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Abstract 
The wear tests are conducted on bending punches deposited with PVD CrN and AlTiCrN coatings using the newly proposed 
progressive die. Then, the surface quality of the formed product is characterized through the surface roughness measurement 
after forming of TRIP1180 steel sheets. The correlation between the tool wear, in terms of wear depth and roughness and the 
product surface roughness can be quantitatively analyzed. The results show that the roughness remains comparable to that of 
the as-received surface before failure occurs, which represents smooth product surface without severe scratches and defects. 
While micro scratches on the punch surface have no effect on the quality of the product surface, severe fretting wear on the 
punch surface leads to a deterioration in the surface quality. Once initiated in the stamping process, the wear progresses 
exponentially within short time. The wear is also characterized as less than the coating thickness, but it results in complete 
removal of the coating layer. The partially worn punch plows the product surface, causing surface scratches with grooves and 
ridges, resulting in the roughness of 1.0 μm. In contrast, the surface with completely damaged coatings is extremely rough, 
with the roughness of 2.0 μm. This study presents the efficient method to evaluate the tool wear progression by indirectly 
measuring the product surface quality with reliably high precision.
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Abbreviations
CLSM  Confocal laser scanning microscopy
PVD  Physical vapor deposition
TRIP  Transformation induced plasticity

1 Introduction

With the increasing demand for eco-friendly vehicles such 
as battery-powered and hydrogen-powered electric vehicles, 
in the recent automobile industry, there has been a growing 
demand for reducing vehicle weight. Efficient lightweighting 

of automobile bodies is achieved through substitution of tra-
ditional materials with lightweight alternatives, including 
advanced high-strength steels (AHSS), aluminum alloys, 
magnesium alloys, carbon-fiber-reinforced composites, and 
glass fiber composites. Among these lightweight materials, 
AHSS is the most economical for manufacturing automo-
tive body parts, despite providing the least weight reduction 
[1–3]. Sun et al. [4] evaluated the global warming potential 
per kg of AHSS, Al alloy, and carbon-fiber-reinforced plas-
tic and concluded that AHSS has the lowest carbon dioxide 
emissions. Additionally, Safari et al. [5] conducted simu-
lations of full frontal impact, side-impact, and roof crush 
tests, which showed that AHSS materials exhibit superior 
crash safety performance. For these reasons, average usage 
of AHSS in vehicle automobile bodies has significantly 
increased in recent years due to its high strength-to-weight 
ratio, improved crash performance, and reduced environ-
mental impact [6]. Due to the low uniform elongation and 
high tensile strength of AHSS sheets, they can lead to prob-
lems such as limited formability, high springback, and pre-
mature tool wear. The forming of AHSS sheets is generally 
accompanied by higher contact pressure on the tool surface, 
resulting in a vulnerability to tool wear and premature wear. 
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Because automotive metallic components are typically mass-
produced, the cold forming process is preferred to reduce 
manufacturing costs, but it also increases the vulnerability of 
the tools to wear. The tool wear can cause various problems 
such as reduced productivity, increased maintenance costs, 
and decreased product surface quality. Therefore, effective 
tool wear management is an essential consideration to pre-
vent these problems and ensure an efficient mass production 
process.

The continuous increase in the application of AHSS 
sheets in automobile body has led to various issues related 
to the tool wear. Numerous studies have been conducted 
to characterize the wear behavior and extend the lifes-
pan of the tools. Surface roughness and machining errors 
of the tool are particularly susceptible to galling and sig-
nificantly impact the tool’s wear lifespan during the sheet 
metal forming process [7–9]. By appropriately polishing 
the tool surface to eliminate any irregularities and asperi-
ties that can initiate material transfer, the tendency for gall-
ing can be significantly reduced, leading to a considerably 
prolonged tool lifespan, both in lubricated and unlubricated 
tool conditions [10–12]. Coating techniques are another 
potential approach for extending the wear lifespan. Wear 
characteristics and resistance of various coatings have been 
evaluated and compared in the sheet metal forming [13–15]. 
Moreover, the choice of the tool materials plays a crucial 
role in improving wear resistance in the sheet metal form-
ing process. Büyükkayacı et al. [16] confirmed the effect of 
mechanical alloying times on the wear performance of the 
Fe–Cu–C alloy produced through the Powder Metallurgy 
method. Sıralı et al. [17] investigated the impact of grain 
size reduction with respect to the addition amount of Ti on 
the microstructure, hardness, and wear behavior of the tita-
nium–zirconium–molybdenum alloys. Ogunbiyi et al. [18] 
substantiated that the addition of grapheme nanoplatelets 
into Inconel 738 low carbon composites using the spark 
plasma sintering technique enhances wear resistance. Gro-
che and Christiany [19] investigated the wear characteristics 
and development of different tool materials using a strip 
drawing test. The wear resistance of tool materials can be 
improved by controlling various heat treatment parameters. 
Gonzalez-Pociño et al. [20] investigated the adhesive wear 
resistance of tool steel by intentionally modifying quench-
ing, tempering, and nitriding processes and proposed opti-
mal heat treatment parameters to enhance the adhesive wear 
resistance in sheet metal forming. Woodward et al. [21] stud-
ied the sliding wear behavior of G320 grey cast iron under 
various microstructure conditions induced by quenching 
and tempering heat treatments. Jeong and Shim [22] utilized 
FeCrMoVW powder, a powder-metallurgy-based tool steel, 
to coat an AlSI D2 substrate using additive manufacturing. 
The deposited layers exhibited a hardness approximately 
20% higher than QT-D2 (56HRc), attributed to the presence 

