоциркониевой бронзы

Fig. 17. Cr–Zr bronze structure in the restored layer after various heat treatments (оptical microscopy)

а, b – FSW + quenching from 1050 °C; c, d – FSW + quenching from 1050 °C + aging at 450 °C

а, c – near the surface; b, d – in the mid area of the restored layer

Рис. 17. Структура хромоциркониевой бронзы в восстановленном слое плиты кристаллизатора МНЛЗ 

после различных термических обработок (оптическая микроскопия)

а, b – СТП + закалка от 1050 °С; c, d – СТП + закалка от 1050 °С + старение при 450 °С

а, c – вблизи поверхности; b, d – в центральной части восстановленного слоя

a

c d

b
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the hardness to values between 52—62 HV1, 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, c). 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, c, d). 

Figures 18, c, 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 t = 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, c, 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 (а, b) and at a depth of 4 mm (c, d) after quenching 

from 1050 °C (ТЕМ)

а, b – bright-field images; c – bright-field image and electron-diffraction pattern, zone axis [114]; d – dark-field image in the 13
–

1Cu reflection

Рис. 18. Структура бронзы в зоне перемешивания СТП на глубине 1 мм (а, b) и 4 мм (c, d) после закалки от 1050 °С

(ПЭМ)

а, b – светлопольные изображения; c – светлопольное изображение и картина микродифракции, ось зоны [114], 

d – темнопольное изображение в рефлексе 13
–

1Cu

a

c d

b
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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, c, 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 HV1. 

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 HV1. 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 HV1, 

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 (ТЕМ)

а – bright-field image and microdiffraction pattern, zone axis [123]; b – dark-field image in the 11
–

1Cu,Cr mixed reflection

Рис. 19. Структура бронзы в зоне перемешивания СТП на глубине 1 мм после закалки от 1050 °С 

и старения при 450 °С (ПЭМ)

а – светлопольное изображение и картина микродифракции, ось зоны [123]; 

b – темнопольное изображения в смешанном рефлексе 11
–

1Cu,Cr 

a b
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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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