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Abstract: The paper covers the study of the influence of equal-channel angular pressing (ECAP) on the structure, crys-
tallographic texture, mechanical properties and electrical conductivity of Cu-ETP copper (Russian analogue — M1), as well
as the dependence of these characteristics on the orientation of the measurement direction relative to the cross-section
(from —45 to 90°). The specific electrical conductivity and strength characteristics of the material in the as-delivered con-
dition (hot-rolled) and the effect of annealing at a temperature of 450 °C of the original sample are investigated. Mechani-
cal tests for uniaxial tension, a study of microhardness using the Vickers method and a study of specific electrical conduc-
tivity based on measuring the parameters of the vortex field excited in the surface layers of the body are carried out. It is
found that ECAP processing leads to a significant increase in the ultimate tensile strength to 425 MPa compared to
the initial state of 300 MPa. The maximum tensile strength of 425 MPa is achieved at orientation angles relative to
the ECAP cross-section of —45°. A significant increase in microhardness to 1364—-1405 MPa, tensile strength to 350—
425 MPa and electrical conductivity to 101.4-102.4 % IACS is a consequence of the selected directions of cutting
the samples relative to the ECAP axis. This indicates the dependence of both mechanical and electrical properties of ul-
trafine-grained samples on the crystallographic texture orientation. A Cu-ETP copper sample subjected to ECAP with
a cutting angle deviating from the ECAP cross-section of the sample by 7.5° has the most optimal crystallographic orientation. In
this case, the values of microhardness and electrical conductivity reached 1405 MPa and 102.4 % IACS, respectively.
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INTRODUCTION

Copper and low-alloyed copper alloys, due to their high
electrical conductivity, are widely used in mechanical engi-
neering for the manufacture of contacts and wires. Copper
parts must have a unique combination of properties: high
electrical conductivity, strength, ductility, and corrosion
resistance. Good technological properties and relatively low
cost determine the wide application of copper in industry
both in the form of alloys and in pure form. In the work [1],
it is shown that the mechanical strength and electrical con-
ductivity of these materials are primarily controlled by their
microstructure, the most important parameters of which are
the grain size and dislocation structure. Dislocations and

grain boundaries make a large contribution to increasing the
yield strength, but a smaller contribution to increasing the
specific electrical resistance [2].

In recent years, a promising research area has been the
formation of an ultrafine-grained (UFQG) structure with an
average grain size of less than 1 um, which contributes to
the manifestation of unique mechanical properties (high
strength, increased fatigue limit) [3; 4]. At the same time, it
is known that treatment by severe plastic deformation
(SPD) is accompanied by active movement of dislocations
and twinning, which leads to reorientation of grains and
formation of developed crystallographic textures [5; 6].
Crystallographic texture usually occurs as a result of
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directed external mechanical action, in this case — the SPD
process. The presence of a preferred orientation enhances
the anisotropy of the material properties and can significantly
change the performance characteristics of the product. There-
fore, the possibility of texture formation should be taken
into account when carrying out various deformation and
heat treatments [7]. In particular, in samples of pure copper
subjected to SPD, it was found that at the initial stages of
deformation, a strong preferred orientation of crystallites
occurs, which is characteristic of the simple shear texture
[5]. At the same time, an increase in the degree of accumu-
lated deformation contributes to the blurring of texture
maxima, which is of interest for studying the influence of
crystallographic texture on the strength and electrical pro-
perties of UFG copper.

The works are known that consider the influence of
crystallographic texture on the strength and electrical con-
ductivity of UFG copper produced by rotational forging [8]
and electrodeposition [9], but the studies in them were car-
ried out using the example of samples in the form of a wire
or films with a different crystallographic texture.

The purpose of the study is to analyze the structure and
crystallographic texture in ultrafine-grained samples of Cu-
ETP copper produced by equal-channel angular pressing
(ECAP) in order to identify structural factors leading to
achieving higher strength while maintaining high electrical
conductivity of the material.

METHODS

Materials and methods of research

A Cu-ETP (Russian analogue M1) copper commercial
rod with a diameter of 20 mm, GOST 859-2001 (Table 1),
was selected as the material for research.

To analyze the initial microstructure, two samples were
studied, one of which was in the as-delivered condition —
hot-rolled. The sample in the initial condition was annealed
at 450 °C for 2 h. Before annealing, the initial sample was
immersed in a melt of a mixture of KOH and NaOH salts to
prevent oxidation of the material surface.

