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The mechanical behavior of metallic materials exposed to external energy sources e.g. electric potentials, direct and pulsed
currents as well as magnetic fields is a key aspect in assessing the material usability in present day industries. Recent researches
have shown that the mechanical properties of materials are sensitive to the state of thin near-surface layers. This state can
be changed by an electrical potential that can influence on the energy density of the surface. The paper discusses the effect
of electrical potentials (values from 0 to 1 V) on the mechanical properties (microhardness and elastic modulus) of the
commercially pure titanium grade 2. It was revealed that the microhardness increased by 11% at 1 V compared to the initial
state. As regards elastic modulus, its values gradually increased from around 100 GPa at 0 V to 300 GPa at 1 V. It has been
suggested that the increase of the microhardness and elastic modulus relates to the changes in surface tension of titanium
samples. An analysis of the surface tension’s dependence upon an electrical potential was carried out in terms of an electric
double layer concept. It was shown that the surface tension coefficient has quadratic dependent on electric potential.
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Bninanmne IMIEKTPUIECCKOTO ITOTCHIINIA/Ia HA MEXAHNYCCKUE
CBOJICTBA TEXHMYECKN YICTOTO TUTAHA
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"YauBepcnreT BaHbwKOy, VIHCTUTYT Ma3epHOTO ¥ ONTOSIEKTPOHHOIO MHTE/UIEKTYaTbHOTO IIPOU3BOJCTBA,
Banpwkoy, 325024, Kurait
*CaMapcKuil HallMOHA/IbHBII MCCIef0BaTeIbcKuUll yHMBepcuTeT uM. akagemuka C.I1. Koponésa,
MockoBckoe 1., 34, Camapa, 443086, Poccusa
*CnbupcKuii rocyapCcTBeHHbIIT MHAYCTPUAIbHbI yHUBepcuTeT, . Kuposa, 42, HoBokysHnenx, 654007, Poccusa

MexaHnueckoe IOBefleHMe MeTa/UIMYeCKUX MaTepuanoB, IOABEpraeMblX BO3MENCTBMIO BHEIIHMX MCTOYHUKOB SHEPIUN,
TaKMX KaK 9/leKTpUYecKye IOTEHLMAsbl, MOCTOSHHbIE ¥ MMITYyJIbCHbIE TOKM, a TAaKXXe MaTHUTHbBIE IIONA, ABIAETCA
KPUTUYECKUM ACIIEKTOM IIpYM OLleHKe IIPMMEHMMOCTM MaTepuajna B COBPEMEHHBIX OTpaciAX IPOMBILIIEHHOCTU. Panee
IIPOBEEHHBIE MICCIEOBAHNA TTI0Ka3all, YTO MEXaHWYEeCKNe CBOVICTBA MaTepUanloB YyBCTBUTENbHBI K COCTOSHMIO TOHKUX
[IPUIIOBEPXHOCTHBIX C/I0€B. DTO COCTOSIHME MOXKET OBITh M3MEHEHO HaJIOKEHVEM 9TEKTPUYECKOTO TOTEHIMaa pa3nidHon
BE/IMYVHBI, KOTOPBIII MOKeT BAUATH Ha IVIOTHOCTb SHEPIUM IOBEPXHOCTU. B JaHHOI cTaTbe paccMaTpuUBaeTCs BIUAHNE
INMEKTPUIECKUX TOTEHIanoB (B mHTepBase 3HadeHmit or 0 mo 1 B) Ha MexaHmuyeckme CBOVICTBa (MUKPOTBEPHOCTD
U MOAYIb YIPYTOCTM) TeXHUYECKY 4YUCTOro TuTaHa Mapky BT1-0 (mHOocTpanHblil aHamor grade 2). Bwuro mokasaHo,
YTO TIpY IOAK/IIOUEHUN 3NeKTPUYECKOTO IOTEeHIMana OT MCTOYHMKA IIOCTOAHHOIO TOKa Ha mHTepBajsie or 0 mo 0.1 B
MUKpPOTBEPHOCTb 00pasLoB TeXHMYeCKV 4uctoro tutaHa BT1-0 yBemmumBaerca mo 11% IO CpaBHEHUMIO C MCXOZHBIM
3HaYeHNeM MUKPOTBEPHOCTH, B TO BpeMsA KaK 3HaueHue MOLyIA yupyroctu Bodpacrer ot 100 I'Tla (3HaueHus ¢ McxogHOM
cocrostunm) o 300 I'Tla mpu Hanmo)keHMu K o6pasiam aneKTpudeckoro noreHnmana 1 B. Bbuio BbickasaHO IpefionokeHne,
YTO YB€IMYEHME 3HAUYEHMII MUKPOTBEPHOCTU M MOJAYIA YIPYTOCTU CBA3AHO C M3MEHEHMAMM IOBEPXHOCTHOTO HATSKEHU:A
00pas1[oB TMTaHA. BpIIONHEH aHa/M3 3aBUCMMOCTY OBEPXHOCTHOTO HATSDKEHUS OT 37IEKTPUIECKOrO MOTEHIMaIa B paMKax
KOHIIETIIIMY JJBOVHOTO 3JIEKTPUYECKOro C/I0sA, B pe3y/IbTaTe KOTOPOro ObIIO NOKAa3aHO, YTO K03((ULMEHT II0BEPXHOCTHOIO
HaTsDKEHMA MMeeT KBaJJPaTUYHYIO 3aBYICMMOCTD OT 9/IEKTPUYECKOT0 MOTEHIIMATIA.

