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Abstract: Problem. The influence of the degree of cold deformation on the morphology and precipitation  

of T-phase particles (Al20Cu2Mn3) in Al–Cu–Mn system alloys (ALTEK) during final annealing has been insuffi-

ciently studied. This complicates the prediction of properties and the optimisation of thermomechanical processing 

of sheets and foils for electrical engineering applications. Aim. To establish the patterns of the influence of  

the cold rolling deformation degree (50 and 90 %) on the formation, morphology, and size of T-phase 

(Al20Cu2Mn3) particles, as well as on the complex of mechanical and electrical properties of sheets and foils 

made of ALTEK alloy of the Al–2%Cu–2%Mn system, produced by the following scheme: hot rolling → cold roll-

ing → annealing at 400 °С. Methods. Ingots were produced by chill casting and subjected to hot rolling, interme-

diate annealing, and cold rolling. A portion of the specimens was annealed at 400  °С for 3 hours. The microstruc-

ture was studied using transmission electron microscopy. Electrical conductivity (EC) and mechanical properties 

were measured. Results. It was found that the majority of Al20Cu2Mn3 particles is formed during hot rolling. Cold 

deformation causes dislocation hardening and fragmentation of existing particles. Regardless of the degree of defo r-

mation (50 or 90 %), annealing at 400 °С forms an identical microstructure with lamellar T-phase precipitates meas-

uring 120–200 nm. The electrical conductivity increases from 14.6–14.8 MS/m to 29.6 MS/m after annealing.  

Conclusions. The degree of cold deformation in the investigated range does not affect the volume fraction  

of T-phase particles after annealing. The main increase in electrical conductivity and softening are caused by a reduc-

tion in dislocation density and further decomposition of the solid solution with coagulation of particles formed  

during the hot rolling stage. 
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INTRODUCTION 

In the modern world, electrical engineering plays a key 

role both in the development of various industrial sectors 

and in the field of consumer services. The steady growth in 

electricity consumption, combined with the constant rise in 

the price of copper raw materials on global markets, deter-

mines the relevance of developing new aluminum alloys 

that meet the current requirements of the electrical engi-

neering industry [1]. 

Alloys of the Al–Cu–Mn system are of the greatest in-

terest for electrical engineering products, such as power 

transmission lines [2] and dry transformers [3], due to their 
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satisfactory electrical conductivity [4, 5], increased strength 

[6, 7], thermal stability [8], and corrosion resistance [9]. 

Alloys of this system have been named ALTEK (alumini-

um, heat‑resistant, economical) [10]. 

These properties are achieved, among other factors, 

through the formation of secondary precipitates of  

the Al20Cu2Mn3 phase (T-phase) [11], which exhibits higher 

thermal stability (up to 400 °C). This is achieved due to  

the lower diffusion mobility of Mn atoms [12]. The Al20Cu2Mn3 

dispersoid is formed as a result of the decomposition of  

the supersaturated solid solution of manganese in aluminum. 

A sufficiently high electrical conductivity is achieved by 

the removal of Mn and Cu from the solid solution upon  

the formation of Al20Cu2Mn3 particles. Furthermore, these 

intermetallic compounds, on the one hand, hinder recrystalliza-

tion, remaining stable up to 400 °С, and on the other hand, 

impede the movement of dislocations, thereby increasing  

the strength properties of these alloys. The precipitates have a 

size of 100–500 nm. N.A. Belov established that the optimal 

Mn content is from 1.5 to 2 %, and Cu content is from 0 to 3 % 

[13]. In particular, his works studied how particles form during 

annealing of foils at different temperatures of 300-400 °C [10; 

13], depending on the concentration of Cu (1–3 %) and Mn 

(1–3 %) [10], and during rolling with a total degree of defor-

mation of 95 %. However, the process of T-phase formation 

under the more common industrial production scheme: hot 

rolling, cold rolling, and final annealing has not been studied. 