of fine grains within the deposited regions. Additionally, the 
as-built FeCrMoVW showed improved wear resistance and 
compressive strength compared to QT-D2. Jeyaprakash et al. 
[23] investigated Inconel-625 superalloy produced through 
Selective Laser Melting (SLM) process. The specimen man-
ufactured by SLM demonstrated enhanced nano-hardness 
and wear resistance attributed to the formation of angular 
columnar cell, fine hard phases, effective nodding strength 
and defect-free surface.

The aforementioned papers suggested that the wear resist-
ance of a tool can be enhanced by managing various tooling 
and process parameters that impact its wear performance. 
This effective management can delay the onset of tool wear 
and reduce maintenance costs in the stamping process. 
However, these studies have limitations in predicting the 
evolutionary wear behavior of the tool and the initiation of 
the tool failure, which can lead to decreased productivity 
due to unplanned machine downtime. To address this, Bang 
et al. [24] proposed a power-law-type wear prediction model 
based on Pin-on-disk tests and the Taguchi method to predict 
the wear of CrN-coated tools in the stamping process of 
advanced high-strength steel sheets. In order to predict and 
evaluate the evolutionary behavior of tool wear in the stamp-
ing process, Bang et al. [25] suggested the wear measure-
ment methods such as wear depth and roughness measure-
ment, as well as surface imaging. However, measuring the 
wear amount of large-volume tools in the stamping process 
of automotive components is challenging and can result in 
decreased productivity due to machine downtime. While the 
studies mentioned above have focused on the perspective of 
the tools for efficient process management, it is important 
to note that the tool wear occurs when tool comes into con-
tact with the product surface during sheet metal stamping, 
directly affecting the product surface quality. Cumulative 
relative motion between the tool and product leads to dete-
rioration in product surface quality. Therefore, by quantita-
tively evaluating product surface quality and analyzing its 
correlation with tool wear state, it becomes possible to pre-
dict tool wear initiation based on the product surface qual-
ity. However, research on the impact of tool surface char-
acteristics on the surface quality of products in the sheet 
metal forming process is virtually non-existent. Analyzing 
the evolutionary behavior of product surface conditions can 
provide guidance for tracking tool surface conditions and 
wear. Examining tool surface conditions during automobile 
mass production can result in increased machine downtime. 
Therefore, predicting tool wear by observing product surface 
quality enables efficient process management without unnec-
essary machine downtime. Additionally, the evolutionary 
quality and characteristics of the product surface can serve 
as evidence for real-time process monitoring using machine 
learning, deep learning, and computer vision techniques to 
detect tool wear.
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Fig. 1  Experimental setup for 
continuous wear test [22]: a 
isometric view of schematics; b 
top view of schematics; c pro-
gressive die set; d steel strip
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The primary objective of this paper is to examine the 
influence of the tool surface characteristics on the product 
surface quality in the forming process of TRIP1180 steel 
sheet using PVD-coated tool. A progressive die set was 
employed for the systematic and efficient wear test. The sur-
face quality characteristics of the product formed with PVD-
coated punches were quantitatively evaluated. The product 
surface quality was assessed by measuring roughness and 
capturing the surface images. Additionally, the impact of 
tool surface characteristics, including wear depth and rough-
ness, on the product surface quality was investigated, and 
their correlation was analyzed.