KnroueBbie cmoBa: 3HeKTpI/I‘{eCKI/HZ TIoTeH1naa, MUKpOTBEPIOCTDb, MOAY/Ib YIIPYTOCTH, TUTAH.
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1.Introduction

Recently, many researchers have argued the use of external
energy sources, e.g., electrical and magnetic fields, pulsed
and direct electrical currents, represents an intensively
developing research domain in the field of plastic deformation
in metallic materials [1-5].

A constant magnetic field is supposed to affect the
mechanical behavior of mono- and polycrystalline materials
in the process of plastic deformation [6,7]. Studies [6, 7] have
revealed the maximum percent reduction of microhardness
to be 12.5% if exposed to a magnetic field. It has been
demonstrated that microhardness varies depending on the
exposure time to a magnetic field. As soon as uncoupled
with an external energy source, its value is as much as a
reference one. An electrical field, currents and potentials of
various values, applied to metal either in processes of heat
treatment [8] or at ambient temperature [9], may initiate
the modification of its structure and plastic properties. It is
reported on nanocrystallization [10], the modification of
texture, and the advancement of plastic properties provided
that electrical current pulses flow through samples of non-
ferrous metals in a diversity of technological processes
[11,12].

An electric potential arising either due to the direct
current supply or via the coupling of two different metals
may change their microhardness, a creep rate, as well as
residual stress and the dislocation substructure [13-15].
At the same time, changes in mechanical properties, such
as microhardness, as a result of the action of the electric
potential, are temporary, and their values return to their
original values within 10 minutes [13]. An electrical potential
of 5 kV/m was used in the artificial aging of an aluminum
alloy at a temperature of 180°C over 22 hours alongside
with the activated disintegration of an oversaturated solid
solution, microhardness increases because a density of the
excess phase rises compared to a dispersion-hardened alloy
without an electric potential [8].

The effect of the electric potential on the mechanical
behavior of porous Ni-based metallic nanostructures was in
the focus of authors [16]. The study by nanoindentation has
pointed out that the electric potential modifies electrical and
atomic structures of nano-structural surfaces. A proportional
relationship has been suggested, revealing the electric
potential increase causes elastic modulus growth.

A study [17] has reviewed the importance of the electric
potential for the microhardness of aluminum, cobalt, zinc,
zirconium, and iron. The finding to emerge from this study
is the microhardness of aluminum, cobalt, and zinc, having
a negative Hall coeflicient (electron conductivity) [18]
drops down by 5-20%. In contrast, the microhardness of
zirconium and iron, which have a positive Hall constant (hole
conductivity), rises by 10%.

It is reported [19] on the charging of a surface in SiO,
nanoparticles by ultraviolet rays. The researchers have come
to a conclusion charged nanoparticles in a polymer composite
may increase its strength and elastic modulus by ~2% and
~48%, respectively.

A double electrical layer to raise total energy in the
system “conductor-double layer” is generated when affecting

a metallic conductor by the electrical field and furthers an
increase of its creep rate [20].

To sum up, the processing of materials by pulsed electrical
currents, electric potentials, and magnetic field initiates
changes of their physical and mechanical behavior; however,
there is no comprehensive research data of this effect on
several materials. One of this materials is titanium which
owing to its strength and corrosion resistance, are widely
used in a variety of industries [21]. Therefore, this work aims
to investigate a previously unexplored role of the electric
potential for the mechanical behavior of commercially pure
titanium.