Furthermore, the formation of dispersoids is strongly influenced 

by dislocation density [9; 14; 15], which in turn depends on  

the degree of deformation during cold rolling [16]. Consequent-

ly, this should theoretically contribute to their precipitation dur-

ing the final annealing stage [17]. However, the influence of  

the degree of deformation of 50 and 90 % on the formation  

of Al20Cu2Mn3 (T) particles has not been studied previously. 

The aim of this work is to establish the patterns of  

the influence of the degree of cold rolling deformation (50 and 

90 %) on the formation, morphology, and size of T-phase 

(Al20Cu2Mn3) particles, as well as on the complex of mechani-

cal and electrical properties of sheets and foils made of 

ALTEK alloy of the Al–2%Cu–2%Mn system, produced by 

the scheme: hot rolling → cold rolling → annealing at 400 °C. 

 

METHODS 

Initial material and prepared specimens  

An experimental alloy with a content of 2 % Cu and 

2 % Mn was selected for this study; its chemical composi-

tion is presented in Table 1. 

The alloys were cast into a steel chill mold with dimen-

sions of 40×120×450 mm at a cooling rate of 2 °C/s.  

To prepare the melt, A85Si grade aluminum, M1 copper, 

and pressed Mn90 tablets were used. Melting was carried 

out in an Xtoki furnace. 

From ingots measuring 30×120×180 mm, sheets with  

a thickness of 2.1 mm (93 % reduction) were produced by 

hot rolling (HR). Between the hot rolling and cold rolling 

operations, an intermediate annealing was performed in  

a THERM CONCEPT KM 70/06/A muffle furnace  

at 350 °С (30 minutes). Some sheets were subjected to ho-

mogenisation annealing at temperatures of 300–500 °С for 

3 hours; the regimes are presented in Tables 2 and 3. 

Sheets with a thickness of 2.1 mm were subjected to 

cold rolling (CR) to a thickness of 1 mm (50 % reduction) 

and 0.2 mm (90 % reduction). 

After cold rolling, some specimens were annealed  

at 400 °C in a furnace without a protective atmosphere for 

3 hours (Table 3). These specimens were labeled as 1О for 

sheets and 2О for foils. 

Microstructural analysis (TEM) 

For electron microscopy studies, specimens were me-

chanically thinned by double-sided grinding on fine-

grained abrasive paper to 40…60 μm. The resulting foils 

were then electrolytically thinned to a thickness suitable 

for transmission electron microscopy. After that, speci-

mens were cut using an Ultratonic Disk Cutter 

(Fischione Instruments, USA) to a diameter of 3 mm. 

Electropolishing was performed in a Struers Tenupol 

electrolytic thinning unit (Struers, Denmark) using  

the standard A2 electrolyte for aluminum alloys recom-

mended by Struers. For final cleaning of the foil surface 

from carbon residues and, if necessary, for final thinning 

and increasing the field of view, a PIPS II ion polishing 

вумшсу (Gatan Inc., USA) was used. 

The structure and phase composition of intermetallic 

particles were studied by transmission electron microscopy 

(TEM) using the equipment of the Collaborative Access 

Center of M.N. Mikheev Institute of Metal Physics of  

the Ural Branch of the Russian Academy of Sciences.  

A Tecnai G
2
 30 electron microscope (FEI Company, Neth-

erlands, USA) equipped with an EDAX energy-dispersive 

X-ray analysis system and operating at an accelerating volt-

age of 300 kV was used. 

For specimen analysis, bright-field and dark-field imag-

ing, and electron microdiffraction techniques were used. 