2  Experimental Setup

2.1  Continuous Wear Testing Method

The tool wear test for cold sheet metal forming process 
requires significant time, materials, and labor. In this study, 
to facilitate continuous and efficient wear testing, a pro-
gressive die set was employed. The progressive die set is 
designed to encompass multiple metalworking operations 
within a single tool set. As the sheet metal progresses 
through each operation, it is gradually formed into the final 
product shape. As a result, continuous mass production of 
products at a constant work rate is possible.

The design of the progressive die set and the experimental 
apparatus were based on a previous study by Bang et al. [25]. 
The layout of the metalworking operations in the progressive 
die set is depicted in Fig. 1a, b. The design includes pierc-
ing, punching, bending, and parting operations. The piercing 
operation (OP1) involves creating holes in the sheet metal 
using a cylindrical shearing punch. The sheet metal is then 
supplied to the progressive die set at constant intervals of 
75.0 mm through these holes. The punching operation (OP2, 
OP4, and OP5) utilizes rectangular shearing punches to cre-
ate blank shapes with a width of 20.0 mm and a height of 
57.5 mm. The bending operation (OP7, and OP9) employs a 
bending punch to form the blank, during which wear occurs 
on the punch surface. The punch stroke is designed to be 
35.0 mm. By designing four types of bending punches to 
be processed simultaneously, the time, materials, and labor 
required for the wear test were reduced. The parting opera-
tion (OP10) involves cutting the completed product from the 
sheet metal using a shearing punch. The test was conducted 
at a press speed of 15 spm (strokes per minute), which is a 
common speed in the automotive component forming pro-
cesses. Figure 1(c) shows the progressive die set installed 
on the mechanical press, and Fig. 1(d) illustrates a sample 
that was continuously formed using the progressive die set. 

The progressive die set was installed in a mechanical press, 
and a 120 mm wide coil was fed by feeder and uncoiler to 
enable continuous wear testing.

2.2  Punch Design

In the sheet metal forming process, the contact pressure and 
sliding distance play a significant role in the tool wear life 
[26, 27]. Tool wear predominantly occurs in the curved area 
of the tool where contact pressure and sliding distance are 
concentrated. Smaller curvature radius results in higher con-
tact pressure on the mold surface, making it more suscepti-
ble to wear. In this study, the shape of the tool's vulnerable 
area in the stamping process of automotive parts was consid-
ered when designing the punch for the wear test. The punch 
design was based on the previous study by Bang et al. [25]. 
The punch was specifically designed to concentrate contact 
pressure on the curved area of the punch during forming 
the blank, as shown in Fig. 2. The punches had two differ-
ent curvature radii, 3.0 mm and 5.5 mm. The punches were 
made in insert type for convenient measurement of wear and 
easy replacement of the punch. To prevent ironing, a die-to-
punch gap of 1.32 mm was designed, which corresponds to 
a 10% clearance considering the sheet thickness of 1.2 mm. 
The punch stroke was set to 35.0 mm.

2.3  Materials

In this research, TRIP1180 steel sheet with a thickness of 
1.2 mm was used. The Vickers hardness of the TRIP1180 
1.2t sheet was measured to be 373.2 ± 7.1  HV0.1. The tensile 

Fig. 2  Detailed design of the punch used in the wear test [22]
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material properties of the TRIP1180 1.2t sheet are summa-
rized in Table 1. The punches utilized in the study were 
made of D2 (ASTM A 681–08) tool steel produced by 
POSCO Pohang steelworks. The Vickers hardness of D2 
was measured to be 788.5 ± 12.2  HV0.1. The punch surface 
was coated with CrN and AlTiCrN using the PVD (physical 
vapor deposition) method. The thickness of the CrN and 
AlTiCrN coating layers was measured to be 13.4 ± 0.4 μm 
and 14.8 ± 0.9 μm, respectively. The Vickers hardness of the 
CrN and AlTiCrN coatings was 2,105.9 ± 15.5  HV0.08 and 
3,818.3 ± 36.5  HV0.08, respectively. The chemical composi-
tions of TRIP1180, and D2 are provided in Table 2.

