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Abstract: Problem. The influence of the degree of cold deformation on the morphology and precipitation
of T-phase particles (A120Cu2Mn3) 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
(A120Cu2Mn3) 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 °C. 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 °C 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 A120Cu2Mn3 particles is formed during hot rolling. Cold
deformation causes dislocation hardening and fragmentation of existing particles. Regardless of the degree of defor-
mation (50 or 90 %), annealing at 400 °C 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.

Keywords: Al-Cu-Mn alloys; ALTEK; cold rolling; A120Cu2Mn3; TEM; electrical conductivity; dislocations

Acknowledgments: The study was supported by the Russian Science Foundation grant No. 24-19-00064,
https://rscf.ru/project/24-19-00064/.

For citation: Chinov V.Yu., Levagina A.A., Aryshensky E.V., Rasposienko D.Yu., Konovalov S.V. Effect of cold roll-
ing reduction on precipitation of Al,Cu,Mn; particles in Al-Cu-Mn system alloys. Frontier Materials
& Technologies, 2026, no. 2, pp. 87-96. DOI: https://doi.org/10.18323/2782-4039-2026-2-76-8.

INTRODUCTION mines the relevance of developing new aluminum alloys

In the modern world, electrical engineering plays a key that meet the current requirements of the electrical engi-

role both in the development of various industrial sectors —neering industry [1].

and in the field of consumer services. The steady growth in Alloys of the Al-Cu-Mn system are of the greatest in-
electricity consumption, combined with the constant rise in ~ rest for electrical engineering products, such as power
the price of copper raw materials on global markets, deter- 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 Aly)Cu,Mn; 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 Al,(Cu,Mn;
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 Al Cu,Mn; particles. Furthermore, these
intermetallic compounds, on the one hand, hinder recrystalliza-
tion, remaining stable up to 400 °C, 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 AlyyCu,Mn; (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
(Aly,(Cu,Mny) 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 40x120x450 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 30x120%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 °C (30 minutes). Some sheets were subjected to ho-
mogenisation annealing at temperatures of 300-500 °C 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 10 for
sheets and 20 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 um. 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
Bymicy (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* 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 10 and 20 alloys were

Table 1. Chemical composition of the experimental 2Cu2Mn alloy

Taonuya 1. Xumuueckuii cocmas sxcnepumenmanvrozo cnaasa 2Cu2Mn

Mass fraction of elements, %

Experimental alloy

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
Taonuya 2. Pedxicumvl nonyuenus aucmos u gonve

No. Operation Conditions Reduction, % Resulting product
1 Hot rolling From 30 mm to 2 mm, temperature 380-420 °C 93
Sheet, thickness 2 mm
2 Intermediate annealing 350 °C, 30 min -
3 Cold rolling From 2 mm to 1 mm 50
Sheet, thickness 1 mm
4 Final annealing 300..500 °C, 3 hours -
5 Intermediate annealing 350 °C, 30 min -
6 Cold rolling From 2 mm to 0.2 mm 90 Foil, thickness 0.2 mm
7 Final annealing 400 °C, 3 hours -

Table 3. Deformation and thermal treatment regimes of the investigated specimens
Taonuya 3. Pescumvl Oeghopmayuontoil u mepmudeckoii 06pabomku Ucci1e008aHHbIX 00paA3Y08

Specimen No.

Processing regimes

1 HR 93 % reduction (380—-420 °C), Annealing, CR 50 % reduction
2 HR 93 % reduction (380420 °C), Annealing, CR 90 % reduction
10 HR 93 % reduction (380—420 °C), Annealing, CR 50 % reduction, Annealing 400 °C, 3 h

20

HR 93 % reduction (380—420 °C), Annealing, CR 90 % reduction, Annealing 400 °C, 3 h

studied by this method. They were selected because, ac-
cording to our earlier works [2; 3], 400 °C 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 (30V,
10 A). When passing a direct current /=10 A (error £0.7 %),
the voltage drop U was measured, from which the re-
sistance 7 (in Ohms) and electrical conductivity
6 (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 L, was
marked with a marker. Strength and ductility characteristics
were determined from the primary tensile diagrams.

RESULTS

In the as-cast state, the Al,Cu,Mn alloy exhibits
the lowest electrical conductivity ¢ 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 (Al Cu,Mns). 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

Taﬁﬂuua 4. Usmenenue afze;cmponpoeoayocmu 8 3dsucumocmu onm COCmMosAHUA

State Electrical conductivity ¢ 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 pm long and 0.5
to 1 pm 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 Al,(Cu,Mn; phase, and only a few belong
to the AlgMn phase. Most Al,Cu,Mn; 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 Al,(Cu,Mn; 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 Al,Cu,Mn;
crystals. In this case, the Aly(Cu,Mn; 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 10 and 20, 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 Al Cu,Mn; 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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Fig. 1. Mechanical properties of tape and foil depending on the state:
a — ultimate tensile strength, b — yield strength; ¢ — percentage elongation

CR — cold-rolled state (without annealing)
Puc. 1. Mexanuueckue ceoiicmea 1eHmul u ponveu 8 3a8UCUMOCIU OM COCMOAHUA
a — gpemenHoe conpomusnenue Ha paspels;, b — ycroenuiil npeden mexkyuecmu,; ¢ — OMHOCUMENbHOE YOTUHEHUE
CR — xonoonoxkamanoe cocmosinue be3 omacuea