Considering that TEM is a relatively resource- and la-

bour-intensive operation, only two 1О and 2О alloys were

 

 

 
Table 1. Chemical composition of the experimental 2Cu2Mn alloy 

Таблица 1. Химический состав экспериментального сплава 2Cu2Mn 

 

 

Experimental alloy  
 Mass fraction of elements, % 

Cu Mn Fe Si Al 

2Cu2Mn 2.01 2.01 0.07 0.04 95.87 
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Table 2. Processing regimes for producing sheets and foils 

Таблица 2. Режимы получения листов и фольг 

 

 

No. Operation Conditions Reduction, % Resulting product 

1 Hot rolling From 30 mm to 2 mm, temperature 380–420 °С 93 
Sheet, thickness 2 mm 

2 Intermediate annealing 350 °С, 30 min − 

3 Cold rolling From 2 mm to 1 mm 50 
Sheet, thickness 1 mm 

4 Final annealing 300..500 °С, 3 hours − 

5 Intermediate annealing 350 °С, 30 min − 

Foil, thickness 0.2 mm 6 Cold rolling From 2 mm to 0.2 mm 90 

7 Final annealing 400 °С, 3 hours − 

 

 

 

Table 3. Deformation and thermal treatment regimes of the investigated specimens 

Таблица 3. Режимы деформационной и термической обработки исследованных образцов 

 

 

Specimen No. Processing regimes 

1 HR 93 % reduction (380–420 °С), Annealing, CR 50 % reduction 

2 HR 93 % reduction (380–420 °С), Annealing, CR 90 % reduction 

1О  HR 93 % reduction (380–420 °С), Annealing, CR 50 % reduction, Annealing 400 °С, 3 h 

2О HR 93 % reduction (380–420 °С), Annealing, CR 90 % reduction, Annealing 400 °С, 3 h 

 

 

 

studied by this method. They were selected because, ac-

cording to our earlier works [2; 3], 400 °С is the optimal 

temperature for final annealing after cold rolling. 

Specimens were prepared using a Metaserv 250 module 

for manual and semi-automatic grinding and polishing. 

Specimen cutting was performed by an ultrasonic method 

using an Ultratonic Disk Cutter 170 module (Fischione  

Instruments, USA). 

Electrical conductivity measurement 

The electrical conductivity (EC) of the tape and foil was 

measured using an MU68 multimeter connected to  

a MAISHENG MS3010D-MS002 power supply (30 V, 

10 A). When passing a direct current I=10 А (error ±0.7 %), 

the voltage drop U was measured, from which the re-

sistance r (in Ohms) and electrical conductivity 

σ (in MS/m) were calculated. 

Mechanical tests 

The microhardness of the alloys in the as-cast state and 

after homogenisation annealing was measured on a digital 

stationary hardness tester, model HV-1000 (Time Group 

Inc., China) using the Micro-Vickers method (test force 

0.2452 N). To avoid the influence of grain boundaries and 

coarse intermetallics, measurements were taken within  

the grain body. 

The mechanical properties were studied by uniaxial ten-

sion using a Zwick/Roell Z050 universal testing machine 

(ZwickRoell, Germany) in accordance with GOST 11150-84 

for foil and GOST 1497-84 for sheet. At least five speci-

mens were tested for each material condition. 

For foil (0.5 mm), the GOST 11150-84 method was ap-

plied using flat specimens 12.5 mm wide with a calculated 

length of 50 mm (size No. 6 according to GOST 1497-84, 

total length 200 mm). 

For sheets (1.0 mm), the GOST 1497-84 method was 

applied using flat specimens 20 mm wide with a calculated 

length of 80 mm (size No. 6 according to GOST 1497-84, 

total length 200 mm). The calculated gauge length L0 was 

marked with a marker. Strength and ductility characteristics 

were determined from the primary tensile diagrams. 

 

RESULTS  

In the as-cast state, the Al2Cu2Mn alloy exhibits  

the lowest electrical conductivity σ of 11 MS/m, while it 

increases to 13.8 MS/m during hot rolling and to 

15.2 MS/m after intermediate annealing, which is due to  

the precipitation of the T-phase (Al20Cu2Mn3). The electri-

cal conductivity then decreases slightly to 14.8–14.6 MS/m 

during cold rolling and reaches a maximum of 29.6 MS/m 

after annealing at 400 °C for 3 hours (Table 4). 
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Table 4. Change in electrical conductivity depending on the state 