2.4  Test Conditions

Table  3 presents the different combinations of tooling 
parameters for each punch. Punch 1, with a curvature radius 
of 5.5 mm where relatively low contact pressure is concen-
trated, was coated with PVD CrN with the Vickers hardness 
of 2,105.9 ± 15.5  HV0.08. Punch 2, with a curvature radius 
of 3.0 mm which is more susceptible to wear, was coated 
with PVD AlTiCrN with a higher hardness of 3,818.3 ± 36.5 
 HV0.08. The evolutionary wear characteristics of these two 
types of PVD-coated punches were evaluated in the form-
ing process of TRIP1180 with a thickness of 1.2 mm. Fur-
thermore, the impact of this wear on the surface quality 
characteristics of the resulting product was compared and 
evaluated.

2.5  Product Surface Characterization

To evaluate and characterize the surface quality of products 
formed by each punch, roughness and imaging of the prod-
uct surface were examined using the Confocal laser scan-
ning microscopy (CLSM; LEXT OLS3100 manufactured 
by OLYMPUS), which enables 3D imaging and surface 
profiling. The roughness and images were measured on the 
product surface in contact with the bending punch during 
the bending operation. As shown in the Fig. 3, measure-
ments were taken at 5 mm intervals up to 30 mm in the 

stamping direction (sliding contact direction) from the bot-
tom surface of the sheet metal. To ensure accurate roughness 
measurements, a 50 × objective lens was used, and the size 
of the evaluation area was 256 μm in width and length. To 
remove the wave component from the primary component, 
a 1/3 cut-off wavelength was applied. The arithmetical mean 
height (Sa) was used to measure roughness. Sa represents 
the mean of the average height difference for the average 
plane, as follows:

where A represents the measurement area, and Z(x,y) rep-
resents the height deviation from the average plane at each 
position (x,y). The surface roughness of the as-received 
materials was measured to be 0.582 ± 0.018 μm. The wear 
tests were conducted until severe scratches and defects were 
discovered on the product surface. To evaluate the evolution-
ary behavior of the product surface quality, the product was 
sampled at frequent intervals of 250 stamping hits.

3  Test Results and Discussion

3.1  Product Surface Conditions

The wear tests were performed with each punch, and the 
surface quality from the perspective of the blank in con-
tact with the punch was quantitatively evaluated and dis-
cussed. To examine the evolution of product surface condi-
tions, the product samples were taken at frequent intervals 

(1)Sa =
1

A ∬
A

|Z(x, y)|dxdy

Table 1  Tensile properties of a 
TRIP1180 (1.2 mm thickness) 
steel sheet

Yield stress (MPa) Ultimate tensile stress (MPa) Swift hardening law 
� = k

(

�
0
+ �

)n
R-value

k(MPa) �
0 n 0◦ 45◦ 90◦

933 1196 1584.6 0.0036 0.086 0.738 0.979 0.867

Table 2  Chemical compositions 
of TRIP1180 steel sheet and D2 
tool steel (wt%)

C Si Mn Cr Mo V P S

TRIP1180 0.285 1.61 2.15 – – – 0.018 0.001
D2 1.55 0.26 0.30 11.36 0.81 0.20 – –

Table 3  Punches used in the wear test, manufactured with a combina-
tion of various tooling parameters [22]

Punch radius Coating Punch material

Punch 1 5.5 mm (R5.5) PVD CrN D2
Punch 2 3.0 mm (R3.0) PVD AlTiCrN
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of 250 stamping hits. The wear tests continued until severe 
scratches and defects were visually confirmed on the product 
surface. Punch 1 was discontinued after 18,000 stamping 
hits, while Punch 2 was discontinued after 59,000 stamping 
hits. Figure 4 illustrates the change in the surface condition 
of products formed with each punch. Up to 17,500 for Punch 
1 and 58,500 hits for Punch 2, the product surfaces remained 
smooth without any scratches and defects. After additional 
250 stamping hits, minor scratches were observed on both 
product surfaces. However, severe defects became evident on 
both product surfaces after the wear tests. Figure 5 presents 
the roughness and images measured on the product surface 
formed with each bending punch. Prior to the appearance of 
scratches and defects for both cases, the roughness measured 
at each location showed similar values with respect to stamp-
ing hits and was comparable with the roughness of the as-
received material (0.582 ± 0.018 μm). Moreover, the prod-
uct surface images at all measurement locations appeared 
smooth without scratches or defects. However, after addi-
tional 250 stamping hits, scratches parallel to the sliding 
contact direction became noticeable in the surface images. 
After the wear test, the observed images exhibited very 
rough surfaces with severe defects. For the product formed 
with Punch 1 (see Fig. 5a), the images observed from 10 to 
30 mm of the product surface displayed grooves and ridges 
parallel to the sliding contact direction, and the roughness 
increased to a maximum of 1.061 μm at 10 mm measure-
ment location after 17,750 hits. After 18,000 hits (end of the 
wear test), extremely high roughness was measured from 
10 to 30 mm from the product bottom, with a maximum 
roughness of 2.430 μm at 30 mm measurement location. The 
surface conditions at the corresponding locations exhibited 
extremely rough defects without grooves and ridges. For the 
product formed with Punch 2 (see Fig. 5b), grooves and 
ridges in the sliding contact direction were observed at 25 
and 30 mm after 58,750 hits, and the roughness increased 
to a maximum of 1.061 μm at 10 mm measurement loca-
tion. After 59,000 hits (end of the wear test), relatively high 

