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Electrically-Assisted manufacturing is a promising hybrid manufacturing process for improved ductility and elongation during plastic

deformation of metals and decreased spring-back. Most studies have focused on the deformation of a whole material by applying

electric current through the whole material, and many electrically-assisted manufacturing processes including forging, rolling, and

sheet metal forming have been introduced. However, plastic deformation processes on a surface, such as indentation, embossing, and

scribing, are also important for functional surface texturing and marking, among other uses. In this study, the effect of a continuous

electric current on indentation in stainless steel and titanium was investigated using Vickers hardness test. The hardness was

decreased by the electric current during indentation with a diamond tip. The amount of decreased hardness depended on the amplitude

of the electric current and the positions of two electrodes. The electric current density passing through the surface was calculated by

finite element analysis, and the hardness decrease was proportional to the electric current density.
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1. Introduction

Hybrid manufacturing processes are combinations of manufacturing

processes used to produce products in more efficient, effective and

productive ways, and there are various different hybrid manufacturing

processes.1-3 Hybrid manufacturing processes can include assisted processes4-8

or mixed processes9-12 in order to combine different energy sources or tools.

Electrically-Assisted Manufacturing (EAM) is a hybrid manufacturing

process that utilizes electric current, mainly during the plastic

deformation of metals and their alloys, to improve productivity,

efficiency, and quality at relatively lower temperatures compared to hot

working. The mechanical properties of metals and their alloys can

change temporarily or permanently under the application of electric

currents during plastic deformation. This phenomenon is often referred to

as electroplasticity. However, electric currents can cause thermal effects

by Joule heating as well as athermal effects by electroplasticity.13

EAM processes have been widely utilized in various different

manufacturing processes mainly associated with bulk deformation and

sheet-metal forming. Electrically-Assisted (EA) forging, EA rolling,

and EA drawing as bulk deformation processes could increase

deformability and reduce flow stress.14-16 EA bending, EA deep

drawing, and stretch forming as sheet-metal forming could increase

deformability and reduce flow stress and springback.17-19

Most studies have applied electric current through the whole

workpiece, and these were effective for bulk deformation and sheet

metal forming. However, this approach is not suitable for local plastic

deformation processes such as coining, embossing, and surface

texturing. In addition, some researchers have used tools or dies as

electrodes to minimize power consumption and unwanted heating.

However, tools or dies can easily experience Joule heating and

electroplasticity with electric currents.15,19,20

NOMENCLATURE

E = Electric energy (J)

I = Electric current (A) 

R = Resistance (Ω )

t = Time duration of electric current (sec)

ñ = Specific resistance (Ω ·m)

l = Distance (m)

A = Area (m2)

V = Volume (m3)
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In this study, electrically-assisted indentation using separated

electrodes and local electric current was introduced for surface

texturing. The effects of the electric current and the distance from the

electrodes to the indentation were studied with a Vickers hardness

tester. The electric current density passing through the surface was

calculated using finite element analysis, and the measured hardness

was compared with the calculated electric current density.

2. Experiment

2.1 Electrically-Assisted Indentation for Surface Texturing

The EA indentation for surface texturing consists of a tool,

electrodes, x-y-z stage, electric power supply, sensors and controllers.

Fig. 1 shows the configuration and the procedure for EA indentation

for surface texturing. First, the tool and electrodes are moved to the

position of the indentation, and the electrode contacts are placed on the

workpiece. During indentation, the electric current is applied to reduce

the indentation load and deepen the indentation. Finally, the electrodes

and tool are detached from the workpiece. These procedures are

repeated for surface texturing.

