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Abstract: Problem. The low ductility of binary Fe-Ga alloys significantly limits their thermomechanical processing 

capabilities and industrial application as magnetostrictive materials. Although alloying with rare-earth metals improves 

performance characteristics, the influence of temperature and hot deformation conditions on the behaviour of Fe-Ga-based 

alloys has been insufficiently studied, which prevents the optimisation of technological regimes for manufacturing sheet 

products without the risk of fracture and the formation of undesirable microstructures. Aim. To determine the influence of 

hot deformation temperature (700, 850, and 1000 °C) on the deformation behaviour, microstructure, and crystallographic 

texture of Fe80Ga20 alloys with additions of 0.1 and 0.2 % Ce, and to establish the optimal hot deformation temperature. 

Methods. The binary Fe80Ga20 alloy and two doped (Fe80Ga20)99.9Ce0.1 and (Fe80Ga20)99.8Ce0.2 alloys were studied. Physi-

cal simulation of hot rolling was carried out using a Gleeble 3800 simulator under plane strain conditions at temperatures 

of 700, 850, and 1000 °C with a strain degree of 75 %. The structure and texture were studied using optical metallography 

and scanning electron microscopy with EBSD analysis. Results. The addition of cerium significantly improves the ductili-

ty of the alloys at temperatures of 850 and 1000 °C. At 700 °C, intense strain hardening and crack formation are observed 

in all alloys. At 1000 °C, intense grain growth and the formation of a heterogeneous structure occur. The differences in the 

behaviour of the alloys with 0.1 and 0.2 % of Ce are insignificant. Conclusions. Cerium alloying significantly improves 

the ductility of the binary Fe80Ga20 alloy. The optimal hot deformation temperature for Fe-Ga-Ce alloys is 850 °C. 

Keywords: hot deformation; physical simulation; structure; crystallographic texture; mechanical properties; 

FeGaCe alloy 
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INTRODUCTION 

Fe-Ga system alloys, due to their unique combination of 

functional characteristics, are considered a promising re-

placement for the currently used magnetostrictive FeTbDy 

and FeCo alloys [1; 2]. A single crystal of an alloy contain-

ing up to 20 at. % Ga exhibits tetragonal magnetostriction 

3/2λ of about 400 ppm [3]. Regarding the phase composi-

tion, such an alloy is typically a disordered BCC 

substitutional solid solution in the α-Fe lattice if prolonged 

isothermal annealings, which may result in the formation of 

ordered phases, are not employed during processing [4]. 

One of the main problems of the binary Fe-Ga alloy is 

its low ductility, characteristic of alloys with a BCC lattice. 

Improved ductility is achieved by alloying with elements 
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that limit the segregation of Ga atoms at grain boundaries, 

changing the fracture mode from intergranular to 

transgranular [5; 6]. In the last decade, it has been shown 

that the use of rare-earth metals (REMs) as alloying ele-

ments both improves the ductility of the binary alloy and 

enhances its magnetostriction [7–9]. Consequently, Fe-Ga-

REM alloys have great potential for practical application, 

and their investigation is an important problem in modern 

materials science. 

One of the main forms of utilisation of magnetostrictive 

alloys is thin sheets produced by rolling deformation [10]. 

Their manufacturing process typically includes melting, hot 

deformation (forging, hot rolling), cold rolling, and heat 

treatment. The choice of deformation regime for Fe-Ga 

alloys is extremely important to minimise the risk of frac-

ture, since alloying does not completely solve the problem 

of low ductility (for example, in ternary Fe-Ga-X alloys, 

elongation to failure at room temperature does not exceed 

3–5 % [6; 7]). The goal of thermomechanical processing of 

Fe-Ga alloys is also to create a crystallographic texture with 

a predominant <100> orientation, since in this case 

magnetostriction is maximal [10]. Therefore, the correct 

choice of deformation and annealing regimes is a key factor 

in the manufacturing process of Fe-Ga alloy products. For 

this reason, a significant number of works study the effect 

of cold rolling and recrystallisation annealing on  

the structure and texture of Fe-Ga alloys. In particular, the 

feasibility of implementing secondary recrystallisation 

technology to create the desired texture in Fe-Ga sheets 

is being investigated [11]. Furthermore, the features of 

primary recrystallisation have been studied in detail; 

specifically, correlations between critical rolling parame-

ters (strain degree, temperature, and speed) and the de-

velopment of key texture components have been estab-

lished [12]. Finally, non-standard thermomechanical pro-

cessing regimes, such as warm rolling, which leads to  

an increase in the magnetostriction of Fe-Ga sheets after 

primary recrystallisation, have been proposed and  

implemented [13]. 