The formation of the UFG structure in a billet with a di-
ameter of 20 mm and a length of 150 mm was carried out
by the ECAP method in eight passes along the B¢ route,
which involves rotating the sample between two subsequent
cycles counterclockwise for an angle of 90° around the lon-
gitudinal axis [6]. The passes of the billets were carried out
on equipment with an angle of intersection of the channels
of 120° at a temperature of 20 °C.

Preparation of samples for metallographic analysis
included cutting out samples (Fig. 1) on an ARTA-120
electrical discharge cutting-off machine taking into ac-
count the angles relative to the cross-section of ECAP of
the billet (0°; 7.5°;, £15°; £22.5°; +45°; 90°), grinding,
polishing, and etching.

Grinding of samples was carried out on a NERIS grind-
ing and polishing machine with a stepwise decrease in
the grain size of the sanding paper from P100 to P4000 at
a machine speed of 500—-600 rpm.

Polishing was carried out on diamond paste with
a gradual decrease in its grain size from 7/5 to 3/2. When
moving to the next paste number, the paste residues were
carefully removed from the metallographic section using
alcohol, and the polishing direction was changed by 90° to
ensure complete disappearance of the scratches from
the previous paste.

To identify the microstructure, the sample was etched.
The etchant composition: perchloric acid (HCl) — 50 %,
nitric acid (HNO3) — 25 %, acetic acid (CH;COOH) — 25 %.
The etching mode was selected experimentally.
The sample was etched for 2-3 s by dipping into the etchant,
then washed with distilled water and dried with filter paper.

Structural studies

Microstructure images were obtained using a JEM-6390
scanning electron microscope and a JEM-2100 transmission
electron microscope. Thin foils were prepared using
a Tenupol-5 device by jet electrolytic polishing at 22-24 V
using an electrolyte of the following composition: 920 ml
of water (H,O), 70 ml of orthophosphoric acid (H3PO.),
15 ml of glycerol (CsHs(OH)3). The ECAP structure of
the samples was studied in cross-section. The grain size
was calculated using the GrainSize program based on
the obtained structure images.

After ECAP processing, the Cu-ETP copper sample was
cut with the following orientations (angles) relative to
the ECAP cross-section of the billet: 0°; 7.5°; £15°; £22.5°;
+45°; 90°;, thickness 1.5-2.5mm, diameter 20 mm.
The analysis of texture formation processes in copper was
performed using a DRON-3m diffractometer equipped with
an automatic texture attachment. Filtered Cu—Ko; X-ray
radiation (0.15406 nm) was used to shoot pole figures.
Reflection imaging was carried out within the range of ra-
dial y angle from 0 to 75° and azimuthal 6 angle from 0
to 360°. The diameter of the irradiated area was 0.6 mm.
In the case of ECAP, the study was carried out in the geo-
metric centre of the longitudinal section of the billet.

Table 1. Chemical composition of Cu-ETP grade copper
Tabnuya 1. Xumuueckuii cocmas meou mapku M1

Content, %

Fe (0] Pb S Zn

Ag Sb Sn

99.9 <0.005 <0.05 <0.005 <0.004 <0.004

<0.003 | <0.002 <0.002 <0.002 <0.002 | <0.001
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Fig. 1. Scheme of orientations of cutting ECAP samples
Puc. 1. Cxema opuenmayuii svipesku PKYII obpasyos

The result was a set of intensities of reflected X-rays.
The experimental results calculated using the LaboTEX
software package (www.labosoft.com.pl) are presented as
complete pole figures in the shear plane.

Microhardness study

The measurements were carried out on a MicroMet
5101 device using the Vickers method in the cross-section
of the ECAP samples under a load of 100 g, the indenter
holding time was 10s. The results were recorded along
the sample diameter.

Electrical conductivity study

The specific electrical conductivity was determined
at room temperature by the eddy current method using
a VE-27NTs device with a relative measurement error of
2 %. Annealed pure copper with an electrical conductivity
of 58 MS/m (electrical resistance of 0.017241 pQ-m) corre-
sponds to the 100 % IACS designation according to
the IACS (International Annealed Copper Standard) inter-
national standard. The results of electrical conductivity
measurements in this paper are presented in % IACS, 1. e.
as a percentage of the electrical conductivity of pure copper.

