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Abstract 

The body of an automobile must be lightweight and crash-worthy. The use 

of advanced high-strength steel reduces the manufacturing cost for 

automobile body and improves energy absorption during an impact. However, 

increasing the strength of the steel sheet results in a variety of issues related 

to tool wear due to a higher forming pressure in the sheets than that in the 

conventional low-strength steel sheets. Therefore, systematic wear 

experimentation and prediction procedure are required to quantify the extent 

of tool wear during the press forming process. This study aims to develop a 

methodology for quantifying the wear of a sheet metal forming tool using 

experimental databases and a wear simulation procedure capable of 

predicting the nonlinear wear behavior of stamping tools in reduced 

computational time. A progressive die set is used to enable continuous sheet 

metal stamping at a consistent work rate and designed to conduct the wear 

test systematically, saving both time and cost. The testing machine is capable 

of testing four different types of punches simultaneously under a variety of 

tooling and process parameters, such as different tool materials, punch shapes, 

and coating conditions. The punches used in the wear test are designed to 

mimic the curvature geometry of the stamping tool used to manufacture the 
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automotive components. The wear depth, roughness, and surface imaging of 

the tool, as well as the product roughness are all used for tool wear evaluation 

in the sheet metal forming process. The wear depth of the punch is close to 0, 

and the roughness of the punch is also comparable to that of the as-produced 

prior to failure. When severe wear occurs, the depth of the wear and roughness 

of the punch rapidly increase. Prior to failure, micro-scratches on the punch 

surface do not degrade the punch quality. However, worn punches develop a 

very rough surface on the stamped product. Wear of coated tool is caused by 

the fretting wear mechanism when stamping uncoated steel sheets. By 

referring to the measured wear database, it was confirmed that the proposed 

methodology for wear testing and measurement in the sheet metal forming 

process is suitable for quantitatively and qualitatively evaluating the wear 

lifetime, and analyzing the wear characteristics and mechanism, as well as 

developing a reliable wear prediction model. To capture the nonlinear wear 

behavior with respect to strokes, a nonlinear equation from a modified form 

of Archard’s wear model was constructed based on the wear test results. The 

scale factor, which represents the changes in wear properties with respect to 

wear depth, was utilized in the wear simulation to avoid the update of 

geometry from the previous iteration of wear simulation. By formulating a 

wear coefficient of Archard’s wear model as a function of strokes and 
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implementing it into the scale factor of wear simulation, the nonlinear wear 

behavior of the stamping tools could be estimated. Therefore, the proposed 

simulation method is efficient in terms of computational time because it does 

not need to perform geometry updates. 

 

Keywords: Sheet metal forming, Ultra-high strength steel, Tool wear, 

Fretting wear, Tool wear test, Progressive die, Wear simulation 
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1. Introduction 

1.1. Research background 

In recent years, the acceleration of the development of eco-friendly 

vehicles such as electric vehicles and hydrogen vehicles has led to a growing 

demand for lightweighting of the vehicle body to improve mileage. In 

addition, for passenger safety and the protection of batteries and fuel cells, 

many efforts have been made to secure the crashworthiness of the vehicle 

body. Automobile body weight can be reduced by using lightweight materials 

such as advanced high-strength steel (AHSS), aluminum alloys, magnesium 

alloys, glass-fiber composites, and carbon-fiber composites. Although AHSS 

results in the least weight reduction among these lightweight materials, it is 

relatively inexpensive to produce AHSS automotive body components, as 

shown in Fig. 1-1 [1–3]. Furthermore, a vehicle structure composed of AHSS 

showed outstanding crash safety performance in a simulation of three crash 

tests: frontal wall impact, side barrier impact, and roof strength tests [4]. 

Automakers have increased the proportion of AHSS used in vehicle structures 

to reduce the cost and meet safety regulations, as shown in Fig. 1-2 [5]. 

Moreover, to reduce the manufacturing cost of mass-produced vehicle 

components, the cold forming process is generally used. However, the cold 
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forming of AHSS sheets is relatively vulnerable to tool wear. The higher 

strength characteristics of AHSS sheets in comparison with conventional steel 

sheets may generate premature tool wear, which leads to many problems such 

as reduced productivity, reduced product quality, and increased maintenance 

cost. Therefore, in the mass production of automobile components using 

AHSS sheets, the investigation of the tool wear resistance is essential for 

efficient process management. 

Fig. 1-1. Weight reductions and cost obtained by using lightweight materials 

in automobile structures [3]. 

