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Abstract 
 
This experimental studies were carried out in order to understand the effects of the PVD coating and the UNSM treatment of HSS55 

(high speed steel 55) during the production of the automotive inner pipe by the plastic deformation of S45C. The field test and the SEM 
images revealed that the PVD coating is necessary in spite of the high compressive residual stresses which were formed at the head of a 
punch pin. Upon the application of the AlCrN coating with the UNSM treatment the productivity and reliability of a punch pin had im-
proved more than about 2.6 times compared to that of the TiN coating without the UNSM treatment. It is likely that the improvement is 
caused by the decreased stress concentration factor by the ‘wrapped in oxides’ inside of an abrasion pit. The abrasion pits were mostly 
generated within range of 5% ~ 50% of the diameter ratio from the end of a pin and reached the maximum value about 17% from the end 
of a pin. 
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1. Introduction 

Over the last few decades, the PVD plasma ceramic coating 
(such as the TiN, TiAlN, and AlCrN) [1-6] for the surface 
modification [such as the UNSM (Ultrasonic Nanocrystal Sur-
face Modification)] [7-13] has been studied rigorously because 
of its advantages which include the cost reduction of machin-
ery parts, an improvement in quality, and the mass production 
with the energy efficiency. 

It has been reported that the fatigue behavior and mechanical 
characteristics with the development of surface modification 
[7-13] can be improved by employing the ultrasonic shot peen-
ing and the UNSM [7]. The productivity and the manufactur-
ing cost of the punch pin made of HSS55 (high speed steel 55) 
is an important issue due to its tool life. 

This study is planned to gain the information on the surface 
wear damage and wear characterization [13-15] which is in-
duced by the PVD coatings (such as the TiN, TiAlN, and 
AlCrN coatings) along with the UNSM treatment on HSS55. 
The results of this study could be applied for the manufacture 
of the automotive inner pipe which is made of S45C. 

The durability of a punch pin and the life time of tools are 
studied statistically based on the quantitative data obtained by 
abrasion pit densities and the SEM (Scanning Electron Micros-
copy) images. 
 
2. Experimental methods 

The punch pin subjected to the cold forging was studied to 
understand the cause of wear damage. Fig. 1 shows the sche-
matic diagram of the cold forging process of the automotive 
inner pipe by the punch pin made of HSS55. A material (S45C) 
is forged into an inner pipe and then the head area (marked H in 
Fig. 1) of a punch pin is subjected to the severe wear. 

The SEM image was used in order to understand the wear 
damage on the surface of the punch pin during the PVD 
plasma ceramic coating such as the TiN, TiAlN, and AlCrN 
along with the UNSM treatment as shown in Fig. 2 [7]. 
 
3. Test results and discussions 

3.1 The variation of surface characteristics of a punch pin 

Fig. 3 shows an example and the dimension of a punch pin. 
After the UNSM treatment [7, 8], the variation of the surface 
roughness (Ra) on the head has been improved [7] about 3.7 
times compared to the non-treated condition. Before the 
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UNSM treatment Ra was 0.26 µm and it has been changed to 
0.07 µm after the UNSM treatment. The hardness of a punch 
pin is 59.3 HRC after the machining, and it becomes 65.3 
HRC after the UNSM treatment. 

Table 1 shows the assumed schematic diagram of ‘wrapped 
in oxides’ formation mechanism in the abrasion pit during to 
the PVD coatings and the UNSM treatment. Three stages 
including the early stage, the intermediate stage, and the final 
stage were described. 

 
3.1.1 The surface characteristics of the TiN coatings (before 

the UNSM treatment) 

Fig. 4 is a photograph of the right edge of a TiN-coated 
punch pin after the usage of 50,000 times. Although the punch 
pin has been used 50,000 times in the plastic process, it was 
hard to see a trace of abrasion on the top of a TiN-coated 
punch pin, except the boundary area (about 0.6-2.4 mm from 
the edge) of a pin. When magnified the squared area of Fig. 4, 

a TiN thin film was locally broken by the wearing on the 
punch pin. 

A result of the EDS (Energy Dispersive X-ray Spectrome-
ter) analysis indicates that the main ingredients of HSS55 are 
Fe, W, Cr, Co, and V. In other words, the main composition of 
the punch pin was detected by the EDS, because 4 µm TiN 
coating was broken away and became an abrasion pit. An 
abrasion pit with a width of about 8-12 µm and a depth of 4 
µm was characterized in this study. 