At the same time, the mechanisms of hot deformation 

and the features of structure formation at reduced tempera-

tures have been insufficiently studied. Hot deformation is 

typically carried out in the temperature range of 1000–

1250 °C to ensure high ductility of the material [14–16]. 

However, such a high heating temperature can lead to  

a number of undesirable effects, including Ga evaporation 

from the surface, severe oxidation, and the formation of  

a non-uniform structure due to abnormal grain growth 

resulting from high-temperature heating. Lowering the hot 

deformation temperature to an optimal value should elimi-

nate these negative effects and increase the energy efficien-

cy of production while maintaining a sufficient level of 

ductility in the finished products. 

The aim of this work is to determine the effect of hot 

deformation temperature (700, 850, and 1000 °C) on  

the deformation behaviour, microstructure, and texture of 

Fe80Ga20 alloys with additions of 0.1 and 0.2 % Ce, and 

to establish the optimal temperature that ensures high 

ductility and prevents undesirable effects (oxidation, 

abnormal grain growth). 

METHODS 

Materials 

The study investigated two Fe-Ga-REM alloys with 

nominal compositions of (Fe80Ga20)99.8Ce0.2 and 

(Fe80Ga20)99.9Ce0.1, as well as binary Fe80Ga20 for compari-

son. The ingots were melted in an induction furnace and 

cast into a cast-iron mold. The chemical composition was 

determined by inductively coupled plasma (ICP) spectrom-

etry using an ICPE-9000 instrument (Shimadzu). The actual 

chemical composition of the ingots is given in Table 1. 

The deviation in the Fe and Ga content in specimens cut 

from different parts of the ingots does not exceed 0.5 %. 

Thus, a close agreement between the actual chemical com-

position and the nominal composition, as well as good uni-

formity of element distribution has been established. 

Deformation simulation 

The hot rolling process was simulated using a Gleeble 

3800 physical simulator of thermomechanical processes, 

which includes a power unit for applying a specified load to 

the specimen and heating it by direct electric current, as 

well as modules for compression testing under uniaxial 

upsetting and plane strain conditions. A similar approach 

was used to study the deformation behaviour of the binary 

Fe-Ga alloy in [17]. 

Three specimens with dimensions of 10×15×20 mm 

(Fig. 1 а) were cut from each ingot and subjected to wedge 

indentation tests using a VK6 hard alloy wedge under plane 

isothermal deformation conditions (Fig. 1 b) at tempera-

tures of 1000, 850, and 700 °С and a constant logarithmic 

strain rate of 1 s
−1

. Graphite lubricant was applied to the 

wedge surface to prevent specimen fusion and reduce con-

tact friction. In a vacuum chamber, the specimens were 

heated to the deformation temperature at a rate of 10 °C/s 

 

 

 
Table 1. Chemical composition of the alloys (at. %). 

Таблица 1. Химический состав сплавов (ат. %). 

 

Alloy 
Fe, at. % Ga, at. % Ce, at. % 

Fe80Ga20 80.6 19.4 0 

(Fe80Ga20)99.9Ce0.1 80.0 19.9 0.11 

(Fe80Ga20)99.8Ce0.2 79.3 20.5 0.2 
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 a b 

Fig. 1. Specimen sketch and testing scheme: 

a – sketch of the specimen for plane-strain compression testing; 

b – scheme of specimen positioning relative to the deforming tool 

Рис. 1. Эскиз образца и схема испытаний: 

a – эскиз образца для испытаний на плоскую деформацию сжатием; 

b – схема расположения образца относительно деформирующего инструмента 

 

 

 

by direct electric current flow and held for three minutes to 

equalise the temperature throughout the volume. 

The thickness of the specimens after deformation was 

2.5 mm, which corresponds to a relative strain of 75 % 

(Fig. 2). During the experiment, the specimen temperature, 

deformation force, and the current change in the distance 

between the wedges (specimen thickness in the deformation 

zone) were recorded. The true (logarithmic) strain  and 

true stresses  were automatically calculated using the 

built-in software. The absolute error in distance measure-

ment for strain determination, due to system compliance 

and other factors, did not exceed 0.3 mm. 

Structural studies 

After testing, the specimens were cut for further analy-

sis. The macrostructure (magnification х80) and texture of 

the specimens were studied using a Quanta 200 scanning 

electron microscope (FEI, USA) with an EDAX EBSD 

attachment. Surface preparation involved mechanical grind-

ing followed by electropolishing in an electrolyte consisting 

of 90 % glacial acetic acid and 10 % perchloric acid. 

 

RESULTS 

The appearance of the specimens after testing is shown 

in Fig. 3. In the binary Fe-Ga alloy, deformation at all in-

vestigated temperatures leads to the formation of cracks and 

partial fracture of the specimens, whereas in the doped al-

loys, this occurs only at 700 °C. 

