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Effect of electric-current pulses on structural changes
in cold rolled copper at different initial temperatures
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The influence of external current electric fields on the mechanical properties of metals and alloys has been studied for a
long time. The effects of electric-current pulses (ECPs) on materials structure were attributed to an increase in the mobility
of dislocations in the presence of the electric current (an effect sometimes referred to as “electron wind”) and subsequent
acceleration of the formation of recrystallization nuclei. At the same time, it has been demonstrated that the Joule heat induced
by ECP has some impact on the recrystallization microstructure of the material. What makes the dominant contribution to
the structural changes taking place in the material, Joule heating or “electron wind”, remains still unclear. The aim of this
work was to determine the effect of Joule heating by electric-current pulses on the evolution of grain structure at different
initial temperatures in copper specimens. For this purpose, copper samples were rolled to a 90% thickness reduction and
then pulsed at two initial temperatures of the specimens, 20°C and —170°C, the latter being achieved by cooling with liquid
nitrogen. As the integral current densities 0.449 x 10° As mm* for initial room temperature and 1.052 x 10° A’s mm™ for initial
temperature —170°C were attained, the material was recrystallized completely. The microstructural changes are compared to
similar observations for static recrystallization and explained in terms of Joule heating.
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YIK 621.3.014.36

Bnunanue NMIIy/IbCOB INMEKTPUIECCKOTO TOKA
Ha CTPYKTYPHI)IC N3MEHCHNA XOHOHHOKaTaHOﬁ MeEan
IIpU pa3HbIX HAYA/IbHbBIX TeMHepaTyan
Banees V. 111.7, BaneeBa A.X.

MuctutyT npobnem cBepxmractuaHocty MetauioB PAH, yi. Cr. Xantypuna, 39, Yda, 450001, Poccusa

VsyueHne BO3IECTBUA BHEIIHYMY 9/IeKTPUIECKMMI MOJIAMM Ha MeXaHMYeCKUe CBOICTBA METasUIOB ¥ CIUIABOB IIPOJOJI-
JKaeTCsl B TeueHUe JUINTEeNbHOTO BpeMeHN. VI3BeCTHO, YTO 9leKTPOMMIy/IbcHas obpaboTka (SVO) mpuBoanuT K peKpu-
CTa//IM3ALNY, CIIOCOOCTBYeT 0Opa3oBaHMIO OTHOCUTETIBHO MEITKO3EPHMICTON MUKPOCTPYKTYpPBI U 3aMefssieT obpasoBa-
HIe IBOVHMKOB OTXHUra. ITU 3¢ deKTh B Mefy 00bACHAMNCH YBeITUYeHNeM TTOIBIDKHOCTU AMCIOKAIWIl B MIPUCYTCTBUN
9MIEKTPUYecKoro Toka (3 eKT MHOITA Ha3bIBAIOT «/IEKTPOHHBIN BeTep») U MOCTIEAYIOLIMM YCKOpeHneM 06pasoBaHms 3a-
popbILIIell peKpUCTAIM3aLN. PaHee B HAIINX MCCIETOBAHMAX HAOTIONaeMble M3MEHEHMsI MUKPOCTPYKTYpbI mocie VO
00DACHAMNCH [IKOY/IEeBBIM TEIIOBBIIETIEHNMEM TIPM IIPOXOX/IEHUM MMITY/Ibca TOKAa BBICOKOJN IIOTHOCTH. Bompoc o Tom,
4TO JielaeT NOMMHUPYIOUVIT BK/IaJ, B CTPYKTYpHbIE M3MEHeHNs, IPOUCXOAAIINe B MaTepuae, J>KOyIeBO TelIoBbIeNe-
HIe MU «37IEKTPOHHBIIL BeTep», MO-IPEXHEMY 0CTaeTCsl HesICHBIM. 1]enbio 9Tl pabOThI SAB/IAETCS OIpefie/ieHne BIUSHNA
JI>koyreBa TeIIOBbIe/IeHIIS IPU BO3EIICTBUI MMITYIbCAMY TOKA BHICOKOI IJIOTHOCTY Ha BOJIIOLINIO 3€PEHHOI CTPYKTYPBbI
IpY pasHbIX HAYaJIbHBIX TEMIIEPATYPaX B MeIHBIX 0Opasiax. C 9Toll Ije/IbI0 Meib IIPOKATHIBA/IM IIPY KOMHATHOI TeMIIepaTy-
pe no crenenu gedopmanuu 90%, a 3aTeM 06pabaThIBaIM UMITYIBCOM TOKA IIPH IBYX HauaIbHBIX TeMieparypax: 20°C (koM-
HaTHas) U —170°C, oc/IefHsAA [OCTUTAIACh OX/TAXK/IEHNEM XIAKMM a30ToM. [Ipy JOCTIKeHUM MHTETPANTbHOl INIOTHOCTI
Toka 0,449 x 10° A*c x MM ™ /11 Ha4a/IbHOJ KOMHATHOI TeMIiepaTypsl 1 1,052 x 10° A%c x MM ™ /11 Haua/IbHOII TeMIIepaTyphl
—-170°C, B MaTepuaje IpOUCXOANMIA TIONHAsA peKpUCTAIU3anus. I/ cpaBHEHUS IPOBOAMIN CTATUYECKNIT OTKUT XOJIOf -
HOKATaHBIX MeJHbIX 00pasuoB. [Ipoucxopsiiue MUKPOCTPYKTypHble usMeHeHus nociae VIO 06DbACHAIOTC pasorpeBoM
06pasioB B pesynbrare [)KoyneBa TeIUIOBBI/ie/IEHNS IPY IPOXOXKAECHNN UMITY/IbCa TOKA.

