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Abstract
In this study, plasma shot (PS) treatment was applied to high-speed steel (HSS) surfaces using a titanium carbide electrode to 
confirm the effect of discharge current (Ip) on the formation of a single dimple and analyze a modified layer. The roughness 
of modified surfaces increased when Ip increased, and energy-dispersive X-ray spectrometry showed an increase in titanium 
atom density when Ip and electrode consumption volume (Ve) increased. A friction test confirmed that the modified surface’s 
friction was reduced by discharge dimples under low-load conditions. Vickers hardness test confirmed that the hardness of 
the modified surface was ~ 300–600 HV higher than that of an untreated HSS surface. Moreover, it increased with an increase 
in Ip. However, application of PS treatment to the edge of surfaces on the workpiece caused shape deterioration. The dete-
rioration size of the edge of the modified layer increased when Ip increased. To solve this issue, we propose a novel method 
named position-adjusted PS (PA-PS) treatment. PA-PS treatment is used to adjust the end of the electrode in the order of tens 
of micrometers from the edge of the workpiece to avoid the deterioration of the edge form. Under Ip = 21 A, PA-PS formed 
a modified layer without deteriorating the edge shape of the workpiece, thus confirming the PS characteristics applied to 
HSS surfaces. Moreover, PA-PS treatment solved the shape deterioration of the edge on modified surfaces via PS treatment.

Keywords Plasma-shot treatment · Electric discharge machining · Surface modification · High-speed steel · Tool wear · 
Friction

1 Introduction

At present, products that have considerably improved our 
standard of living are produced by various manufacturing 
methods. In machine processing, machine parts are accu-
rately produced using machine tools such as lathes, milling 
machines, drilling machines, and machining centers. The 
industry depends on the machining process to machine the 
various shapes of products using cutting tools. High-effi-
ciency cutting has been increasingly demanded for high-mix, 
low-volume production; however, tool life is a major bot-
tleneck for realizing more efficient manufacturing because 
cutting tools are exposed to severe environments of high 

temperatures and pressures at high cutting speeds, which 
considerably increases the wear rate. To protect such tools 
from wear, surfaces are treated using conventional surface 
treatment technology, such as chemical vapor deposition 
(CVD) and physical vapor deposition (PVD), to form wear-
proof layers [1]. These surface treatment technologies are 
important for increasing the machining performance of cut-
ting tools [2]. The disadvantages of these surface treatment 
technologies include low adhesion of coating and thickness 
nonuniformity when applied to complex surfaces. However, 
plasma-shot (PS) treatment can overcome certain disadvan-
tages of the conventional technologies [3].

PS treatment was developed by applying electric dis-
charge machining (EDM). EDM is a manufacturing method 
that can be used to machine hard materials into complex 
shapes with high precision [4]. PS treatment is completely 
the opposite of EDM and transfers electrode materials to 
the workpiece surface to form modified surfaces. Figure 1 
shows the mechanism of PS treatment [5]. In this process, 
arc discharges occur between the workpiece and the elec-
trode, which partially melts and transfers to the workpiece 
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surface during the discharge. In fact, ~ 10,000 arc discharges 
occur every second, and the gap between the electrode and 
workpiece during processing is controlled in the order of 
tens of micrometers using servo motors [6]. Spectroscopic 
analysis has confirmed that the temperature of the arc dis-
charge reaches ~ 6000–7000 K [7]. Moreover, the heat flux 
at > 109 W/m2 from the arc discharge instantaneously melts 
and evaporates the electrode. The molten electrode material 
is laminated in the molten pool on the surface of the work-
piece. Usually, the green compact electrode, which is easily 
consumed, is used to transfer the electrode material to the 
workpiece surface during processing [8]. The advantages of 
PS treatment are as follows [5]:

1. The deformation on workpiece surfaces is considerably 
less because the shrinkage of the workpiece is limited 
to a shallow range via local pulse discharge during PS 
treatment.