Uniacxial tensile tests

The tests were carried out on a small sample defor-
mation device at room temperature at a rate of 3x1073 57!,

v

In each state, two samples with working base dimensions of
6.0x1.0%0.7 mm (Fig. 2) cut from the initial, annealed and
ECAP billets were tested.

RESULTS

The obtained microstructure images are shown in Fig. 3.
The initial structure of Cu-ETP copper consists of large
irregular-shaped grains with an average size of 7+4 pm
(Fig. 3 a). The grain distribution histogram shows that most
grains are located in the range of 2.5-10 um (Fig. 3 b).
The microhardness value in the initial state is 121165 MPa,
the electrical conductivity value was 101.3+1.36 % IACS.
Such electrical conductivity values were obtained due to
the presence of a relative error of the measuring device,
therefore, for the correct experiment and possible compari-
son of the results, the value obtained using the VE-27NTs
device was taken.

After heat treatment at 450 °C, the grain size increased
to 10.2+2.3 um (Fig. 3 ¢). The grain distribution histogram
shows that the majority of grains are located in the range of
5.5-15.5 um (Fig. 3 d). The microhardness value is 773+37 MPa,
and the electrical conductivity is 102.2+1.79 % IACS.

After ECAP processing, the grain size decreased to
300 nm on average (Fig. 3 ¢). The grain distribution histo-
gram shows that the great number of grains are located in
the range of 250-324 nm (Fig. 3 1).

45

RO25

Fig. 2. The geometry of a specimen for mechanical tensile testing
Puc. 2. 'eomempus obpazya 01 MexaHu4eckux UCHbIMAHULL HA PACMAICEHUEe
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Fig. 3. Results of microscopy and grain size calculation:
a — structure of the initial sample; b — grain size (initial sample);
¢ — microstructure of the annealed sample; d — grain size (annealed sample);

e — dark-field TEM image of copper (ECAP);

f—grain size (ECAP)

Puc. 3. Pezyibmamol MUKDOCKONUL U PACUEMA PAZMEPOS 3ePHA.:
a — cmpyKmypa ucxo0Hoeo obpasya, b — pazmep 3epra (ucxoonwiil 0bpaszey);
€ — MUKPOCIPYKIMYPA OMOACHCEHHO20 0bpasya; d — pazmep 3epha (omodicocennvlil oopasey);
e — memnononvHoe usoopaxcenue [IOM meou (PKVII); f— pasmep 3epua (PKYII)
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As a result of texture analysidirect pole figures were elongation before failure of about%. Figs. 8, 9 show
obtained Fig. 4), which were rarrangedor further analy- the changg in microhardnessiltimatetensile strength, and
VLV ZLWK D f URWDWLRQ [F@mR)Q Jel®etkddl ddnidcivity ReperidiGy éhEhb dirkiction of sample
After eight ECAP passes @t20 f &on the (111) pole fi cutting relative to the ECAP axis, which indicates a strong
gure, clearly defined maxima are visiblehe arrangement influence of the crystallographic texture on these characteri
nature of which is quite orded (Fig.5). The crystallo- stics of the sample§he maximum (42%1Pa) and mini-
graphic texture afteeight ECAP passes can be describeshum (330MPa) ultimate tensile strengths were observed at
by ideal orientationsHig. 6) corresponding to the state afteorientation angles relative to the ECAP cross section of
simple shear taking into account the rotation by an angleiof f DQG f UHVSHFWLYHO\ 7KH KLJ

f FRXQWHUFORIEN palé/ tigurdiKdiarac- hardness and electrical conductivity were observed gt#.
terized by a set odevenmaxima (Fig.5 d): six maxima 1405 MPa and 102% IACS, respectively.
are symmetrically located on thmole figureperiphery
and one in its centre These maxima correspond to
the A {111}<uvw>, B {hkl}<110>, and C {001}<110> DISCUSSION
componentsof the simple shear texture. Their intensity An increase in the strength propertiesSCofETP copper
LQFUHDVHY ZLWK LQFUHDVLQJ VK Hifetgiai@ st@ddurel kefi@ment\hBs alrfady been observed