Fig. 5 shows the wearing trace consists of 4 abrasion pits 
and Fig. 6 is the side view of Fig. 4. The bold arrow in Fig. 6 
represents the center of the punch pin, and the edge of this pin 
corresponds to the bright parts of the sample in Fig. 4. The 
slick area in Fig. 6 (except the top and bottom regions) is the 
side area of the punch pin's head, and Fig. 6 shows the small 
surface wearing and traces which is the result of the “wrapped 
in oxides” as shown in Table 1. 

Fig. 7 is the analysis of the squared area in Fig. 4 by the 
EDS and the results indicate that oxides, Ti and Fe are the 
main components. 

 
 
Fig. 1. Schematic diagram of the cold forging process by a punch pin.

 

  
Fig. 2. Schematic diagram of the UNSM treatment device. 

 

 
 
Fig. 3. An example and the dimension of a punch pin. 

Table 1. Schematic diagrams of ‘wrapped in oxides’ mechanism in 
abrasion pit. 
 

 The early stage The intermediate 
stage The final stage

Before 
UNSM 

TiN 
coating 

  

After 
UNSM 

TiN 
coating 

  

After 
UNSM 
TiAlN 
coating 

  

After 
UNSM 
AlCrN 
coating 

  

 

 
 
Fig. 4. An example of the edge of a TiN-coated punch pin without the 
UNSM treatment after the usage of 50,000 times. 
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3.1.2 The surface characteristics of the UNSM treatment 
(before the PVD coating) 

Fig. 8 is the right part of a punch pin treated by the UNSM 
Technology [7, 8] without the PVD coating. 

Even though this pin has been used only 5,000 times, the 
edge of the pin is experiencing a significant wearing between 
0.1 mm to 0.5 mm from the edge. It is remarkable that the 
wearing phenomenon as shown in Fig. 8 is more severe than 
that of a TiN-coated punch pin as shown in Fig. 4. 
Fig. 9 is the analysis of the squared area in Fig. 8 by the EDS 
and the results indicate that oxides, Fe, and Co are the main 
components. Fig. 10 is the side view of Fig. 8 which shows 
the wear traces. The wear traces A and B are considered to be 
generated during the plastic process, because there is no hard 
surface layer like a TiN coating. 

The effects of the UNSM treatment disappeared in the case 
of non-coating of the PVD. It is verified that a ceramic coating 
is very important in the field of the plastic process. 

 
3.1.3 The surface characteristics of the TiN coating (after 

the UNSM treatment) 

The punch pin was coated with TiN, AlCrN, and TiAlN af-
ter the UNSM treatment, respectively and it was tested to ob-
tain its wear characteristics. The TiN coating was partially 
worn out as in the sample in Fig. 5. The wear traces was not 
observed at the most of the head except the end of the punch 
pin (0.6 mm ~2.4 mm) after the usage of the 50,000 times. 
 
3.1.4 The surface characteristics of the AlCrN coating (after 

the UNSM treatment) 

The AlCrN-coated pin with the UNSM treatment after the 
usage of 130,000 times created more abrasion pits than that of 
the TiN-coated one. The center of the pin was also sleek. Fig. 
11 shows the left side of the head on which AlCrN is coated. 
This figure shows the examples of 'peel-out' (mark on 'O') type 
and 'wrapped in oxides ' (mark on 'U') among abrasion pits as 
shown in Table 1. 'U' type is shown frequently rather than 'O' 
type. 

The abrasion pit produced during the AlCrN plasma coating 
process (see Fig. 12) was filled with oxides more easily com-
pared to that of the TiN or the TiAlN coating. 

Also to estimate the life time of the tools, in the field, care-
fully checked the inside of the inner pipe by observing the 
inside with the magnifier. The AlCrN-coated tool has fewer 
abrasion pits or oxides in the inner pipe compared to that of 
the TiN or the TiAlN coating.  

This property of an abrasion pit, so called ‘wrapped in ox-

 
 
Fig. 5. An example of a wear trace consists of 4 abrasion pits generated
in the squared area of Fig. 4. 

 

The wear traces

 
 
Fig. 6. Side view of Fig. 4 and shows the wear traces. 
 

 
 
Fig. 7. Analysis by the EDS at the center of Fig. 4. 
 