2. Local treatment is possible by controlling the shape of 
the electrode material and vibration pattern during pro-
cessing.

3. The modified layer is highly adhesive because the elec-
trode material is melted by the heat of the arc discharge 
and mixes with the workpiece material.

4. PS treatment uses appropriate electrode materials to 
yield various surface characteristics [9]. Previously, 
a modified layer with high hardness was successfully 
formed on Fe-based materials using a titanium carbide 
(TiC) electrode [10].

In conventional research, the detailed characteristics of 
high-speed steel (HSS) after PS treatment have not been 
studied [3, 11]. Therefore, to clarify HSS characteristics 
after PS treatment, we observed and analyzed the shape of a 
single dimple sample and the modified surface, the amount 
of transferred titanium (Ti) atoms, and the parameters (e.g., 

Sa, Sku, and Ssk). Then, we evaluated the mechanical char-
acteristics of modified surfaces by the Vickers hardness 
(HV) and friction tests. Finally, a new PS treatment was 
developed that addressed shape deterioration in the cutting 
edge by adjusting the electrode’s position, which is known 
as position-adjusted PS (PA-PS) treatment. This treatment 
solves the disadvantage of shape deterioration known as 
“sagging” on application of PS treatment to the edge of cut-
ting tools.

2  Plasma‑Shot Characteristics of HSS 
Workpiece

2.1  Methodology

The electrode material used in the experiment was TiC, 
which improved surface wear resistance. The workpiece 
material was HSS (C: 2.0%, Si: 0.5%, Mn: 0.3%, Cr: 3.8%, 
Mo: 2.5%, V: 5.1%, W: 14.3%, Co: 11.0%). In this experi-
ment, an electric discharge machine (Mitsubishi Electric 
Corporation, ES041-A) was used. Moreover, for this pro-
cess, the workpiece and TiC electrode had positive polar-
ity. Figure 2 and Table 1 show the setup and PS treatment 
conditions, respectively.

2.2  Observation of a Single Dimple

In this study, scanning electron microscopy (SEM), white 
light interferometry (WLI), and energy-dispersive X-ray 
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Fig. 1  Mechanism of PS treatment [5]
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Fig. 2  Setup of PS treatment

Table 1  PS treatment conditions
Voltage 320 V
Pulse duration 8 µs
Pause time 256 µs
Electrode materials TiC
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diffraction (EDX) were used to evaluate the surfaces of 
the modified layers. A TiC electrode was used to apply 
PS treatment to HSS surfaces to confirm the effect of dis-
charge current (Ip) on the formation of a single dimple, 
which was observed using SEM and WLI. Table 1 lists 
the experimental conditions in which Ip was 1, 3, 10, and 
21 A. A single dimple was observed because the modi-
fied surface was the outcome of a series of single dimples 
[12]. Figure 3 shows the SEM images of the single dim-
ple at each Ip. Figure 4 shows the diameter of the single 
dimple in each Ip measured from Fig. 3. We used the WLI 
to measure the 3D topography of a single discharge and 
calculated the average value of the three points where the 
height of peaks and depth of craters were large for the 
measurement area of each Ip. Figure 5 shows the roughness 
of the single dimple of each Ip. The round shape of the 
single dimple formed in each Ip was confirmed in Fig. 3; 
the black part in the image was the crater. The shapes 
of the single dimples were complicated by the effect of 
the surrounding conditions and the flow of the machining 
fluid when they were once melted and resolidified. The 
diameters of the individual dimples increased along with 
an increase in Ip; however, their growth became saturated 
after Ip = 10 A in Fig. 4. A previous study reported that 
the capacity of workpiece melting was increased by an 
increase in discharge current energy [13]. Thus, the diam-
eter of a single dimple increased along with an increase 
in Ip. On the other hand, dimples with the same diameters 
were formed under Ip = 10 and 21 A. Thus, we confirmed 
that the height of the peak and the depth of the crater in 
the discharge dimple increased along with an increase in 
Ip; however, the height of the peak saturated after Ip = 10 A 
(Fig. 5). This tendency was similar to that of cast iron [11].