roughness was measured at 25 and 30 mm from the product 
bottom, with a maximum roughness of 1.983 μm at 30 mm 
measurement location. Extremely severe defects without 
grooves and ridges were observed at these locations.

In Fig. 5, it can be observed that before the appearance of 
scratches and defects on the product surface, the roughness 
measured at 5 mm measurement location is higher compared 
to the roughness observed at the 30 mm measurement loca-
tion. Furthermore, the roughness gradually decreases toward 
30 mm measurement location. This phenomenon can be 
explained by examining the contact pressure response over 
the punch radius, as predicted by Bang et al. [28], shown in 
Fig. 6. Figure 6a illustrates the contact pressure distribution 
over the punch radius for the punches with a curvature radii 
of 3.0 mm and 5.5 mmm and the corresponding contact loca-
tions on the product surface. Figure 6b shows the maximum 
contact pressure over the punch radius with respect to the 
progression of the punch stroke. During bending process, 
the blank initially contacts 55° of the punch radius and 
then wraps around the punch radius up to 88°. This region 
corresponds to a punch stroke of approximately 10 mm to 
13 mm, experiencing a relatively high contact pressure with 
maximum values of 1.707 GPa and 1.372 GPa for curvature 
radii of 3.0 mm and 5.5 mm, respectively (see Fig. 6). Con-
sequently, the 5 mm measurement location on the product 
exhibits relatively high roughness due to the relatively high 
contact pressure within the punch stroke range of approxi-
mately 10 mm to 13 mm. In the punch stroke range between 
approximately 13 mm and 35 mm, the blank maintains 
steady contact with the punch radius around 67.3° and 72.9° 
for curvature radii of 3.0 mm and 5.5 mm, respectively (see 
Fig. 6a), resulting in relatively low contact pressure (see 
Fig. 6b). Because this punch stroke range contacts 10 mm 
to 30 mm measurement locations of the product, relatively 
low roughness is measured. As shown in Fig. 6b, Punch 1 
(with a curvature radius of 5.5 mm) experiences lower con-
tact pressure compared to Punch 2 (with a curvature radius 
of 3.0 mm). Therefore, the surface roughness of the product 

Fig. 3  Roughness measurement 
locations on the product surface 
and example images at each 
measurement location
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formed by Punch 2 is approximately 0.15 μm higher than 
that of Punch 1 (see Fig. 5).

3.2  Evolutionary Behaviors of Product Surface 
Quality in Relation to Stamping Hits

The punch surface condition deteriorates due to cumulative 
relative motion with the blank, which affects the surface 
quality of the product. In order to analyze the evolutionary 
behavior of the product surface quality in relation to the 
change of the punch surface condition, the surface imaging 
and roughness of the punches were examined in relation to 
stamping hits. However, due to the difficulty of inspecting 
the surface condition of the punches in a frequent measuring 
cycle, the surface imaging and roughness of Punch 1 were 
examined prior to wear test (as-produced), and after 5000, 
and 10,000 stamping hits, as well as after 18,000 stamping 
hits (after failure), as shown in Fig. 7a, b. A detailed expla-
nation of examining the surface condition of Punch 1 was 

based on the previous study by Bang et al. [25]. To confirm 
the effect of the wear depth of Punch 1 on the product sur-
face quality, the experimental results of wear depth for the 
same punch were referred to from the study by Bang et al. 
[25], as shown in Fig. 7c. Additionally, Fig. 8 illustrates the 
surface images, roughness, and wear depth of Punch 2 with 
respect to the number of stamping hits, which were refer-
enced from a previous study conducted by Bang et al. [25].