The initial sections of the deformation curves obtained 

during testing (Fig. 4) exhibit a resemblance of a yield point 

phenomenon, followed by strain hardening that reaches 

saturation at the investigated strain levels. The ineffective-

ness of relaxation processes such as dynamic recovery and

 

 

 

     

 a b 

Fig. 2. Specimen in the HydraWedge module chamber:  

а – during holding; b – at the moment of load application 

Рис. 2. Образец в камере модуля HydraWedge: 

а – в процессе выдержки; b – в момент приложения нагрузки  
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Fig. 3. Appearance of specimens after testing 

Рис. 3. Внешний вид образцов после испытаний 

 

 

 

         
 

 a b 

 

c 

Fig. 4. True stress-strain curves of the investigated alloys obtained at temperatures:  

a – 700 °C; b – 850 °C; c – 1000 °C 

Рис. 4. Истинные кривые деформирования исследованых сплавов, полученные при температурах  

a – 700 °C; b – 850 °C; c – 1000 °C 
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recrystallisation at 700 °C manifests itself as higher strain 

hardening (compared to the other temperatures) and leads to 

crack formation. For some specimens at large strain levels, 

strain softening is observed, likely due to the development of 

cracks. 

At the lowest test temperature of 700 °С (Fig. 4 а), defor-

mation in the binary alloy is relatively stable and reaches a 

plateau at 500 MPa. The alloys with cerium additions exhibit 

less stable behaviour at the beginning of deformation. With a 

further increase in load, the curves of these alloys also reach a 

plateau at higher stress values than the binary alloy, approxi-

mately 525 and 550 MPa. At temperatures of 850 and 1000 °С, 

the curves of the alloys with cerium additions nearly coincide 

and differ somewhat from those of the binary alloy. In terms of 

flow stress levels, the doped alloys surpass the binary alloy. 

At the point of maximum curvature in the specimen 

deformed at 700 °С, cracks formed (Fig. 5 a), while at 

higher temperatures, no cracks were detected 

(Fig. 5 b, c). In all specimens, the structure acquired  

a directional character with grain orientation perpendicu-

lar to the deformation direction, which is evident in  

the orientation maps obtained by the EBSD method 

(Fig. 6). The structure after deformation at 850 and 

1000 °С, which provide the necessary level of ductility, 

was of the greatest interest. 

White areas in the maps indicate regions where it was 

not possible to index the Kikuchi lines and assign a specific 

orientation during scanning. The obtained images also re-

vealed a directional structure with grains elongated perpen-

dicular to the compression direction. The main texture 

components are planar orientations {111} (blue colour) and 

{110} (green colour), which is a result of slip in the BCC 

lattice, which occurs primarily along {110} planes and in 

<111> directions. 

 

 

 

         
 a b c 

Fig. 5. Macrostructure of (Fe80Ga20)99.9Ce0.1 alloy specimens after testing at temperatures: 

a – 700 °C; b – 850 °C; c – 1000 °C 

Рис. 5. Макроструктура образцов сплава (Fe80Ga20)99,9Ce0,1 после испытаний при температурах: 

a – 700 °C; b – 850 °C; c – 1000 °C 

 

 

 

     
 a b 

Рис. 6. Ориентационные карты (Fe80Ga20)99,9Ce0,1 после испытаний при температурах: 

a – 850 °C; b – 1000 °C 

Fig. 6. Orientation maps of (Fe80Ga20)99.9Ce0.1 alloy after testing at temperatures: 

a – 850 °C; b – 1000 °C 
 

  

1 mm 1 mm 1 mm 
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DISCUSSION 

The experiments performed revealed that plane strain of Fe-

Ga and Fe-Ga-Ce alloys by 75 % at 700 °С invariably leads to 

strain hardening and the formation of cracks in the region of 

maximum curvature (abrupt thickness change). Thus, it can be 

concluded that forging of Fe-Ga-based alloys must be carried 

out at higher temperatures. This is consistent with previously 

obtained results on the binary alloy [17]. It should be noted that 

this observation does not directly allow concluding that hot 

rolling of these alloys at 700 °С is impossible, since the loading 

scheme in rolling is somewhat different. Rolling involves 

relatively uniform sheet thinning, which does not lead to sharp 

thickness variations. Nevertheless, a temperature of 700 °С is 

not recommended for hot deformation of Fe-Ga alloys.  