2.3  Observation and Analysis of the Modified Layer

We used SEM to observe the surfaces of modified layers 
when Ip and the electrode consumption volume (Ve) were 
varied. The experimental conditions were the same as the 
ones given in Table 1. The HSS surface was subjected to PS 
treatment under Ip = 3, 10, and 21 A and Ve = 0.025, 0.05, 
and 0.1 mm. The PS treatment time was increased along 
with an increase in Ve. Figure 6 shows the SEM image of 
the modified layer when Ip and Ve changed. The modified 
layer had rough surfaces under each condition, and the size 
and number of dimples increased when Ip increased under 
each Ve.

In addition, we used EDX to evaluate the amount of trans-
ferred titanium (Ti) atoms from the TiC electrode to the 
surface on the modified layer when Ip and Ve were varied. 
Figure 7 shows the change in the Ti atomic number concen-
tration when Ip and Ve changed. An increase in the Ti atomic 

Crater

Crater

Crater

Crater

(a) Ip = 1 A. (b) Ip = 3 A

(c) Ip = 10 A (d) Ip = 21 A

Fig. 3  SEM images of the single dimple on each Ip

Fig. 4  Relationship between the diameter of a single dimple and Ip 
when Ip increases

Fig. 5  Relationship between the roughness of a single dimple and Ip 
when Ip increases
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number concentration along with an increase in Ve for each 
Ip was confirmed. The thickness of the TiC-modified layer 
increased along with an increase in Ve. Moreover, a consid-
erable increase was observed in the Ti atomic number con-
centration under Ip = 3 A and Ve = 0.1 mm. This increase was 
due to the increase in transferred TiC from the electrodes 
to workpiece surfaces owing to longer treatment time and a 
decrease in Ip.

2.4  Evaluation of the Modified Surface Topography

The roughness of the modified layer is closely related to the 
friction of the surface. Therefore, we analyzed the surface 

and evaluated its parameters (e.g., Sa, Sku, and Ssk) when 
Ve and Ip were varied. Figure 8 shows the topography of the 
modified surface evaluated by WLI. The height difference 
between the top and bottom and roughness of the modified 
layer increased. The increase in roughness in the single 
dimple along with an increase in Ip affected this result. The 
roughness of the modified layer did not change when Ve 
increased. Figure 9 shows the quantitative evaluation of the 
Sa increase when Ip increased. The increase in Sa was due 

(b) Ip = 3 A Ve = 0.05 mm(a) Ip = 3 A Ve = 0.025 mm

(g) Ip = 21 A Ve = 0.025 mm

(d) Ip = 10 A Ve = 0.025 mm(c) Ip = 3 A Ve = 0.1 mm

(f) Ip = 10 A Ve = 0.1 mm(e) Ip = 10 A Ve = 0.05 mm

(h) Ip = 21 AVe = 0.05mm

(i) Ip = 21 A Ve = 0.1 mm

Fig. 6  SEM images of the modified layer when Ip and Ve are varied

Fig. 7  Change in Ti atomic number concentration when Ip and Ve 
changed

(b) Ve = 0.05mm(a) Ve = 0.025 mm (c) Ve = 0.1mm

Fig. 8  Topography of modified surfaces when Ip and Ve are varied

Fig. 9  Relationship between Sa of modified surfaces and Ip when Ip 
increases on each Ve
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to the high treatment temperature. The change in Sa because 
of the increase in Ve was not confirmed. Sku is the sharpness 
of the surface, while Ssk is the symmetry of the surface and 
characterizes height distribution [14]. Tables 2 and 3 show 
the relationship between Sku and the sharpness of the sur-
faces and the relationship between Ssk and the symmetry of 
the surfaces, respectively. Figures 10 and 11 show Sku and 
Ssk of the modified layer. Figure 10 shows that the surface 
treated under Ip = 3 A has Sku > 3, which suggests a sharp 
roughness of shape. The surface treated under Ip = 10 A and 
21 A has Sku < 3, which indicates a dull roughness of shape. 
Figure 11 shows that the surface treated under Ip = 3 A has 
Ssk > 0, which shows that the surface has many peaks. The 
surface treated under Ip = 10 and 21 A has Ssk < 0, which 