2.2 Experimental Setup

To evaluate the effects of continuous electric current on the

indentation of hard metal surfaces, the Vickers hardness test was used,

because it is reliable and repeatable and is one of the standard hardness

tests. In the Vickers hardness test, the diamond indenter as an electric

insulation tool and precision load control were suitable for this

research. In addition, electrodes with different gaps (6, 8, and 10 mm)

were used, and different electric currents (0, 30, 60, and 90 A) were

applied from the power supply. Fig. 2 shows the experimental setup for

the evaluation of the effects of continuous electric current on surface

indentation using the widely utilized hardness test. The experimental

setup consists of a Vickers hardness testing machine (HV-114,

Mitutoyo, Japan), a DC power supply (EX2500, ODA Technologies,

Korea), and a jig with copper electrodes. In this study, stainless steel

304 (SUS304: Nilico Corporation, Japan) and titanium (99.5% purity,

Nilico Corporation, Japan) were selected because they have hard

surfaces and wide applications. The thicknesses of both types of metal

plate were 5 mm: their surfaces were polished with diamond slurry and

the surface roughness (Ra) values of the SUS304 and titanium were

about 0.1 µm and 0.4 µm, respectively. Vickers hardness tests were

carried out five times for each combination of electrode gap and

electric current. The experimental conditions are summarized in Table

1. The indentation marks were measured by confocal microscopy (VK-

X200, Keyence, Japan) for precise measurements of hardness and

depth. Fig. 3 shows the indentation marks after hardness tests were

Fig. 1 Schematic procedure of electrically-assisted indentation for

surface texturing

Fig. 2 Schematic image of experimental setup for electrically-assisted

indentation using Vickers hardness tester

Table 1 Experimental conditions for Vickers hardness testing with

electric currents

Condition Value

Indentation load (N) 20

Indentation time (sec) 20

Time for electric current (sec) 20

DC electric current (A) 0, 30, 60, 90

Distance between electrodes (mm) 6, 8, 10

Fig. 3 Confocal microscope images of impression diagonals produced by

pyramidal indenter: (a) Stainless steel plates, (b) Titanium plates without/

with a 90-A electric current and a distance of 6 mm between two electrodes
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conducted on plates without electric current and with an electric current

of 90 A and an electrode gap of 6 mm. The diamond indenter tip was

projected on the metal surface, and the electric current helped to create

wider and deeper indentation marks on both metals.

2.3 Experimental Result

Measured hardness results are summarized in Fig. 4. As a reference

value, the hardness without electric current was measured. Then, the

hardness with electric currents (30, 60, and 90 A) was measured by

changing the distance (6, 8, and 10 mm) between the two electrodes.

Under 90 A of electric current, hardness reductions were clearly

observed, and the effect of the distance between the two electrodes

became dominant. Furthermore, the hardness reduction was increased

as the electrode gap was decreased on both the SUS 304 and titanium

plates. In addition, the hardness was measured after a 90-A electric

current was applied with 6 mm of distance between the two electrodes

without indentation to confirm any permanent effects of the electric

current alone. The difference in hardness between the reference and this

case was negligible in the titanium plate, but the SUS304 plate showed

a small difference within the error range. The results for indentation

depth showed similar trends. As the electric current increased and the

distance between the electrodes decreased, the depth increased, as

shown in Fig. 5. As a result, a 9.1% hardness reduction and 6.7% depth

increase were achieved on SUS304 with a 90-A electric current and 6-

mm electrode gap, and a 7.2% hardness reduction and 5.1% depth

increase on titanium were achieved with under the same conditions.

3. Discussion

The current density and electric energy density are important

parameters in the effects of electric current on mechanical properties.21

When the electric current moves through the constant cross-sectional

area of a conductor such as the specimens for a tensile test or bending

test, the current density can be calculated easily. However, the electric

current density cannot be easily calculated for this research because the

electric current density depends on the positions and geometries of the

electrodes and substrate. To understand the effects of the electric

current and the distance between the two electrodes, the commercial

finite element analysis software, ANSYS 14 Workbench for electric

models, was used. Table 2 summarizes the input parameters of the

finite element analysis model for electric current calculations. Three

different models of the different distances between electrodes with

three different electric currents were simulated. The simulation results

were steady state and the resistance was assumed to be constant. Fig.