Таблица 4. Изменение электропроводности в зависимости от состояния 

 

 

State Electrical conductivity σ MS/m 

As-cast 11.5 

After HR 13.8 

After HR+annealing 15.2 

After CR 50 % 14.8 

After CR 90 % 14.6 

After CR 50 % + annealing 29.60 

After CR 90 % + annealing 29.60 

 

 

 

According to Fig. 1, the cold‑rolled foil exhibits signifi-

cantly higher mechanical properties than the sheets: ulti-

mate tensile strength of 370 vs. 270 MPa, and yield strength 

of 322 vs. 250 MPa. Heat treatment substantially reduces 

the strength of both materials. Upon annealing at 300, 400, 

and 500 °C, the ultimate tensile strength of the foil decreas-

es sequentially to 299, 289, and 189 MPa, respectively, 

while the sheets show a similar trend: 204, 199, and 

189 MPa at the same temperatures. An even greater soften-

ing is observed for yield strength: the foil drops from 

257 MPa at 300 °C to 226 MPa (400 °C) and 87 MPa 

(500 °C), whereas the sheets exhibit a sharp decline from 

165 to 65 MPa at 400 °C, followed by stabilisation  

at 68 MPa at 500 °C. 

In contrast to the strength characteristics, the ductility of 

the material, characterised by elongation, shows a steady 

increase with increasing annealing temperature. While in 

the cold-rolled state, the foil has an elongation of only 1.0 

and the sheets – 3 %, after annealing at 300 °C, these values 

increase to 5 and 9 %, respectively. At 400 °C, ductility 

continues to grow, reaching 6 for the foil and 23 % for  

the sheets, and at 500 °C it is 11 and 22 %, respectively.  

As a result of the electron microscopy study, it was found 

that after cold rolling by 50 %, a deformation structure con-

sisting of elongated subgrains up to 5 μm long and 0.5  

to 1 μm wide is formed in specimen 1 (Fig. 2). 

A large number of particles of various morphologies 

and sizes were found within the grains and along their 

boundaries. Analysis of electron diffraction patterns and 

measurement of interplanar spacings on images obtained 

in the phase contrast mode showed that most particles 

belong to the Al20Cu2Mn3 phase, and only a few belong 

to the Al6Mn phase. Most Al20Cu2Mn3 crystals precipi-

tated as rods 70–200 nm long (individual particles 

reached 300–500 nm in length) and 45–60 nm in diame-

ter. Against the background of rod-shaped particles, in-

dividual precipitates close to equiaxed in the form of 

regular and irregular polygons were encountered; their 

diameter was 200–250 nm. Such large crystals were 

mainly observed at grain boundaries, in contrast to t  

he rod-shaped precipitates, which were uniformly dis-

tributed throughout the volume of the specimen. 

Increasing the degree of deformation during rolling of 

specimen 2 to 90 % leads to a significant increase in  

the density of crystal structure defects and the formation of 

Type III residual stresses. This is confirmed by the observa-

tion of a large number of extinction bend contours in bright-

field images, caused by elastic stress fields generated by 

numerous dislocations, indicating a significantly increased 

dislocation density (Fig. 3). 

Against the background of numerous crystal struc-

ture defects, the Al20Cu2Mn3 particles became low-

contrast, which significantly complicated the process of 

their identification. As a result of the analysis, it was 

found that the increase in the degree of deformation 

apparently leads to fragmentation of the Al20Cu2Mn3 

crystals. In this case, the Al20Cu2Mn3 precipitates are 

characterised by a globular shape and a maximum  

diameter of up to 120 nm. 

Post-deformation annealing at 400 °C for 3 hours of 

sheets rolled to 1 mm and 0.2 mm with reductions of 50 and 

90 % leads to the formation of a nearly identical micro-

structure in specimens 1О and 2О, despite the initially dif-

ferent deformation structures (Fig. 4). 

As a result of high-temperature annealing, the shape of 

the particles changes from predominantly rod-shaped to 

lamellar, accompanied by an increase in their size:  

the length of the lamellae was 120–200 nm, and the thick-

ness was 80–120 nm. 