indicates that the surface has multiple craters. The surface 
treated under Ip = 10 and 21 A has low friction because the 
dimples supply oil to the surfaces because of hydrodynamic 
lubrication.

2.5  Evaluation of the Edge Shape of Modified 
Surfaces

We applied PS treatment to the edge of cutting tools to treat 
the edge of the HSS workpiece. We used SEM and WLI to 
observe and evaluate the edges of the treated surfaces from 
above and the side, respectively, to confirm the relationship 
between the change in Ip and the generation of “sagging.” 
The experimental conditions were the same as those given 
in Table 1, and Ve = 0.05 mm. Figure 12 shows the observa-
tion and evaluation methods. Figure 13 shows that the shape 
deterioration called “sagging” on the edge of the workpiece 
was generated in each Ip. The size of sagging increased when 
Ip increased. This result can be attributed to the tendency of 
the diameter of the dimple and Sa on the surfaces to increase 
when Ip increases. Figure 14 shows the topography of the 
edge of workpieces from the side of each Ip. The topography 
under Ip = 21 A shows the partial error of high roughness 
to the side. The heights of sagging to the side are ~ 8 µm 
under Ip = 3 and ~ 18 µm under Ip = 21 A. The tendency of 
the increase in shape deterioration was the same as that of 

Table 2  Relationship between Sku and the roughness of surfaces

Sku > 3 Surfaces have a sharp roughness
Sku = 3 Height distribution is normal
Sku < 3 Surfaces have a dull roughness

Table 3  Relationship between Ssk and the symmetry of surfaces

Ssk > 0 Surfaces have many mounds
Ssk = 0 Height distribution is symmetrical
Ssk < 0 Surfaces have many craters
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Fig. 10  Relationship between Sku of modified surfaces and Ip when 
Ip increases on each Ve

Fig. 11  Relationship between Ssk of modified surfaces and Ip when Ip 
increases on each Ve

Modified 
surface

The shape deterioration part

Observation from above

Evaluation from the side

Fig. 12  Schematic of observation and evaluation

3 A

100 µm

21 A

100 µmSagging Sagging

(a) Ip = 3 A (b) Ip = 21 A

Fig. 13  SEM images of the shape deterioration (sagging) on the edge 
of the workpiece on each Ip
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the diameter of dimples in Fig. 4. The heights of sagging to 
the side are smaller than the diameters of dimples at each Ip.

3  Mechanical Characteristics of the Treated 
Surfaces

We conducted HV and friction tests to evaluate the mechani-
cal characteristics of the treated surfaces by PS treatment. 
We used the HV test to measure the hardness of the treated 
surface and investigate the change in HV when Ip was 
increased. In this test, a microscope was used to determine 
the analysis area, and an indent was generated by a Vickers 
indenter. Hardness was measured by dividing the applied 
load P by the surface area of the generated indentation. Fig-
ure 15 shows the generated indentations. The surface area 
was calculated using L1 and L2. The following equation was 
used for HV:

where L1 and L2 are the diagonal lengths of the diamond-
shaped indentations and P is the load. Table 2 shows the 
test conditions. We evaluated the HSS workpiece and 
treated the surfaces in Table 1 for each Ve = 0.05 mm when 
Ip increased. Figure 16 shows HV when Ip increased. The 
HV test confirmed that the hardness of the modified sur-
face was ~ 300–600 HV larger than that of an untreated HSS 
surface. Moreover, the hardness increased along with an 

HV = 189.1 × 2P∕(L1 + L2)
2

increase in Ip, primarily because the thickness of the TiC-
modified layer increased along with an increase in the depth 
of the treated area when Ip increased in the PS treatment 
process.

