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The work is aimed at solving the problem of determining the magnitude of the thermal effect arising in an alloy of the
Cu-Cr system in the process of deformation by the ECAP method. For this, an approach was used based on the analysis of
temperature and physical and mechanical characteristics of a unit volume of metal subjected to upsetting carried out on the
Gleeble 3500 physical modeling complex. Upsetting was carried out at the degree of accumulated strain of e=1.1 at different
rates of deformation (3, 30, 300 mm/s) and initial temperatures (20, 400 and 800°C). Based on the results obtained, a database
was created for modeling in the Deform-3D system. The analysis of the heat capacity value is carried out and the contribution
of the structural component to the used heat capacity coefficient in the Deform-3D system is estimated. Further, the ECAP
process was modeled and the analysis of thermal fields and stress-strain state was carried out. It is shown that at a deformation
rate of 30 mm/s, the heating reaches 99°C at room temperature and 63°C and at 400°C. The difference between the heating
temperatures, with and without taking into account the heat transfer between the sample and the tooling, does not exceed 8%.
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TennoBoit a¢pPpext gepopmanyu npu PKYII
crraBa Cu-0.6Cr

Axcenos [I. A."?, Achanpmsapos P. H.'?, Paa6 I.J1.%, bappimankos M. I1.°

Mucturyt dusuxu monexyn u kpucraio YOUIT PAH, Ya, 450075, Poccus
MHcTuTyT GM3MKNU HEepCIeKTUBHBIX MaTepuanos mpu YTATY, Ya, 450008, Poccus
*MarHUTOrOpCKUIL TOCYapCTBEHHBII TeXHMYeckmit yHuBepcnteT uM. I. V1. HocoBa, Marautoropck, 455000, Poccrns

Pabora mocBslieHa peUIeHNUI0 3aflauy 110 OIpEeNe/IeHMI0 BeIMYMHBl TeIIoBoro 3¢gdexTa, BO3HMKAIOLIETO B IIpoOIiecce
nedbopmanuu meropom PKYII B cmmaBe cucremsr Cu-Cr. [Ijist 9TOro MCroab3oBaH IOAXOM, OCHOBAHHBIN Ha aHamnse
TeMIepaTypbl ¥ (UIUKO-MEXaHNYECKMX XapaKTePUCTUK eNUHMYHOIO oObeMa MeTa/Ula IIOfIBEP)KEHHOIO OCaJiKe,
MIpOBeJIeHHOIT Ha KoMmIutekce dusndeckoro mogenuposanms Gleeble 3500. Ocaznka mpoBojyiach Ha CTeleHb HAKOIIJIEHHO
medopmarym e=1.1 Ipu pasHbIX CKOPOCTAX fedopmuposanys (3, 30, 300 MM/c) ¥ MCXOFHBIX TeMItepaTypax (20, 400 1 800°C).
ITo momy4yeHHBIM pe3y/nbTaTaM, OblIa co3fjaHa 6asa JaHHBIX I MofenupoBannd B cucteMe Deform-3D. IIpoBeneH aHamus
BEJIMYMHBI TEIJIOEMKOCTY 1 OLleHeH BK/IaJl CTPYKTYPHOJ COCTABJIAIOIIEl B MCIIONIb3YeMOM KO3 dULIMeHTe TeIIOeMKOCTI
B cucreme Deform-3D. Jlanee mposeneHo MopenmpoBanue mpouecca PKYII u mpoBemeH aHaau3 TENIOBBIX IOJIEN
U HapsDKeHHO-TedopMupoBaHHOro cocTosiHus. [TokaszaHo, 4To npu ckopoctu aedopmupoBanus 30 MM/ Ipu KOMHATHOM
TeMIrepaTrype pasorpes gocturaet 99°C, a mpu 400°C — 63°C. Ilpu sTOM pasHuUIIA MEX/y TeMIlepaTypaMiu pas3orpeBa
C Y4eTOM TeIUIoIepefads MeX/ly 00pasIioM M OCHACTKO 1 6e3 Hee He IpeBbliIaeT 8%.

KrroueBbie cnoBa: fedopmarnonnslit pasorpes, PKYTI, uuskonernposanuslit ctas Cu-Cr, Gleeble 3500, puccumanis sHeprium.
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1. Introduction

It is known that in the process of severe plastic deformation
not only an efficient refinement of the grain structure
takes place in metals [1,2], but also phase transformation
processes not typical of the majority of cold deformation
methods are activated. In particular, strain-induced
dissolution and precipitation of second-phase particles
occur [3-7]. A special role in the formation of precipitates
of second phases in the form of particles and segregations in
dispersion-hardened copper alloys is played by the diffusion
activity of impurity atoms in supersaturated metastable
solutions, which is directly dependent on the actual vacancy
mechanism of diffusion and thermal processing conditions
[8], with the temperature most significantly affecting the
value of the diffusion coefficient, and large deformation
contributes to the spontaneous generation of vacancies.
At large deformations, these factors can have a decisive effect
on the acceleration of diffusion processes. In addition, in
modern high-speed plastic processing processes, especially
with large one-time deformations of metals in a fine-grained
structural state, the thermal effect of deformation becomes
an important factor. As a result of this, the temperature
of the original workpiece can increase by several hundred
degrees [9]. In its turn, processing temperature depends on
the thermal effect of deformation which becomes stronger
in the case of large one-time deformations and increasing
processing rates [10]. For instance, there are data from
the studies of deformation heating in the processes of
compression [11], tension [12], equal-channel angular
pressing (ECAP) and its modifications [11-15], as well
as high-pressure torsion (HPT) [16]. In the reported
studies, the authors employed both the direct evaluations
of the thermal field using thermocouples and non-contact
temperature testers, and the virtual, numerical methods of
evaluation. The evaluation of the thermal effect using the
above-mentioned procedures has a number of drawbacks
related to the inertness of the thermocouples, the difficulty
of conducting direct measurements in a closed die-set, the
imperfection of the procedures used for virtual evaluation.