6 shows the simulation model. The electrodes were simplified as short

square shapes (2 × 2 mm2), and the contacts between the electrodes and

substrate were simplified as perfect contacts. The electric current

Fig. 4 Changes in Vickers hardness with electric current: (a) SUS304,

(b) Titanium

Fig. 5 Changes in indentation depths with electric current: (a) SUS304,

(b) Titanium

Table 2 Parameters of finite element analysis for electric current

calculation

Information Value

Software ANSYS 14 workbench

Resistance (Ohm-m)
7.2e-08 (SUS304)

1.7E-06 (Titanium)

Mesh size (mm) 0.5

DC electric current (A) 30, 60, 90

Distance between electrodes (mm) 6, 8, 10

Fig. 6 Finite element method for calculation of electric current density:

(a) Mesh model, (b) Current density results of SUS304 with 90-A

current

Fig. 7 Vickers hardness with current density: (a) SUS304, (b) Titanium
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density depends on the position, but the results were derived from the

center point between the two electrodes.

The measured Vickers hardness results with the calculated current

densities were plotted as shown in Fig. 7. The hardness results were

reversely proportional to the current densities. The energy provided to

a specific volume is important and may be proportional to the reduction

of hardness. The electric energy can be calculated as given in Eq. (1),

and resistance can be calculated as in Eq. (2) with constant specific

resistance. Finally, the electric energy density due to the electric current

can be expressed as in Eq. (3). 

(1)

(2)

(3)

Here, ρ and t were assumed to be constants, because the applied

current was constant and the time duration of the electric current was

fixed at 20 seconds. Based on Eq. (3), the trend line was set as a

second-order polynomial with electric current density. Even though

there was a relatively large deviation, because the indentation was not

a point and the material properties depended on the position and depth,

this polynomial could represent the clear relationship between

measured hardness and electric current density. Fig. 7 shows the

relationship between the measured hardness and the calculated electric

current density on the SUS304 and titanium substrates. As the current

density increased, the hardness decreased. 

The indentation depth was also compared with current density, as

shown in Fig. 8. The trend was almost the same as that of hardness, but

it was less clear than that of hardness. Under the same indentation load

(20 N), the electric current improved the indentation depth. For surface

texturing, a deep texture can be obtained with electric current.

Electric current can generate heat as Joule heating and then the

generated heat can increase the temperature of the substrate. Under

high temperatures, mechanical properties such as Young’s modulus and

yield strength decrease due to thermal softening, so the reduction in

hardness and increase in indentation depth seem to be obvious results,

as observed in hot working processes. However, electric current can be

used for two different phenomena, a thermal effect (Joule heating) and

an athermal effect (electroplasticity) in EAM, and electroplasticity can

be observed at relatively low temperatures. To assess the effects of

temperature, the temperature changes on the surface during the

application of electric current under the most severe conditions (90 A

of electric current and a 6-mm electrode gap) were measured with an

infrared thermal imaging camera (FLIR-T621, FLIR Systems,

Sweden), as shown in Fig. 9. The gray region indicates the applied

electric current. The maximum temperatures around the center between

the two electrodes were 38.5 and 38oC on SUS304 and titanium,

respectively. The measured temperatures were too low to suggest that

thermal softening alone affected the hardness reduction. In addition, the

maximum temperatures were not sustained for long, and the average

temperatures were much lower than the maximum temperatures.

4. Conclusions

We proposed the concept of electrically-assisted indentation for

surface texturing and studied the effects of electric current on the

diamond tool indentation with a Vickers hardness tester. As expected,

the hardness decreased as the electric current increased and the distance

between the electrodes decreased. The hardness change was

proportional to the electric current density, which was calculated via

finite element analysis. The relationship was explained by the specific

electric energy. As the electric current density increased, the hardness

decreased and the indentation depth increased. When the electric

current was held constant, the effect was improved by reducing the

distance between the electrodes. In addition, the process temperature

was low, and unnecessary heating was prevented by using a local

electric current.

In this study, a continuous current was used to show the feasibility of

hardness reduction and low heating with easy calculation of electric current

density. In the future, a pulse type of electric current will be studied,

because the pulse type is known to be an effective method for

electroplasticity that can minimize power consumption and heating effects.
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Fig. 8 Indentation depth with current density: (a) SUS304, (b)

Titanium

Fig. 9 Temperature changes according to time with an electric current

of 90 A and electrode distance of 6 mm applied for 20 seconds: (a)

SUS304, (b) Titanium
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