 

DISCUSSION  

According to the studies conducted, the hot rolling 

process and subsequent intermediate annealing lead to  

an intense precipitation of dispersed Al20Cu2Mn3 particles.  

This phenomenon is explained by the combined effect of 

two factors: the formation of dislocations during hot de-

formation and the elevated processing temperature of 

350 °C, which creates favorable conditions for accelerated 

nucleation of these particles. The obtained data are fully 
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a 

 
b 

 
c 

Fig. 1. Mechanical properties of tape and foil depending on the state:  

a – ultimate tensile strength; b – yield strength; c – percentage elongation 

CR – cold‑rolled state (without annealing) 

Рис. 1. Механические свойства ленты и фольги в зависимости от состояния:  

a – временное сопротивление на разрыв; b – условный предел текучести; c – относительное удлинение  

СR – холоднокатаное состояние без отжига 

 

 

 

consistent with theoretical concepts regarding the influ-

ence of the degree of reduction on the kinetics of dis-

persed phase precipitation [16; 18]. A confirmation of 

this process is the noticeable increase in the electrical 

conductivity ofthe material from 11.8 to 13.8 and then  

to 15.2 MS/m, which directly indicates a decrease in  

the amount of alloying elements dissolved in the matrix due 

to their binding into precipitated particles. TEM analysis of 

specimens 1 and 2 unambiguously confirmed the presence 

of Al20Cu2Mn3 particles formed as a result of hot rolling, 

which is consistent with literature data [10; 18]. The TEM 

results (Fig. 4) also showed that the increased dislocation 

density did not have a significant effect on the precipitation 

of Al20Cu2Mn3 particles during annealing after cold rolling. 

The microstructure of both specimens turned out to be near-

ly identical after the final annealing. 
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 a b 

     

 c d 

Fig. 2. Electron microscopy images of the tape after cold rolling with a deformation degree of 50 %:  

a – bright-field image of grains; b – bright-field image of particle morphology;  

c – electron diffraction pattern; d – phase-contrast image 

Рис. 2. Электронно-микроскопические изображения ленты после холодной прокатки со степенью деформации 50 %:  

a – светлопольное изображение зёрен; b – светлопольное изображение морфологии частиц;  

c – микроэлектронограмма; d – изображение в режиме фазового контраста 

 

 

 

     

 

Fig. 3. Electron microscopy image of foil microstructure after cold rolling with a deformation degree of 90 % 

Рис. 3. Электронно-микроскопическое изображение микроструктуры фольги  

после холодной прокатки со степенью деформации 90 % 
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The results of mechanical tests of cold-rolled 1 mm tape 

(specimen 1) and 0.2 mm thick foil (specimen 2) demon-

strate an increase in strength properties with decreasing 

material thickness, which is fully consistent with the TEM 

data, which revealed a higher dislocation density in  

the thin foil. This difference is explained by the significant-

ly higher degree of deformation during rolling of thin spec-

imens, leading to intense dislocation hardening, the effect 

of dislocation blocking by Al20Cu2Mn3 precipitates, as well 

as the increasing influence of surface effects, which corre-

sponds to known literature data [2; 3]. 

According to the electrical conductivity measure-

ments after 3-hour annealing at 400 °C, the electrical 

conductivity of the alloys increased from initial values  

of 14.8 MS/m (alloy 1) and 14.9 MS/m (alloy 2)  

to 29 MS/m, which is consistent with data from [2; 3]. 

This behaviour can be explained by the precipitation of 

Cu and Mn from the solid solution during further growth 

of Al20Cu2Mn3 dispersed particles, as demonstrated by 

the TEM results, as well as by a decrease in dislocation 

density, which is confirmed both by the TEM results and 

by the literature data [2; 3]. Thus, the change in micro-

structure is caused not by the nucleation of new 

Al20Cu2Mn3 dispersed particles, but by their growth. 