Analysis of changes in the thermal fields of a billet
subjected to high-speed deformation processing with
large one-time deformations and intense heat release is
an urgent task in the creation of high-performance and
technological processes for the fabrication of products
from low-alloyed dispersion-hardening copper alloys.
Therefore, the purpose of the present study was to develop
an approach to create a database for finite element computer
modeling, taking into account the thermal effects from
the transformation of the structure during deformation
processing. This approach allows one to search for the most
reliable variable values of mathematical models used in
virtual estimates of the thermal effect based on direct contact
measurements of the surface temperatures of samples in
free upsetting, in which direct access to the deformation
zone is realized. This approach can provide mathematical
modeling to estimate the temperature field of the
deformation zone with greater reliability, including in a
closed tooling as in ECAP. In this regard, the following
tasks were set:
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1. Obtaining the data for the temperature fields in the
Cu-0.6Cr alloy samples at different upsetting rates and
preliminary heating temperatures when the strain site volume
and the accumulated strain level realized in the process of
ECAP are provided.

2. Adjusting the variable values of the mathematical
models used for the evaluation of the thermal effects during
mathematical modeling, and performing the modeling of the
ECAP process with the consideration of these adjustments.

2. Material and Methods

As the material for the study, we used the low-alloyed copper
alloy Cu-0.6Cr. The initial state of the alloy was obtained by
a high-temperature treatment which consisted in holding for
1 hour at 1000°C followed by water quenching. The samples
of the alloy with a diameter of 10 mm and a height of 14 mm
were subjected to upsetting using a Gleeble-3500 physical
modeling facility at deformation rates of 3, 30 and 300 mm/s.
The initial temperatures of upsetting were 20, 400 and
800°C. The anvils along with the samples were subjected to
preliminary heating, were held for 10 s and then the heating
was turned oft during the deformation. The temperature
was controlled by means of a K-type thermocouple attached
to the sample surface by resistance welding. In the process
of upsetting, the strain value amounted e=1.1, which
corresponds to the strain after one ECAP processing cycle.

The upsetting was performed with a view to adjust
and verify the database and the computer simulation data.
On the basis of the obtained data, a database was designed
and adjusted, and the modeling of the ECAP process was
performed.

Within the framework of this simulation, the following
boundary conditions were determined:

- the material of the workpiece in the initial state is plastic,
isotropic and there are no initial stresses and deformations
in it;

- for the workpiece, a finite element mesh was generated,
consisting of 20 000 tetrahedrons. The minimum element size
was 0.6 mm, the maximum size was 1.2 mm. The option to
compensate the volume of the stock model has been activated;

- the tool is absolutely rigid and the tool geometry is taken
into account automatically;

-simulation was performed taking into account the
increase in metal temperature from the thermal effect of
plastic deformation (deformation heating). The heat transfer
coeflicient of the tool with the workpiece was taken to be
11000 Wm™K™;

- thermal conductivity 391 Wm™'K™

- heat capacity for Cu-0.6Cr: range 5-7 Jg"'K™! depending
on temperature and rate of deformation;

- emissivity 0.3;

- Poisson’s ratio 0.33;

- Young’s modulus 1.15-10° MPa;

-since we simulated a volumetric deformation pattern
with high contact stresses, the Siebel friction factor was used,
based on experimental and literary data; the Siebel friction
factor for the steel-bronze pair was taken as 0.15-0.2; the
impermeability condition was set on the contact surfaces of
the rig;
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- the number of modeling steps is 120 -150;
-the finite element model describes the motion of a
continuous medium based on the Lagrange approach.

3. Results and discussion

As a result of the analysis of the upsetting process, we have
obtained the dependencies of the deformation heating and
stress state for the Cu-0.6Cr alloy. It can be seen in Fig. 1a,b
that an increase in the initial temperature of deformation
leads to a decrease in the value of heating of the alloy during
the deformation. The maximum heating of the material by
79°C occurs at room temperature and a deformation rate
of 300 mm/s. The largest difference in the heating values is
observed between the deformation rates of 3 and 30 mm/s
at 20°C. At an initial deformation temperature of 400°C, the
rates of 30 and 300 mm/s provide heating by 31 and 36°C,
respectively, which brings the deformation temperature
closer to the effective aging temperature of the Cu-0.6Cr
alloy after ECAP processing. The decrease in the temperature
of the sample at a deformation rate of 3 mm/s and initial
deformation temperatures of 400 and 800°C is related to the
larger duration of the deformation process, as compared to
the processes occurring at 30 and 300 mm/s.