KroueBbie cmoBa: VIMITY7IbCBI 3JTIEKTPUIECKOTO TOKA, H)I(OyHeBO TETUIOBBINIENICHNIE, MUKPOCTPYKTYpa, BHCKTPOHH])H‘/II BETEp.
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1. Introduction

The influence of external current electric fields on mechanical
properties of metals and alloys has been studied for a fairly
long time [1-6]. It has been demonstrated that an electric
field imposed during deformation can enhance the creep
rate, decrease the flow stress, reduce strain hardening and
increase strain-rate hardening. It can also induce significant
microstructural changes.

It was demonstrated that electric-current pulses (ECPs)
enhanced recrystallization, promoted the formation of a
relatively fine-grained microstructure, reduced the grain-
boundary cavitation during superplastic deformation and
retarded the formation of annealing twins [1-5, 7-13].
These effects were attributed to an increase in the mobility
of dislocations in the presence of the electric current
(an effect sometimes referred to as “electron wind”) and
subsequent acceleration of the formation of recrystallization
nuclei. The physical mechanism of the “electron wind” is
still not completely clear, however. Current theories are
based either on an assumption of a specific dislocation
resistivity or on quantum mechanics considerations of the
interactions between conduction electrons and dislocations
[4,6]. Influences of ECPs on microstructure, mechanical
properties and static recrystallization of the rolled ZK60
magnesium alloy has been studied [14]. The authors report
that ECPs rather than Joule heat increased the driving force
of recrystallization. In the work [15] crystal rotation in a
duplex (austenite + ferrite) steel induced by ECPs at room
temperature was observed, while the temperature rising
due to Joule heat in the treatment was demonstrated to be
negligible.

The “electron wind” hypothesis is not easy to rationalize
taking into account that the mass of an electron is 10°
times smaller than the mass of an atom. A more plausible
explanation of the ECPs effect on the evolution of defects
in metals and alloys (apart from Joule heat) must present a
mechanism of accumulation of the energy of many electrons
by individual atoms. Since recently, possible effects of discrete
breathers (DBs) on the physical phenomena observed
in crystalline solids are actively discussed [16]. DBs are
spatially localized vibrational modes that can absorb energy
by portions, particularly, from a current of particles [17].
The possibility of excitation of DBs in metals and alloys has
been demonstrated in a number of molecular dynamics
studies [18 -24]. The discovery of DBs in theoretical works
awakens the interest of researchers to the effect of ECPs on
the structure evolution in metals and alloys.

Other studies dealt with the thermal effect of current,
i.e., assumed that the parameters of current are significant
enough to cause an increase of temperature in the zone of
ECP processing. In our earlier works [7-13], the observed
microstructural changes during ECP were suggested to be
solely due to the Joule heating. Indeed, ECP provides very
rapid heating. The duration of the heating is approximately
equal to that of the electrical pulse, i.e. about 10 s. On the
other hand, the cooling of the pulsed material back to room
temperature is not as quick as heating. Hence, the cooling
stage can play an equal, if not more important, role in the

microstructure evolution [12,13]. Despite these previous
studies, many important aspects of microstructure evolution
during ECP are still unclear. Also, still it remains unclear,
what makes the main contribution to the structural changes
taking place in the material, Joule heating or “electron wind”

Asan extension of the previous research, the present study
is aimed to determine the effect of Joule heating induced by
electric-current pulses on the evolution of grain structure
depending on the initial temperature in the specimens of
copper.