The recorded drop in strength properties as a result of 

heating is in good agreement with data demonstrating  

a significant decrease in dislocation density after annealing. 

Thus, the main reason for softening is a decrease in disloca-

tion density. 

 

CONCLUSIONS 

1. The formation of secondary Al20Cu2Mn3 particles 

occurs predominantly during hot rolling and intermediate 

annealing. 

2. Cold rolling with a reduction of 90 % (foil) compared 

to 50 % (sheet) leads to a higher dislocation density, in-

creased strength (ultimate tensile strength of 370 vs. 

270 MPa), and reduced ductility (elongation of 1 vs. 3 %). 

3. During subsequent annealing at temperatures of 

300–500 °C, a decrease in strength and an increase in 

ductility are observed; the most noticeable changes occur 

at 400–500 °C. 

4. After annealing at 400 °C for 3 hours, the microstruc-

ture and particle size of the foil and sheet become identical, 

and the electrical conductivity reaches 29.6 MS/m. 
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Аннотация: Проблема. Влияние степени холодной деформации на морфологию и выделение частиц  

T-фазы (Al20Cu2Mn3) в сплавах системы Al–Cu–Mn (АЛТЭК) при финальном отжиге изучено недостаточно. 

Это затрудняет прогнозирование свойств и оптимизацию термомеханической обработки листов и фольги для 

электротехнических применений. Цель. Установить закономерности влияния степени деформации при холод-

ной прокатке (50 и 90 %) на формирование, морфологию и размеры частиц T-фазы (Al20Cu2Mn3), а также  

на комплекс механических и электрических свойств листов и фольги из сплава АЛТЭК системы Al–2%Cu–

2%Mn, получаемых по схеме: горячая прокатка → холодная прокатка → отжиг при 400 °С. Методы. Слитки 

получены литьем в кокиль и подвергнуты горячей прокатке, промежуточному отжигу и холодной прокатке. 

Часть образцов отожжена при 400 °С, 3 ч. Микроструктура исследована методами просвечивающей электрон-

ной микроскопии. Проведены измерения удельной электропроводности (УЭП) и механических свойств.  

Результаты. Установлено, что основное количество частиц Al20Cu2Mn3 формируется при горячей прокатке. 

Холодная деформация вызывает дислокационное упрочнение и дробление существующих частиц. Независимо 

от степени деформации (50 или 90 %) отжиг при 400 °С формирует идентичную микроструктуру с пластинча-

тыми выделениями T-фазы размером 120–200 нм. УЭП возрастает с 14,6–14,8 МСм/м до 29,6 МСм/м после 

отжига. Выводы. Степень холодной деформации в исследованном диапазоне не влияет на объемную долю 

частиц T-фазы после отжига. Основной прирост электропроводности и разупрочнение обусловлены сниже-

Frontier Materials & Technologies. 2026. No. 2 95

https://doi.org/10.1016/j.msea.2023.144808
https://doi.org/10.1016/j.jmrt.2023.12.134
https://doi.org/10.1016/j.actamat.2023.118735
https://doi.org/10.1016/j.actamat.2024.120296
https://doi.org/10.1016/j.jmst.2025.06.030
https://doi.org/10.18323/2782-4039-2026-2-76-8
https://orcid.org/0009-0004-6874-0870
https://orcid.org/0000-0002-7270-6008
https://orcid.org/0000-0001-6869-4764
https://orcid.org/0000-0002-7670-9054
https://orcid.org/0000-0003-4809-8660


Chinov V.Yu., Levagina A.A., Aryshensky E.V. et al.   “Effect of cold rolling reduction on precipitation of Al20Cu2Mn3 particles…” 

 

нием плотности дислокаций и дораспадом твердого раствора с коагуляцией частиц, сформированных на 

этапе горячей прокатки. 

Ключевые слова: Al-Cu-Mn сплавы; АЛТЭК; холодная прокатка; Al20Cu2Mn3; ПЭМ; удельная электропровод-

ность; дислокации 
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