The greatest strengthening at a temperature of 20°C is
observed at a deformation rate of 300 mm/s (690 +20 MPa).
It should be noted that at 400°C the greatest strengthening is
attained already at 30 mm/s (340+15 MPa) (Fig. 2b).

The Deform 3D software package used for mathematical
modeling of the ECAP process allows one to analyze the
thermal fields of the workpiece. However, this complex does
not directly take into account the transformation energy of
the structure. To solve this issue and improve the quality of
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the results, we proposed and used an approach that takes
into account the energy required to transform the structure
through the heat capacity coefficient.

The heat capacity coefficient used in the Deform 3D
software package requires correction for the amount of energy
spent on the transformation of the structure. Assuming that
the total energy expended in the process of deformation (E) is
spent on the transformation of the structure (E ), heat release
(to the environment) (E, ) in the process of deformation
and overcoming friction forces (E, ), we write the following
expression:

E=E _+E,  +E,_ (1)

Our experiments showed that the forces of friction
between the bronze workpiece and the steel tooling under
lubrication conditions did not significantly affect the thermal
fields of the workpiece; therefore, we neglected them in our
approach.

The total energy spent on the sample upset can be
calculated by the formula [17]:

1.1
E=V, chs, (2)
0.2
where V| is the initial volume of the sample, o is the sample
deformation, ¢ is the degree of deformation.
Energy converted to heat was calculated as:

E, =cpV,AT, (3)

where ¢, p are the material’s heat capacity and density, AT is
the variation of temperature.

Based on Eq. (1-3), the fraction of dissipated energy
(Fig. 1c) and the energy spent on the transformation of the
structure was calculated.
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Fig. 1. The heating value for the Cu-0.6Cr alloy in the process of upsetting (a); the stresses in the process of deformation (b); the fraction of

dissipated energy in the process of upsetting (c).
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As it can be seen from Fig. 1c, the largest fraction of
dissipated energy is observed at a deformation temperature
of 20°C, as well as at a sample deformation rate of 300 mm/s
and an initial temperature of 400°C. Due to the material’s
low yield strength at a temperature of 400°C, the value of
dissipated energy at a rate of 3 mm/s is negligibly small.

The heat capacity coefficient used in mathematical
modeling was corrected taking into account the measured
temperature in a physical experiment during upsetting (the
amount of deformation heating in thermocouples) on the
Gleeble 3500 physical modeling complex and showed good
convergence.

Further, using the corrected heat capacity coefficient
obtained as a result of the experiments and theoretical
assessment, and the results of upsetting, a database was
created and mathematical modeling of the ECAP process
of the Cu-0.6Cr alloy in Deform 3D was carried out. As
demonstrated by the modeling results, during ECAP
processing at a rate of 30 mm/s a considerable heating takes
place. The maximum increment in temperature, 99°C, occurs
at an initial temperature of 20°C, whereas at 400°C the heating
value reaches 63°C. Thus, the resultant sample temperature in
the strain site at 400°C lies in the area of the effective aging
temperatures (460-470°C) of the Cu-0.6Cr alloy [18].

As part of the study of the thermal fields of the workpiece
during processing by the ECAP method, it was determined
how significantly the heat transfer between the sample and
the matrix affects the final heating of the sample. Modeling
was performed at a deformation rate of 30 mm/s and initial
temperatures of 20 and 400°C, taking into account the heat
transfer (Fig. 2a,c) and without it (Fig. 2b,d). It has been
established that the difference between the temperatures of
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heating in the strain site does not exceed 8%. The changes
involve only the area of the thermal fields from the sample’s
heating. It has been found that during the deformation at room
temperature the deformation force amounts to 218 kN and
produces stresses in the die-set exceeding the permissible values
(for the die-set material used in the actual conditions, i.e. die
steel with an enhanced heat resistance), whereas at 400°C the
die-set will not experience critical stresses (F=142 kN).

4. Conclusions

1. An approach has been proposed and tested to take into
account the influence of structural changes in mathematical
modeling on the thermal effect of deformation under
conditions of high-speed ECAP processing. The approach
is based on a physical experiment on samples upsetting on
a Gleeble 3500 at different speeds and initial temperatures.
On the basis of the proposed approach, the values of the
coefficient of “heat capacity” are corrected, which change
relative to the known constants due to the expenditure of
energy for structural transformation during deformation.
It was found that during cold deformation (20°C), there is a
maximum difference (up to 15%) between the experimental
and table values.

2. By the method of mathematical modeling it is shown
that in the process of ECAP of the Cu-0.6Cr alloy at a
temperature of 20°C and a deformation rate of 30 mm/s of
the material, it occurs up to 120°C, and when using tabular
values up to 135°C.
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Fig. 2. (Color online) Temperature distribution fields in the process of 1 ECAP cycle with heat transfer (a, ¢) and without heat transfer (b, d)

with the matrix.
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