We conducted a reciprocating friction test under fluid 
lubrication to evaluate the friction characteristics of the 
modified surfaces. Table  3 gives the test conditions, 
whereas Table 4 gives the lubricating oil specifications. 
Figure 17 shows the reciprocating friction test with a glass 
surface under fluid lubrication. The kinematic viscosity of 
fluid was 8.108 s/mm2, and the friction test was used to 
evaluate four types of workpieces: HSS workpieces and 
modified workpieces by PS treatment under the conditions 
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Side of workpiece

(a) Ip = 3 A (b) Ip = 21 A

Fig. 14  Topography of the edge of workpieces from the side for each 
Ip

L1

L2

Fig. 15  Image of the generated indentations

Fig. 16  Relationship between HV and Ip when Ip increases

Table 4  HV test conditions

Indenter type Vickers
Test load (mN) 1000
Retention time (s) 5
Lens magnification 100 times
Load speed (mN/s) 70.6
Number of indentations 10

Fluid
lublicatiom

Load

Workpiece

Glass

Fig. 17  Schematic of reciprocating friction test with a glass surface 
under fluid lubrication
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of Ip = 3, 10, and 21 A and Ve = 0.1 mm. The load was 
increased from 25 to 500 g in the friction test. Figure 18 
shows the friction test results. The friction coefficient of 
the modified surfaces was ~ 0.05–0.10 less than that of the 
HSS surface in any load. We speculate that dimples on the 
modified surfaces remained and transferred fluid between 
the modified surfaces and the glass during the reciprocat-
ing movement. Friction reduction by discharge dimples 
was confirmed, especially under low-load conditions from 
25 to 100 g. This reduction was attributed to the wedge 
effect, generating hydrodynamic pressure in the narrow 
gaps [15]. However, the friction coefficient at Ip = 21 A 
increased under high-load condition from 200 g, which 
was attributed to contact between peaks on the modified 
surfaces and the glass because gaps decreased as the load 
increased. Therefore, the friction reduction effect owing to 
hydrodynamic pressure was significant under low load, but 
the friction increase was generated by the contact between 
peaks on the modified surfaces and the glass under large 
load. We concluded that PS treatment improved the fric-
tion characteristics of the surface materials arising from a 
decrease in the friction coefficient under fluid lubrication 
(Tables 5, 6).

4  Position‑Adjusted PS Treatment

We discovered that PS treatment had the disadvantage of 
causing shape deterioration known as “sagging” when it 
was applied to the edge of the cutting tools in Sect. 2.5. 
The size of sagging increased as Ip increased; thus, this 
study introduces a new PS treatment that addresses shape 
deterioration in the cutting edge by adjusting the elec-
trode’s position, which is known as position-adjusted PS 
(PA-PS) treatment.

PS treatment was applied to the edge of the HSS work-
piece at Ip = 3 and 21 A. The experimental conditions were 
the same as those given in Table 1, and Ve = 0.05 mm. Fig-
ures 19 and 20 show the appearance and process of PA-PS 
treatment, respectively. First, this treatment adjusted the 
side of untreated workpiece I to the side of workpiece II 
(Fig. 20). Second, the position of the end of the electrode 
material was adjusted to the edge of workpiece I because 
of the consumption of the side surface of the electrode 
material by arc discharges between the side of the elec-
trode material and that of workpiece II during the treat-
ment process. Finally, this treatment prevented the edge of 
workpiece I from causing shape deterioration because of 
the adjusted electrode material in the PS process. After the 
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Fig. 18  Relationship between friction coefficient and load at any sur-
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Table 5  Reciprocating friction test conditions