2. Material and experimental procedures

The material used in the present work consisted of
99.9 wt.% pure copper. The annealed material rolled at
room temperature to 90% overall thickness reduction.
The total thickness reduction was achieved using multiple
passes. ECP was performed on plane specimens (Fig. 1).
The configuration ensured the maximum heating of the
central zone (with a length of 3 mm), in which structural
changes were observed. Specimens were cut along the rolling
direction. Due to the relatively small thickness (0.45 mm),
the skin effect was negligible.

The change in the temperature of the specimen can be
determined by the equation [5]:
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where p, ¢, o, is the density, heat capacity and
electroconductivity of copper and j is the current density.

Integratrng equatron (1), one obtains S(T)= K where
K= szdt S(T) = f “pea, dT, (t is the duration of ECP, T, is
the initial temperature of the specimen, T, is the temperature
attained in the specimen).

It can be seen that the current integral depends on
the initial and final temperatures. Therefore, with known
dependencies of density, heat capacity and electroconductivity
of the material on temperature one can determine the
calculated temperature of material at ECP. The relationships
between the integral current density and calculated
temperature for initial temperature of the specimens —170°C
and 20°C are shown in Fig. 2.

ECP was performed under room conditions by attaching
copper electrodes to the end of each specimen and the
subsequent discharge of a high-voltage capacitor bank.

The waveform of the ECP was determined to be a damped
oscillation using a Rogowski loop and C8-17 dual-trace
storage oscilloscope. The energy released during ECP was
quantified by the integral current density, K, [5]:

. 2 3
K_:Ijzarzk_.i.; (2)

in which j denotes the current density, 7 is pulse duration,
k is the coefficient of the Rogowski coil (k=44), S is cross-
sectional area of the pulsed specimen, and A, A, and A, are
the first, second, and third amplitudes of the damped current,
respectively.
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Fig. 1. The shape of specimens for the ECP.
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Fig. 2. The dependencies of the calculated temperature on the
integral density of electric current. The dependencies at —193°C and
-268.8°C were designed from the data of [5].

To establish the effect of ECP energy on microstructure
evolution, the integral current density was varied from
K=0.384x10° A’smm™ to K=1265x10° A’smm™. The
pulse duration was 100 ps in all cases.

In the present work, the calculated temperature of
specimens at ECP varied from = 120°C to =980°C.

ECP was carried out at two initial temperatures of the
specimens: 20°C and —170°C, the latter was achieved by
cooling with liquid nitrogen.

For a comparison purpose static annealing of copper
specimens was conducted over the temperature range
100-500°C for 30 min.

Specimensfor microstructural observations were prepared
using conventional metallographic techniques followed by
electropolishing in a solution of 70% orthophosphoric acid
in water at room temperature with an applied potential of 10
V[12].

Microstructure analysis was conducted using a <TESCAN
MIRA 3LMH» field-emission gun scanning-electron
microscope equipped with a CHANNEL 5 EBSD system. To
find the average grain size about 100 grains were measured in
all cases. This resulted in an error of 15%.

The Vickers microhardness was measured on an optical
microscope Axiovert-100A with MHT-10 attachment using
a load of 0.50 N for 10 s. At least ten measurements were
carried out for each state, while the coefficient of variation of
the measurements did not exceed 5%.

3. Results and discussions

The average grain size as a function of the integrated current
density and corresponding calculated temperature of ECPs
at different initial temperatures of the specimens is shown
in Fig. 3. Evidently, for the recrystallization of the structure
in specimens cooled with liquid nitrogen to a temperature
of —170°C, a larger current energy is required. In our case,
almost twice of the integral current density was required.
However, the calculation of the temperature from the curves
in Fig. 2 shows that the change in the average grain size
occurs in the same temperature range in both cases. This is
clearly seen from Fig. 3b, i.e. from the graph presenting the
average grain size as a function of temperature.