The as-produced surface of Punch 1 appeared smooth 
without any scratches or defects, with an average roughness 
of approximately 0.226 μm. After 5000 and 10,000 stamping 
hits, micro scratches were observed throughout the observa-
tion area of the punch surface, resulting in an increase in the 
measured roughness by approximately 0.03 μm on average 
compared to that of the as-produced condition. However, no 
significant the wear depth was observed in all measurement 
areas, and the formed product surface was not rough (see 
Fig. 5a). Therefore, it was confirmed that the micro scratches 
on the punch surface did not contribute to the deterioration 

Fig. 4  Change in product 
surface quality and surface con-
dition of worn punches after the 
wear test: a Punch 1; b Punch 2
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of the product surface quality. After 18,000 stamping hits 
(after failure), severe wear occurred on punch radius from 
76° to 90°, resulting in significantly high roughness, with 
a maximum roughness of 1.668 μm at 82°. The range of 
the severe wear track was consistent with that of the wear 
depth results, with a maximum wear depth of 15.7 μm at 
87°. After 18,000 stamping hits, the product surface formed 
by the worn Punch 1 exhibited a very rough surface, with 
a maximum roughness of 2.43 μm. The wear test results 
for Punch 2 showed a same tendency to Punch 1. The as-
produced surface of Punch 2 had an average roughness of 
approximately 0.232 μm, and no scratches or defects were 
observed. Up to 50,000 stamping hits, the micro scratches 
occurred on the punch surface, resulting in an increase of 
approximately 0.15 μm in the punch roughness. However, no 
significant change in the wear depth was observed, and the 
surface of the formed product remained smooth without any 
scratches or defects (see Fig. 5b). After 59,000 stamping, the 

severe wear was observed on the punch radius from 78° to 
90°, with a maximum roughness and wear depth of 1.106 
and 17.4 μm, respectively, at 88° on the punch radius. The 
product formed by the worn Punch 2 exhibited a very rough 
surface, with a maximum roughness of 2.43 μm (Fig. 5b).

Figure 9 illustrates the relationship between the punch 
surface condition and the product surface quality with 
respect to the number of stamping hits. The red quadrangle 
marks indicate the wear depth of the punch, while the blue 
rhombus and circle marks indicate the change in roughness 
(ΔSa) relative to the initial conditions of the punch and prod-
ucts, respectively. Prior to the occurrence of severe wear 
on the surface of Punch 1 (at 5000 and 10,000 stamping 
hits), the punch roughness slightly increased by approxi-
mately 0.03 μm compared to that of the as-produced, due 
to the micro scratches. These micro scratches had little 
effect on the change of the wear depth on the punch radius, 
and resulted in an increase of approximately 0.10 μm in 

Fig. 5  Roughness and images measured on the product surface formed with: a Punch 1; b Punch 2
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product roughness. However, they did not visually degrade 
the product surface quality. When severe wear occurred on 
the punch radius at 18,000 stamping hits, the wear depth 
reached 15.7 μm, indicating complete wear-off of the CrN 
coating layer (13.4 ± 0.4 μm), and the punch roughness 
significantly increased by 1.411 μm. As the punch surface 
condition directly affects the product surface quality, the 
product roughness also deteriorated significantly, increasing 
by 2.022 μm. The evolutionary wear behaviors of Punch 2 
also exhibited a similar tendency to Punch 1. Prior to fail-
ure (up to 50,000 stamping hits), the punch roughness and 
wear depth experienced minor changes due to the micro 
scratches, which had a limited impact on the product surface 
quality. However, after 59,000 stamping hits, severe wear 
occurred on the punch surface, with a maximum wear depth 
of 17.4 μm, indicating complete wear-out of the AlTiCrN 
coating layer (14.8 ± 0.4 μm). The measured punch rough-
ness also increased significantly by 0.801 μm. Consequently, 
the product roughness reached 1.983 μm, indicating a sig-
nificant deterioration in surface quality.

Based on the experimental results, it is evident that the 
product surface quality is directly influenced by the tool sur-
face condition, and conversely, the tool surface condition 
can be inferred from the product surface quality. Figure 10 
illustrates this relationship. In the case of the product formed 
by Punch 1, it can be observed that the roughness change 
(ΔSa) after 17,750 stamping hits was 0.653 μm. This value 
exponentially increased to 2.022 μm after 18,000 stamp-
ing hits. Similarly, for the product formed by Punch 2, the 
roughness change (ΔSa) was 0.457 μm after 58,750 stamp-
ing hits, and it exponentially increased to 1.427 μm after 
59,000 stamping hits. Both punches exhibited an exponential 

increase in product roughness during last 500 stamping hits 
(see Fig. 10). This suggests that that after reaching the fail-
ure point, both punches experienced similar wear mecha-
nisms and underwent wear evolution at a comparable rate. 
The detailed discussion of the tool wear mechanisms will be 
covered in the subsequent chapter.