2. Experimental methods
2.1. Samples preparation

For the purpose of research, we tested commercially pure
titanium (cp-Ti) grade 2 with the chemical composition:
C 0.07%, Fe 0.3%, Si 0.1%, O, 0.2%, N 0.04%, H, 0.01%,
Ti — balanced. Commercially pure titanium used in research
is a polycrystalline material. The average grain size is 25 um.
Samples with the dimensions of 50 x10 x 5 mm were cut off
from the titanium plate. To prepare the surface of the samples,
they were processed by different grades of polishing paper.
The sample was fixed on a foiled copper-coated fiberglass
plastic FR4 (100 x100 mm — foiled surface area, 1.5 mm —
thickness of a copper layer, 18 pm — thickness of a fiberglass
plastic base) with current-conducting glue “Kontaktol”
(specific resistance p=1.5 Ohm xmm?). A fiberglass plastic
was coupled with a power supply by a 1 m screened copper
cable (diameter — 2.5 mm) supposed to be a material to seal
off from the object table of a microhardness tester. A copper
cable was connected with a fiberglass base via soldering.

2.2. Microhardness test

Microhardness was estimated using a microhardness
tester HV-1000. An indentation load was set 0.1 N, a load
time — 10 s. Samples were coupled with a positive terminal
of a programmed power source Rigol DP811 to supply an
electrical potential. The second terminal of the power supply
was earthed. A wiring diagram, which is given in Fig. 1, is
similar to one used [22]. Microhardness was measured at a
room temperature of 22°C.

The prior research has established the effect of interest
is independent of an electric potential sign and a significant
effect of the electric potential on the microhardness of metal
materials was found only at small values, up to 5 V [17,22].
Atthe same time, after 1 V, a further increase in the value of the
electric potential does not lead to a change in the mechanical
properties, values remain stable. Therefore, microhardness
was measured only for positive values ranging from 0 to 1 V
at an interval of 0.05 V.

Microhardness was assessed in 30 minutes after a
sample had been connected with a stabilized power source.
Microhardness was tested a minimum 15 times for each
electric potential value. The data on microhardness were
processed statistically according to direct measurements; an
error bars were determined with a 95% reliability rate.
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Microhardness tester
HV-1000

Fig. 1. (Color online) Wiring diagram of the electric potential supply with Ti-samples when testing microhardness.

2.3. Nano-indentation test

Mechanical properties were assessed by the method of
nano-indentation as given in SO 14577-1:2002. Metallic
materials — instrumented indentation test for hardness
and materials parameters — Part 1: test method. The
measurement method is that a probe sensor is moving
along a normal line to a sample surface (amplitude less than
10 nm, frequency ~10 kHz) contacts with the surface. Since
a tip contacts with the material, a frequency of probe sensor
oscillation goes up as forced more against the surface. The
mathematical formulation based on the Hertz model says
an inclination angle of a function oscillation frequency vs.
penetration depth (force curve) is proportional to an elastic
modulus of the material being tested [23].

Before measurement, calibration was carried out on
standard materials with a known elastic modulus. An elastic
modulus value is determined according to the correlation
between inclination angles of force curves for being tested
and standard materials.

Fig. S1 (Supplementary Information) presents a wiring
diagram of the electric potential supply with a sample to
measure an elastic modulus.

Titanium samples fixed to a fiberglass base, therefore,
connected with a positive terminal of a direct current supply
Rigol DP8111 were on the object table of a nanohardness
tester Nanoscan 3D. Elastic modulus vs. electric potential
value was measured at an interval of 0.1 V.

3. Results and discussion
3.1. Microhardness indentation analysis

The data on the microhardness of cp-Ti vs. a supplied electric
potential are given in Fig. 2.

A reference value of microhardness (i. e., with no electric
potential) is as much as 180.2+5.24 HV. Once an electric
potential of 0.01 V was applied, it demonstrated a slight
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Fig. 2. Microhardness of commercially pure titanium vs. electric
potential.

change, being 183.51+3.09 HV. The further rise of applied
electrical potential to 0.55 V resulted in a microhardness
increase up to 195.78+3.51 HV. For an electric potential
varying from 0.55 to 0.75 V microhardness dropped
to a minimal value of 186.9+2.90 HV in this range.
Microhardness rose up to ~196 HV for an electric potential
of 0.8 V and 0.85 V, decreasing then to 190.13+2.31 HV at
0.9 V, and going up to 202.21+5 HV at 1 V. From the data
obtained we can conclude the electric potential brings about
an approximately 11% increase of the surface resistance to
penetration.