 
 
Fig. 8. An example of the edge of a PVD-noncoated punch pin with the 
UNSM treatment after the usage of 5,000 times. The right part of a 
punch pin shows the wear traces. 
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ides’, reduces the stress concentration of an abrasion pit and 
lengthens the punching tool's life. Fig. 13 shows the side view 
of the AlCrN-coated pin, a sleek surface and the wear traces. 

 
3.1.5 The surface characteristics of the TiAlN coating (after 

the UNSM treatment) 

The surface characteristic of the TiAlN coating after the 
UNSM treatment at the SEM macro-photography showed 

remarkably distinctive ‘peel-out’ phenomenon compared to 
those of the TiN coating (see Fig. 4) and the AlCrN coating 
(see Fig. 11). In particular, the generation of continuous ‘peel-
out’ phenomenon can be observed near the punch pin (1 mm 
from the end of a pin).  

Fig. 14 is an example of abrasion pits initiated on the edge 
of the TiAlN-coated punch pin after the usage of 80,000 times. 
There are three types of the abrasion pit, as shown in Table 1, 

 
 
Fig. 9. Analysis by the EDS at the center of Fig. 8. 
 

 
 
Fig. 10. The side view of Fig. 8 shows the wear traces. 
 

 
 
Fig. 11. An example of abrasion pits initiated on the edge of the
AlCrN-coated punch pin after the usage of 130,000 times. 

 
 
Fig. 12. An example of abrasion pits: ‘wrapped in oxides’. 

 

 
 
Fig. 13. A side view of the AlCrN-coated punch pin. 

 

 
 
Fig. 14. An example of abrasion pits initiated on the edge of the
TiAlN-coated punch pin after the usage of 80,000 times. 
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in the case of the TiAlN coating. The first type is the ‘wrapped 
in oxides’ with half, the second type is the ‘filled in oxides 
fully’, and the third type is the ‘peel-out’ totally with the ob-
servable bottom. Fig. 15 is an example of the early stage of 
‘wrapped in oxides’ and shows the minute oxides formation 
inside an abrasion pit. 

 
3.2 The number of an abrasion pit and the variation of the 

density 
A lot of abrasion pits are formed on the top of the punch pin 

after the plastic process. The number of pits is counted at the 
mosaic macro-photography using a net of 2 mm meshes and 
analyzed the density as a function of the distance (from the 
center to the edge). An abrasion pit is defined as a wear trace 
with the width of 8 µm ~ 12 µm and the depth of 4 µm. 

Fig. 16 shows an example of a case of the most abounds 
with an abrasion pit formed during the plastic process. Fig. 17 
shows the variation of its densities as the function of distance 
and the coating conditions. The data is obtained at a net of 2 
mm meshes. The bold line in Fig. 17 indicated the variation of 
mean abrasion pit density of six punch pins. 

The abrasion pits were mostly generated between 0.6 mm to 
2.4 mm from the end of a pin and reached the maximum value 
of 1.2 mm. Therefore the most serious ‘peel-out’ phenomenon 
occurred around 1.2 mm from the end of the punch pin in this 
study. 

If we change the distance from the end of a pin into the di-
ameter ratio which divided by its radius as shown in Fig. 17, 

the abrasion pits were only generated with in the range of 5-
50% of the diameter ratio, and the maximum value is about 
17% from the end of a pin. 
 

4. Conclusions 

The experiments presented in this paper are planned to ob-
tain the data and information on the effects of the PVD coat-
ing and the UNSM-treatment of HSS55 during the production 
of an automotive inner pipe by the plastic deformation of 
S45C. Based on the field tests and the SEM observation, we 
concluded that the compressive residual stresses are formed at 
the head of the punch pin by the UNSM treatment. 

Upon the application of the AlCrN coating with the UNSM 
treatment (the usages of about 130,000 times), the productiv-
ity and reliability of a punch pin have been improved more 
than about 2.6 times compared to that of the TiN coating 
without the UNSM treatment (the usages of about 50,000 
times). It is likely caused by the decreasing of stress concen-
tration factor of abrasion pits by the ‘wrapped in oxides’ in-
side of it. 

The abrasion pits are mostly generated within the range of 
5-50% of the diameter ratio from the end of a pin, and the 
maximum value is about 17% from the end of a pin. 
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