In the mass production process of automotive body parts, 
tool wear can cause the problems such as decreased pro-
ductivity, increased tool maintenance costs, and decreased 
product quality. Therefore, efficient management of tools is 
crucial in process management. However, real-time exami-
nation of tool wear during the mass production process can 
temporarily halt the process, leading to decreased productiv-
ity. Experimental results showed that in the forming process 
of TRIP1180 steel sheet using PVD-coated tools, the tool 
surface condition with respect to stamping hits is consist-
ent with the product surface quality, and the product sur-
face quality accurately reflects the wear state of the tool. 
Premature replacement of tools before reaching their wear 
lifetime can result in increased tool maintenance costs and 
decreased productivity. Hence, efficient and economical tool 
management in the mass production process of automotive 
body parts can be achieved through careful observation of 
the product surface quality in order to detect the tool wear.

3.3  Wear Mechanism

Figure  11 illustrates the 3D structures of the surfaces 
observed at 30 mm from the bottom of the product formed 
with each worn punch after failure. In the case of products 
formed with Punch 1 (see Fig. 11a), scratches with grooves 
and ridges parallel to the sliding contact direction were 

Fig. 6  Evolutionary contact pressure responses over the punch radius 
with a curvature radius of 3.0 mm and 5.5 mm: a Contact pressure 
distribution over punch radius and corresponding contact location 

on the product surface; b Maximum contact pressure over the punch 
radius with respect to the progression of the punch stroke [25]
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observed on the surfaces, with a roughness is 0.732 μm after 
17,750 stamping hits. The surface of the product formed at 
18,000 stamping hits showed extremely rough states with-
out grooves and ridges, measuring 2.430 μm in roughness. 
Figure 11b depicts the surface conditions of the product 
formed with Punch 2. The product surface formed at 58,750 
stamping hits also showed scratches with grooves and ridges 
parallel to the sliding contact direction, with a roughness 
of 1.013 μm. At 59,000 stamping hits, the surface of the 
formed product was extremely rough, with a roughness of 
1.983 μm. The difference in these product surface qualities 
is associated with the surface state of the worn punch used 
for forming. Figure 12 represents the 3D structures of Punch 
1 after 17,750 and 18,000 stamping hits, and illustrates the 

surface profiles at 32, 64, and 96 μm from the width coor-
dinates of the 3D structures, to assess the wear state on the 
worn surface. As shown in Fig. 12a, for the surface of Punch 
1 observed after 17,750 stamping hits, surface profile within 
the range of 80 to 128 μm in length was smooth. Within the 
range of 0 to 80 μm in length, a relatively smooth wear scar 
was observed, with a wear depth of approximately 5 μm, and 
the CrN coating layer (13.4 ± 0.4 μm) was not completely 
worn off. Conversely, as illustrated in Fig. 12b, the wear 
scar of Punch 1 observed after 18,000 stamping hits was 
extremely rough within the 0 to 96 μm in length. The wear 
depth was considered to be deeper than the CrN coating layer 
(13.4 ± 0.4 μm), and the maximum wear depth of Punch 1, 
as measured by Bang et al. [25], was 15.7 μm, exceeding 

Fig. 7  Surface conditions of Punch 1: a surface imaging; b surface roughness (Sa); c wear depth [22]
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the CrN coating thickness (13.4 ± 0.4 μm). Therefore, PVD 
CrN coating layers, which do not completely come off, plow 
the product surface due to the significantly higher hardness 
of the CrN coatings (2105.9 ± 15.5  HV0.08) compared to the 
TRIP1180 steel sheet (373.2 ± 7.1  HV0.1). Furthermore, the 
extremely rough product surface indicates that the CrN coat-
ing layers of Punch 1 are completely peeled off, and the D2 
tool steel (788.5 ± 12.2  HV0.1) is in direct contact with the 
sheet metal during the forming process.