Fig. 1-2. Chronological evolution of automobile structure depicted in terms 

of portions of used materials [5]. 
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 Consistent efforts to improve the strength of steel sheets that are used in 

automobile fabrication have aggravated the tool wear problems. A 

countermeasure to increase tool wear resistance is required to manage the 

mass production process. Numerous studies have been conducted to find 

methods to extend the tool wear lifetime. Pereira et al. [6] investigated the 

effect of the machining error of the die profile shape on the tool wear in sheet 

metal forming. A small and localized change of the die radius profile shape 

has a significant effect on the tool-life reduction. Podgornik and Jerina [7] 

confirmed the effect of surface roughness on galling resistance for coarse and 

fine ground forming tools with a monolayer physical vapor deposition (PVD) 

TiN hard coating and multilayer plasma-assisted chemical vapor deposition 

(PACVD) W-doped DLC coating under dry sliding conditions. Podgornik et 

al. [8] investigated the influence of the surface preparation condition of 

forming tool steel with PVD coatings (TiN, TiB2, TaC, and WC/C) on galling 

properties. Gonzalez-Pociño et al. [9] confirmed the heat treatment 

parameters (quenching, tempering, and nitriding process) that significantly 

affect adhesive wear resistance through an experiment in which these 

parameters were deliberately changed. Ogunbiyi et al. [10] suggested that the 

wear performance of Inconel 738 low carbon compoistes could be enhanced 

with the addition of grapheme nanoplatelets. Büyükkayacı et al. [11] 
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investigated the influence of mechanical alloying time on wear resistance for 

Fe–Cu–C alloys. Sıralı et al. [12] determined the effect of grain size reduction 

of titanium–zirconium–molybdenum alloys obtained with addition of Ti on 

wear performance. Woodward et al. [13] investigated the sliding wear 

response of G320 grey cast iron in different microstructure conditions 

resulting from quench and temper heat treatment. Hou et al. [14] evaluated 

the galling behaviors in sheet metal forming under various tool conditions 

with respect to hardness, surface roughness, and coating. Ghiotti and Bruschi 

[15] and Cora et al. [16] investigated the effect of various coating techniques 

on wear resistance by using a wear test system imitating stamping process 

conditions. van der Heide et al. [17] evaluated the effects of various lubricated 

conditions on galling by using a slider-on-sheet tribometer. Groche and 

Christiany [18] examined the wear evolution of various tool materials by 

assessing tool roughness and wear volume during strip drawing of AHSS 

sheets. Zhao et al. [19] evaluated microstructure, mechanical properties and 

wear resistance of Ti(C,N)-based cermet with respect to different WC 

additions. Thus, the above-mentioned studies demonstrate that by controlling 

various process and tooling parameters such as surface coating, heat treatment, 

and surface finish, the tool's wear resistance can be effectively increased. 

Numerous studies aimed at extending the tool life have reported on various 
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methods that can be used to effectively delay the wear. However, tool wear is 

influenced by a number of process parameters during the stamping of the 

automotive body, including tool geometry, surface roughness, tool materials, 

and coating conditions. Thus, for the efficient management of automobile 

mass production, a reasonable wear test and prediction method that takes 

various process parameters into account is required. 

 

1.2. Wear testing methods 

An experimental method to estimate the wear resistance of a tool can 

enable the prediction of the tool lifetime and facilitate effective management 

for stamping tools in mass production. Therefore, extensive experimental 

methods have been proposed for estimating the wear of stamping tools in the 

sheet metal forming process. 

The wear behavior of various coated tools have been previously evaluated 

using a pin-on-disk test, as shown in Fig. 1-3 [15, 20–24]. However, it has the 

disadvantage that the pin repeatedly contacts the already worn sheet material 

surface. To compensate for this shortcoming, slider-on-sheet–type wear test 

methods [17, 25–29], in which the tool comes into contact with the virgin 

sheet material, have been used, as shown in Fig. 1-4. However, the wear test 
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methods described above do not reflect the deformation modes encountered 

in automotive sheet metal forming. Thus, representative wear tests 

considering the actual conditions prevalent in automotive sheet metal forming 

were performed, such as bending-under-tension (see Fig. 1-5) [30–34], and 

U-bending (see Fig. 1-6) [6, 35–39]. However, they are cumbersome and 

uneconomical to perform for stamping tools with a large number of strokes. 

Fig. 1-3. Schematic illustration of the pin-on-disk test. 

Fig. 1-4. Schematic illustration of the slide-on-sheet‒type test [17]. 
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Fig. 1-4. Schematic illustration of the bending-under-tension test [32]. 

Fig. 1-5. Schematic illustration of the U-bending test [6]. 