Thus, one can see that ECP results in heating of
the specimens, which leads to recrystallization in the
treatment zone. As is known [25], the temperature of the
recrystallization beginning depends on initial conditions.
With ECP treatments, the temperature of the structural
changes shifts towards higher values. For concrete conditions
of the deformed state and the action of the current pulse,
the temperature of the recrystallization beginning can vary
within a certain temperature range. In this study in specimens
of room temperature the formation of new grains begins after
the ECP with K. 0.409 A’smm™, which corresponded to a
calculated temperature of 320°C. To start recrystallization
in specimens cooled with liquid nitrogen, an energy of
0.965 A’smm™ was required, also corresponding to 320°C.
In annealed specimens the formation of new grains begins at
the temperature of annealing 200°C.

The microstructures formed after ECP treatments with
energies corresponding to heating up to 370°C from the
two initial temperatures are shown in Fig. 4a,b. Under these
conditions, the microstructure formed in the treated zone
is characterized by an average grain size of about 5 pm. For
a comparison purpose, the microstructure of a specimen
statically-annealed at 300°C for 30 min is given in Fig. 4c.

It is seen that the microstructures of the specimens after
ECP are similar to that of the statically recrystallized material.
In view of the similarity in microstructures, one can assume
that the recrystallization mechanism was nearly the same in
all cases.

ECP provides very rapid heating. The duration of the
heating is approximately equal to that of the electrical pulse,
i.e, 10*s. On the other hand, the cooling of the pulsed
material back to room temperature is not as quick. Hence,
the cooling stage may play an equal, if not more important,
role in microstructure formation. The cooling time from the
peak temperature to the room temperature consists =1 s,
the exact value depending on the pulsing conditions [13]. In
general, the cooling time was 4 orders of magnitude greater
than the pulse duration itself. It is apparent that the cooling
period following ECP was thus long enough to produce a
fully recrystallized structure.

The microhardness dependencies on the integrated
current density and the corresponding calculated
temperature of the ECP at different initial temperatures of the
specimens are shown in Fig. 5. Recrystallization developed
in ECP specimens leads to measurable softening in both
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Fig. 3. The average grain size dependence on the integral current density (a) and on the corresponding calculated temperature (b).

Fig. 4. The microstructure after ECP at initial temperature 20°C, K= 0 449x10° A’smm™, calculated temperature ~370°C (a); at initial
temperature —170°C, K 1.043 x10° A2 mm™, calculated temperature ~370°C (b), after static annealing 300°C, 30 min (c).
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Fig. 5. The microhardness dependence on the integral current density (a) and on the corresponding calculated temperature (b).

cases. It can be seen that the decrease in the microhardness
in specimens with an initial temperature of —170°C occurs at
a current density almost twice higher than in specimens with
a room initial temperature. However, the calculation of the
temperature from the curves in Fig. 2, as in the case with the
grain size, shows that changes in the microhardness occur in
the same temperature range in both cases. This is clearly seen

from Fig. 5b, i.e. from the graph presenting the microhardness
as a function of temperature. After reaching the calculated
temperature of ~370°C, an increase in the energy input
does not lead to a noticeable change in microhardness in
both cases. As one can see from Fig. 5b, the microhardness
of statically annealed specimens also sharply decreases at
annealing temperatures above approximately 200°C. At
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annealing temperatures above 250°C, microhardness is
stabilized, having attained the smallest value.

These results allow one to assume that the ECP, like the
usual static annealing, initiates recrystallization processes.
In spite of the qualitative similarity of static recrystallization
and recrystallization at ECP significant difference exists
between them. If thermal recrystallization takes place in the
range 200 - 300°C, then recrystallization at ECP occurs at the
calculated temperatures 300 - 400°C in both cases. This is not
surprising since it is known that even a comparatively small
increase in the velocity of heating increased the temperature
of recrystallization beginning significantly. In case of high-
velocity heating at ECP, recrystallization results in formation
ofamore fine-grained structure that is attributed to formation
of a larger number of centers of recrystallization.

4. Conclusions

The main conclusion from this work is that significant
structural changes occur in the treatment zone of cold
rolled copper specimens subjected to electric current pulses.
As the integral current densities 0.449x10° A’smm™ for
initial room temperature and 1.043x10° A’smm™ for
initial temperature —170°C are attained, the material is
recrystallized completely. The microstructural changes can
be explained in terms of Joule heating and are similar to
those observed after static recrystallization. This similarity
allows one to assume that the recrystallization mechanism
during electric current treatment is similar to that operating
during the conventional static annealing.
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