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 Al,jCu,Mn; 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 AlyyCu,Mn; 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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[118]
Aly)Cu,Mn;

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;,
¢ — electron diffraction pattern; d — phase-contrast image
Puc. 2. DnekmpoHHO-MUKPOCKONUYECKUE UZ00OPANCEHUS IEHMbL NOC/LE XOIOOHOU NPOKAMKU O cmenenblo oegopmayuu 50 %:
a — cgem.iononvHoe uzobpaicerue 3épen; b — ceemuononvroe uzobpasicenue mopgonozuu yacmuy,;
¢ — Muxpoanekmponozpamma, d — uzobpadicenue 6 pedcume (hazoeo2o KoHmpacma

Fig. 3. Electron microscopy image of foil microstructure after cold rolling with a deformation degree of 90 %
Puc. 3. DnekmponHo-MUKpocKonuueckoe uzobpasicenue MuKpoCmpykmypol Qonvau
nocne Xono0Hou npokamku co cmenenvlo oegpopmayuu 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 Al,(Cu,Mn; 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 14.8MS/m (alloy1l) and 14.9MS/m (alloy2)
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 Al,,Cu,Mnj; 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
Al,,Cu,Mn; 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 Al,yCu,Mn; 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 wvs.
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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Annomayusn: Tlpodaema. BiusHue cTeneHd XouomaHOH aedopmarnuu Ha MOP(OIOTHIO W BBIACICHHE YaCTHUIL
T-da3zer (Al,gCu,Mn;) B crutaBax cuctembl Al-Cu—Mn (AJITOK) npu ¢uHanbHOM OTKHUre M3Y4€HO HEZO0CTaTOYHO.
OTO0 3aTpyaHSAET MPOTHO3HUPOBAHWE CBOMCTB M ONTHMH3AIHMIO TEPMOMEXaHHUYECKOH 00pabOTKH JIUCTOB M (OIBIH AJIS
IEKTPOTEXHUYECKHUX NpuMeHeHHnH. Ilesb. YCTaHOBUTH 3aKOHOMEPHOCTH BIMSIHHS CTEIIEHU Ae(POPMALNHU IIPH XOIOI-
Hoi mpokarke (50 u 90 %) nHa ¢dopmupoBanue, mopdonoruto n pasmepsl gactun T-¢aser (Al )Cu,Mn;), a Takke
Ha KOMIIJIEKC MEXaHHMYECKHX W JNEKTPUUYECKUX CBOHCTB nucToB U (onbru u3 cruasa AJITOK cucremsr Al-2%Cu—
2%Mn, nony4aeMbIX IO CXEMe: ropsidas MpoKaTka — XoJofgHas mpokatka — oTxur npu 400 °C. Meroabl. Ciutku
MOJIy4eHBI JIUTHEM B KOKHMJIb M TOJBEPTHYTH TOPSUEH MpOKaTKe, MPOMEXKYTOUYHOMY OTKHTY M XOJOJHOHW IpPOKAaTKe.
Yactp 00pa3ioB oroxokeHa mpu 400 °C, 3 4. MUKpOCTpyKTypa HCClIeI0BaHa METOJaMH ITPOCBEUMBAIONIEH IIEKTPO H-
HOM MmuKpockomuu. IIpoBeneHB W3MepeHHs YAeIbHOW anekTpornpoBogHocTH (YOII) M MexaHMYEeCKHX CBOWCTB.
Pe3yabrarhl. YCTaHOBJIEHO, YTO OCHOBHOE KonmuecTBO dacTHI AlygCu,Mn; popmupyercs mpu ropsaeid mpokartke.
XomnogHas nehopManys BEI3BIBACT AUCIOKAMOHHOE YIIPOYHEHNE U OpOOJIeHNEe CYyIEecTBYIOMUX yacTuil. HezaBucumo
ot creniern aepopmaruu (50 unu 90 %) omxur npu 400 °C hopMHupyeT HASHTHIHYIO MEKPOCTPYKTYPY C IUIACTHHY a-
TBIMH BbIeneHussMu T-¢a3er pasmepom 120-200 am. Y3III Bospactaer ¢ 14,6—-14,8 MCm/M 1o 29,6 MCwm/M nocine
orxura. BeiBoabl. CreneHb X0JI0HOW aedopMannuy B UCCIEJOBAHHOM JAHMANla30HE HE BIHMSET HA OOBEMHYIO JIOJIO
yactul T-¢dassl nocie orxura. OCHOBHOM NMPUPOCT AIIEKTPONPOBOAHOCTH U Pa3ylpOYHEHHE 00yCIOBICHBI CHIX €-
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HHEM IUIOTHOCTHM AMCJIOKAIlMi W J0paciaioM TBEPAOrO pacTBOpa ¢ Koaryasnueil 4acTuil, chOpMHUpPOBAHHBIX Ha
3Tarne ropsa4ei NpoKaTKH.

Kniouesvie cnosa: Al-Cu-Mn ciaer; AJITOK; xomomnas npokatka; Al,gCu,Mns; TIDM; yrenbHast 3JI€KTPOIPOBO/-
HOCTb; JUCIIOKAIMN
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