The crystallographic textures of all sections of the cop the literature using the example of UFG sampies
per sample subjected wight ECAP passes are identicaducedby SPD [10; 11]. It can be explained by the well
and are characterized by dominant {110}<11doempo- known Hall#etch relationship [12; 13], which describes
nents(Fig. 5). At the same time, the pole figures obtainetie dependence of the yield strength on the average grain
for different sections are charadgvzed by the fact that size. In [14], it was noted that in order to achieve a combi-

the A;, A and C; maximalocated on theperiphery of nation of high strength and goetectrical conductivity in
the pole figureshift toward itscentrewith an increase in copper _matenglg, grain refinement to an average size of
the cutting angle. In general, the finally formed textae 200nm is sufficient. In the present work, a close average

; _ 11 > grain size of 30@m was observed in the ECAP samples, as
be described by the main textufll 212, 111%12, o a5 a hgh ultimate strength of 42@Pa close to

111 210, @111 210, 112 »10,@112 210, and the values of 45MPa previously observed in tipeire cop-
s per ECAPsamples [15].
.. _ A combination of increased strength arecéical con-
The indicatedAr, Ay, A1, Ay, By, By, andCqideal ductivity valueswas also noted using the example of UFG
RULHQWDWLRQV OLH R Q fibheK (figh6). " coppey gampleproducedby electrodeposition [17], mul
For the(111) SROH ILJXUH REWDLQHG |Rige pling [8Fang\draping [%%Y, whjch vere characterized
sition of the recrystallization texture on the simple shely the presence of a crystallographic texture. The features
texture is observed (FigSb and éb). The recrystallization of crystallographic texture in ECAP copper samples were
process is associated with the absorption of old grainsiByestigated in [20; 21]. Ithe work[20], it was noted that
new equiard grains with higtangle boundaries. It is acti-there is a texte gradient in different directions efquat
vated when a certaideformationdegree is reached. Inchannel angular pressireg samples, which can create ani-
the case under consideration, in addition to the simple shg@ffopy of mechanical properties in thefthe work [21]
texture component on th@11) pole figure, the formation demonstrated that the electrical conductivity of ECAP cop-

of dominant R11 11213 @2 120 211 R3023 332 Pper is affected by various structural tiars, including grain
' ’ " orientation and crystallographic texture. In this paper, it is

and R4122 221 componentsharacteristic of the recrys-shown that the difference in strength and electrical conductivi-
tallization texture is observeéi@. 6 b). ty of ECAP copper samples relative to different crystallo-

In sectionsof DQG f D EURNHQ \gidpRidtirettionschn\edchBD and 28 %, respetively.
crystaline VWU XFW XUH Laéctivorcarkespyndssto  f
the crystalline texture osimple shear of thenetalfcc lat-
tice. In sectorof f WKH ORFDWLRQ RI WONGWEIPNSPD[LPD FRU
responds to an absolutely symmetrigatternof the crystal 1. The structure oCu-ETP copper in the initial state is
structure, which indicates its greatest ordering explains represented by grains of irregular shape with an average
the highest electrical conductivity (Fi). sizeof 7 P VXEVHTXHQ&V45@ &eldd3 @La@ J

The mechanical test curves were obtained for the initisdcrease in the grain size to 10.P  $IWHU (&$3 S
annealed initial (Figra) and ECARreated samples cessing,the grain size decreased to03tn. ECAP pro-
(Fig. 7 b). After annealing the initial samples, a decreasedrssing led to a significant increase in the tensile strength
the ultimatetensile stregth from 300 to 210/Pa occurred compared to the initial state (38Pa). The maximum
due to an increase in the average grain size, as well(4&5MPa) and minimum (358 Pa) tensile strengths were
an increase in plasticity due to an increase in the stagelo$erved at orientation gies relative tahe ECAP cross
strain hardening (FigZ @). In the ECAP samples, differentVHFWLRQ RI i f DQG f UHVSHFWLYH
values of thalltimatetensile strength werebserved in the 2. A significant dependence of the change in microhard-
range from 330 to 42blPa depending on the angle@ft- ness (13641405MPa), tensile strength (353425MPa)
ting relative to the ECAP axis (Fig.b). At the same time, and electrical conductivity (101#402.4% IACS) on the
all the studied samples showed close values of relatdieections of cutting of the samples relative to the ECAP

001210 @aximacharacteristic of simple shear texture
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