Generally speaking, a relationship between an electric
potential varying from 0 to 1 V and the microhardness
of titanium complies with a maximal percent change of
microhardness (16%) reported in other studies [20,22].
Fig. S2 (Supplementary Information) presents the differences
between the sizes of traces that have been left by the indenter
during the microhardness test.

Sizes of traces decrease from 31.2 to 30.3 pm with
increasing of electric potential. Although this change seems
to be insignificant, it relates to the increase of microhardness
by 10%.
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3.2. Load indentation depth analysis

Assessing more precisely the effect of applied electric
potential on samples of cp-Ti, the elastic modulus was
measured according to a force curve height. Fig. 3 shows an
applied load and a resulting depth of indention curves for
samples of commercially pure titanium.

The curve inclination is proportional to the material
elastic modulus in a contact area. From the data in Fig. 3 it
is apparent that the curve inclination increases if an electric
potential is raised.

3.3. Effect of electric potential on the elastic
modulus of commercially pure titanium

Fig. 4 presents a graph of an elastic modulus of CP-Ti vs. an
electric potential varying from 0 to 1 V.

A reference elastic modulus is 109.85+ 8 GPa, complying
with the data given in reference literature (~104 GPa) [24].
The supply of a variety of electric potential values leads
to a monotonous growth of the elastic modulus, being
maximal 329.09+ 30 GPa at 1 V; that is approximately three
times higher than a reference value. This dependence is
approximated most precisely by an exponential function (an
approximation factor R of 0.979).

The surface tension is relevant for the work necessary
to develop a new surface when destructing a solid. The
hardness to be estimated by methods employing the surface
dispersion may be determined as the dispersion work per
unit of a patterned surface [25]. In a majority of methods to
assess microhardness, this value is proportional to the surface
energy HV=dA/dS = ko, where dA/dS — an amount of work
to form a new surface when destructing a solid, k — a non-
dimensional proportionality constant to characterize the
process inconvertibility, k~10°, 0 — the surface tension of a
metal.

Considering the configuration of curves in Fig. 2 and
Fig. 4, we assume surface tension vs. electric potential
dependence can demonstrate the same nature. A dependence

surface tension vs. electric potential plotted in line with (3) is
presented in Fig. 5.

To analyze the dependence of the surface tension upon
an electric potential, we use the concept of a double electrical
layer. As suggested in [25], an electron cloud of surface atoms
is in a particular state if compared to atoms below the sample
surface, being a reason, therefore, for the formation of a
double electrical layer on the surface. Like “a condenser” a
double layer on the surface catches electrons as an electron
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Fig. 4. Elastic modulus of titanium vs. electric potential.
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Fig. 5. The surface tension of titanium calculated according to an
electric potential.
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Fig. 3. (Color online) Approach curves of commercially pure titanium at various electric potentials.
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cloud is “distorted” due to the supply of an electric potential.
In this case, a density of electrons 7 in a double layer is higher
than without an external potential; as a consequence, the
Hall coefficient drops. As given in [25], the surface tension
coefficient correlates with the Hall constant R,

716 3/2
& 0.01505 21.517[1J [1j |
Ri) R

It is known R, =1/(ne), where n — charge carrier number
density, e — an electron charge. Considering n=N/V, where
N — a number of charge carriers, V — surface volume, we
obtain R, = V/(Ne). A metal surface capacity at $=0.0005 m*
and d=10""° m (d represents a distance between a surface
and a double electrical layer) is written C=¢£S/d>10" E. As
known an equation calculates a condenser potential: ¢ =g/,
where g — is a charge in a metal surface layer (N-e). All the
above transformations allow the formulation of the Hall
constant as: R,=V/q=V/(¢-c)=S-d/(¢-c). Substituting an
expression for R, into the Eq. (1) gives:

. 716 . 3/2
6=00180521.517] 25| [ &< |
S-d S-d

4., Conclusion

(1)

The study revealed the change of microhardness and elastic
modulus of commercially pure titanium grade 2 due to
the supply of electric potential in a range from 0 to 1 V.
The applying of an electrical potential of 1 V results in
an 11% increase of microhardness (180.28+5.24 HV to
202.21+5 HV), and three times increase of elastic modulus
(329.09+30 GPa). The dependence of surface tension in a
solid upon an electric potential supplied is presented; its
exponential nature is shown as well. The growth of elastic
modulus and microhardness is suggested to be related to a
double electrical layer on the surface of a charged metallic
sample, which raises a density of electrons and reduces a
Hall coeflicient.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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