The deterioration of the product surface quality was con-
firmed when the severe wear track suddenly occurred on the 
punch radius. During the forming process, the punch comes 
into sliding contact with the steel sheets as the punch stroke 
progresses. With each stamping hit, the punch radius expe-
riences contact pressure and sliding distance, as depicted 
in Fig. 6a. Consequently, during continuous wear tests, 
PVD coated-punches accumulate tangential stress on the 
punch radius due to repeated sliding contact. These contact 

Fig. 8  Surface conditions of Punch 2 [22]: a surface imaging; b surface roughness (Sa); c wear depth
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conditions in the sheet metal forming process have simi-
larities to repetitive fretting contacts, and Bang et al. [25] 
reported that wear of the PVD coating tool in the forming 
process of the TRIP1180 steel sheet was caused by fretting 
wear. Fretting refers to wear caused by the cyclic tangential 
movement of small amplitude at the contact interface under 
applied load, and the surface damage in fretting regions 
is approximately proportional to the normal load and slip 
amplitude. These tangential cycling loads subject the friction 
surfaces to alternating compression-tension stress, result-
ing in fretting wear [29]. Voevodin et al. [30] provided evi-
dence that the crack initiation is induced by cyclic tangential 

loading during repetitive fretting contacts. Xu et al. [31] 
observed the evolution of fretting wear due to tangential 
cycling loads on  MoS2 coating. They found that some micro 
cracks on the coating surface were initiated at  105 cycles, 
and further propagated at 1.4 ×  105 cycles. At 2 ×  105 cycles, 
particle detachment resulted in significant loss of  MoS2 coat-
ing protection against fretting wear. Tricoteaux et al. [32] 
examined the fretting wear scars generated by repeated fret-
ting contact on CrN coating. They observed the initiation 
and propagation of micro cracks on the CrN coating due 
to the repeated cyclic tangential loads, which eventually 

Fig. 9  Correlation between punch surface condition and product surface quality in relation to stamping hits: a Punch 1; b Punch 2

Fig. 10  Product roughness change in relation to stamping hits formed by: a Punch 1, and b Punch 2
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merged and peeled off. To examine the wear scars on CrN-
coated Punch 1 in the forming process of TRIP1180 steel 
sheet, the surface of Punch 1 was inspected using the CLSM 
with a 100× objective lens (see Fig. 13). Figure 13a shows 
cracks at the edge of the wear scar caused by repetitive slid-
ing contact during the forming process. Figure 13b shows 
delamination of cracks on the CrN coating layers due to 
crack propagation and coalescence resulting from repeated 
tangential loading. Therefore, microscopic analysis confirms 
that the wear mechanism of CrN coated tools in the forming 
of TRIP1180 steel sheets is due to fretting wear.

4  Conclusions

A wear test was conducted using a newly designed progres-
sive die for the forming of TRIP1180 sheet. In the tests, two 
different coatings, PVD CrN and AlTiCrN, were applied to 
bending punches. To identify the evolutionary behavior of 
the workpiece surface quality, sheet samples were taken at 

regular interval of 250 stamping hits. The effect of tool wear 
condition on the surface quality was presented by examin-
ing the correlation among tool wear depth, tool roughness, 
and product roughness according to the number of stamping 
hits. The main conclusions of the present work can be sum-
marized as follows.

(1) The experiment showed that micro scratches on the 
punch surface had little effect on the change of the wear 
depth when measured before failure, and the product 
surface roughness was comparable to the roughness of 
the as-received sheet.

(2) Once the tool wear was initiated by the fretting wear 
mechanism, the tool surface condition directly affected 
the deterioration of the product surface quality. Also, 
the tools subjected to repeated tangential loads during 
stamping process could induce the micro cracks, which 
led to wear with magnitudes smaller than the thickness 
of coating layer.

(3) When sheets were formed with the punch with par-
tially peeled-off coatings, the product surface rough-
ness was very small (less than 1.0 μm) with grooves 

Fig. 11  3D surface profiles of of the products formed with worn punches: a Punch 1; b Punch 2
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and ridges. After short stamping duration, tool wear 
increases exponentially, which eventually caused com-
plete delamination of the coating layers.

(4) The extremely rough product surface without grooves 
and ridges resulted from punch contacts with com-
pletely damaged coating layers during the forming 
process.

(5) It was found that the surface quality of sheet product 
could be accurately correlated with the wear state and 
surface condition of the tool. This study suggests that 

the evolution of tool wear behaviors can be efficiently 
predicted by investigating of the product surface quality.
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