Load (g) 25, 50, 
100, 
200, 500

Reciprocating speed (cpm) 180
Linear velocity (mm/s) 30
Reciprocating width (mm) 5
Test time (s) 600

Table 6  Lubrication oil specifications

Kinematic viscosity (s/mm2) 8.108
Density (g/cm3) 0.869

Workpiece II

Unmodified part

TiC electrodeTiC
electrode

Workpiece I

Fig. 19  Position-adjusted PS (PA-PS) treatment

Prevented 
edge of

workpiece I

Consumption 
of the electrode 

material

Side of 
workpiece II

Side of 
untreated 

workpiece I

Occurrence of 
arc discharges

Modified 
surfaceworkpiece II

TiC
electrode

workpiece I

Fig. 20  Process and mechanism of PA-PS treatment
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above process, we used PA-PS treatment to observe and 
evaluate the edge of the modified surface.

Figure 21 shows the digital microscopy (DM) images of 
the edge of the modified surfaces using PA-PS treatment. 
The black and silver parts represent craters and peaks on the 
modified surfaces in Fig. 21, respectively. The edges of the 
modified surfaces under Ip = 3 and 21 A were successfully 
prevented from causing shape deterioration (Fig. 21). We 
used a DM to measure the maximum distance from the edge 
of the workpiece to the modified surface under Ip to evalu-
ate the appropriate Ip. The measurement results show that 
the maximum distance from the edge of the workpiece to 
the modified surface is ~ 150 μm when Ip = 3 A and ~ 80 μm 
when Ip = 21 A. This indicates that PA-PS treatment under 
Ip = 21 A can successfully treat the edge of the modified 
surface. We argue that the distance from the edge of the 
workpiece to the modified surface was reduced because of an 
increase in the diameter of a single dimple when Ip increased 
in Fig. 4. Moreover, the deterioration of the side surface 
of the electrode material was not generated and the large 
dimple reached the edge of the modified surface at Ip = 21. 
Therefore, PA-PS treatment at Ip = 21 with high hardness 
was applied to the surface of the cutting tool.

5  Conclusions

In this study, the characteristics of the modified surfaces 
treated by PS treatment on the HSS workpiece were identi-
fied using the TiC electrodes. Based on the experimental 
results and further discussion, the following conclusions 
were drawn:

 (1) The diameter of a single dimple increases along with 
an increase in Ip; however, its growth saturates after 
Ip = 10 A.

 (2) The height of a peak and the depth of a crater in a 
discharge dimple increases along with an increase in 
Ip; however, their growth saturates after Ip = 10 A.

 (3) The modified layer subjected to PS treatment has 
rough surfaces, and the roughness of the modified 
surface increases as Ip increases.

 (4) The Ti atomic number concentration in the modified 
layer increases as Ve increases for each Ip.

 (5) The peak shapes on the modified surfaces under Ip = 3 
A and Ip = 10 and 21 A are sharp and dull at any Ve.

 (6) The modified surface treated under Ip = 3 A has mul-
tiple peaks, and the modified surface treated under 
Ip = 10 and 21 A has multiple craters.

 (7) The size of “sagging” increases when Ip increases; the 
heights of “sagging” to the side are ~ 8 µm at Ip = 3 A 
and ~ 18 µm at Ip = 21 A.

 (8) The hardness of the modified surface is ~ 300–600 
HV larger than that of an untreated HSS surface. The 
hardness increases along with an increase in Ip.

 (9) PS treatment improves the friction characteristics of 
the surfaces of materials because of a decreasing fric-
tion coefficient under fluid lubrication.

 (10) The maximum distance from the edge of the work-
piece to the modified surface is ~ 150 μm when Ip = 3 
A and ~ 80 μm when Ip = 21 A. Moreover, PA-PS 
treatment under Ip = 21 A successfully treated the edge 
of the modified surface.
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