The addition of Ce significantly improves the deformability of 

the alloy. As a result, at temperatures of 850 and 1000 °С, no 

cracks form in the specimens with Ce additions, and the process 

is more stable, judging by the deformation curves. During 

loading, alloys with Ce additions do not undergo strain 

hardening, and the specimens after deformation show no signs 

of fracture at the macro- or microlevels. A likely reason for  

the improved ductility is the precipitation of the CeGa2 phase 

along the grain boundaries in such alloys [15; 18], which 

reduces Ga segregation at the boundaries and leads to a more 

uniform dislocation distribution, thereby reducing the risk of 

crack formation. Segregations likely occur in all tested alloys, 

but to different degrees. Their dissolution during high-

temperature deformation leads to an increase in flow stresses. 

For the binary alloy, due to a greater number of segregations,  

the latter results in the appearance of a strain hardening stage, 

while for the Ce-doped alloys, it leads to a leveling of the flow 

stresses at 850 and 1000 °С. 

It is also important to note that the deformability of alloys 

with different Ce additions (0.1 and 0.2 %) at temperatures of 

850 and 1000 °С is practically the same (Fig. 4). This allows 

concluding that, within the investigated range, the amount of 

Ce-rich phase particles does not significantly affect  

the deformation behaviour. It can be assumed that with  

a further increase in Ce content, a situation may arise where 

second-phase particles form a continuous chain along the grain 

boundaries, which, on the contrary, would lead to  

a deterioration in the ductility of the alloy. 

The structure of specimens deformed at different tem-

peratures differs significantly. During deformation at 850 °С, 

dynamic recrystallisation leads to the formation of fine grains 

and subgrains with a pronounced orientation perpendicular to 

the compression direction. With an increase in temperature to 

1000 °С, more intense grain growth occurs, and the structure 

becomes non-uniform (Fig. 6). Such a structure after hot 

deformation is unfavorable from the perspective of texture 

formation during subsequent stages of thermomechanical 

processing, as it can lead to inhomogeneities in different parts of 

the sheet. Thus, it can be concluded that a temperature of 850 °С 

is the most favorable for hot deformation of Fe-Ga-Ce alloys.  

 

CONCLUSIONS 

The work has shown that Fe-Ga-Ce alloys exhibit better 

ductility compared to the binary Fe-Ga alloy at elevated 

temperatures. It was established that among the three 

investigated temperatures of 700, 850, and 1000 °С,  

the optimal hot deformation temperature for the Fe-Ga-Ce 

alloy is 850 °С. At lower temperatures, strain hardening and 

crack formation occur, while at higher temperatures, a non-

uniform structure with coarse grains forms. Furthermore,  

it was found that increasing the Ce content in the binary Fe-

Ga alloy from 0.1 to 0.2 % does not lead to noticeable 

changes in the deformation behaviour of the alloy. 
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Аннотация: Проблема. Низкая пластичность бинарных сплавов Fe-Ga существенно ограничивает возможности их 

термомеханической обработки и промышленного применения в качестве магнитострикционных материалов. Несмотря 

на то, что легирование редкоземельными металлами улучшает эксплуатационные характеристики, влияние температуры 

и условий горячей деформации на поведение сплавов на основе Fe-Ga изучено недостаточно, что не позволяет оптими-

зировать технологические режимы получения листового проката без риска разрушения и формирования нежелательной 

структуры. Цель. Определить влияние температуры горячей деформации (700, 850 и 1000 °C) на деформационное по-

ведение, микроструктуру и кристаллографическую текстуру сплавов Fe80Ga20 с добавками 0,1 и 0,2 % Ce и установить 

оптимальную температуру горячей деформации. Методы. Исследованы бинарный сплав Fe80Ga20 и два легированных 

сплава (Fe80Ga20)99,9Ce0,1 и (Fe80Ga20)99,9Ce0,2. Физическое моделирование горячей прокатки проводили на симуляторе 

Gleeble 3800 в режиме плоской деформации при температурах 700, 850 и 1000 °C и степенью деформации 75 %. Струк-

тура и текстура изучены методами оптической металлографии и сканирующей электронной микроскопии с EBSD-

анализом. Результаты. Добавка церия существенно повышает пластичность сплавов при температурах 850 и 1000 °C. 

При 700 °C во всех сплавах наблюдается интенсивное деформационное упрочнение и образование трещин. При 1000 °C 

происходит интенсивный рост зерен и формирование неоднородной структуры. Различия в поведении сплавов с 0,1  

и 0,2 % Ce незначительны. Выводы. Легирование церием позволяет существенно повысить пластичность бинарного 

сплава Fe80Ga20. Оптимальной температурой горячей деформации сплавов Fe-Ga-Ce является 850 °C.  

Ключевые слова: горячая деформация; физическое моделирование; структура; кристаллографическая текстура; 

механические свойства; сплав FeGaCe 
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