The Auto/Steel Partnership proposed a method for testing the wear of 

stamping tools in the press forming process, which is efficient, economical, 

quick, and convenient, as shown in Fig. 1-6 [40]. The layout of the applied 

progressive die set capable of conducting continuous wear tests is depicted in 

Fig. 1-6(a). As shown in Fig. 1-6(b), the progressive die set was designed to 

evaluate various combinations of tool materials and coatings in a single press 

stroke. It reported on a qualitative investigation of the die wear resistance of 
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various tooling materials and coatings during the stamping operation of the 

DP1180 steel sheet, as shown in Fig. 1-6(c). Thus, they revealed that 

qualitative wear analysis can be used to determine the approximate time of 

tool wear initiation and to compare the relative wear resistance of various 

tools. However, quantitative identification and evaluation of wear 

characteristics, mechanisms, and evolutionary behaviors for a variety of 

tooling and process parameters, such as tool materials, coatings, surface finish, 

and sheet materials, are limited. When tool wear in the press forming process 

is quantified, the specific wear mechanism affecting the tool wear can be 

understood, which allows an accurate analysis of the initiation and 

development of tool wear. When designing a tool, significant wear factors can 

be eliminated in advance, and the appropriate tool conditions can be chosen. 

Thus, it can be used as a guideline for tool design to extend the tool lifetime. 

The surface quality of the product is directly related to the tool's surface 

condition. Therefore, it is critical to identify the tool's surface condition for 

the effective management of the mass production process. Quantifying the 

tool's wear can aid in increasing productivity and lowering maintenance costs. 

Moreover, a trustworthy wear database is critical for developing an accurate 

equation for predicting tool lifetime. As a result, systematic wear 
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experimentation and evaluation processes should be developed to quantify the 

extent of tool wear during the press forming process. 

(a) 

(b) 

(c) 
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Fig. 1-6. A wear testing method for stamping tools using a progressive die 

set. (a) the layout of a progressive die set, (b) experimental combinations of 

tool materials and coatings, (c) qualitative evaluations of wear lifetime [40]. 

 

1.3. General wear simulation scheme 

Although various experimental methods have been presented for 

evaluating the tool wear in sheet metal forming, the wear evaluation of the 

press forming tool still has limitations in that it entails significant cost, time, 

and human effort. To reduce the time required for tool wear prediction in sheet 

metal forming, several numerical simulation studies have been conducted on 

tool wear prediction. Hoffmann et al. [41] proposed a wear simulation scheme 

using Archard’s wear equation to calculate the elemental wear, which is 

linearly proportional to the number of strokes. However, in sheet metal 

forming, the tool wear is nonlinear with respect to the number of strokes. 

Therefore, many efforts have been made to estimate the wear behavior of 

stamping tools reasonably and accurately. Ersoy-Nürnberg et al. [42] 

proposed a modified Archard’s model with a variable wear coefficient with 

respect to the loading duration. The wear coefficient is a function of the 

accumulated wear work and is determined through deep-drawing experiments. 

Wang et al. [22] approximated the changes in wear coefficient during testing 
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by using pin-on-disk test results to reflect the variation of wear characteristics 

reasonably. The studies described above used a simulation scheme of 

updating the geometry based on changes to the geometry calculated from 

interactive iterations of forming and wear simulation, as shown in Fig. 1-7. A 

wear simulation calculates elemental wear using contact-related information 

obtained from a forming simulation. The updated geometry from the wear 

simulation is used in the next forming simulation. These procedures are 

repeated until the desired iteration. Therefore, the conventional wear 

simulation scheme considering the geometry update requires substantial 

computational time to predict the wear of forming tools. In addition, because 

the studies described above evaluated only simple models, wear simulation 

for complex and large parts such as automobile components requires massive 

computational time. Therefore, it is necessary to establish a reasonable wear 

simulation process that takes less computational time and considers the 

nonlinear tool wear behavior in sheet metal forming. 
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Fig. 1-7. General wear simulation scheme [22, 41–42]. 

 

1.4. Objective and scope 

The first objective of this study is to develop a novel methodology for 

quantifying tool wear during the sheet metal forming process. To conduct a 

systematic wear test, a progressive die set is designed and used to evaluate 

the wear characteristics of four different types of punches in a single press 

stroke. The punches were subjected to wear tests under a variety of tooling 

and process parameters, including tool materials (STD-11, K340), punch 

shapes (R3.0 and R5.5), and coating conditions (PVD CrN and AlTiCrN 

coatings). The wear characteristics and behaviors of the tool were 

quantitatively examined based on the tool wear depth, tool roughness, and 
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product roughness. Further, using the tools' experimental wear databases, it 

was confirmed that the proposed methodology for wear testing and 

measurement in the sheet metal forming process is suitable for analyzing the 

wear characteristics and mechanism, as well as for developing a reliable wear 

prediction model. Additionally, the tensile strength of an UHSS sheet used in 

automotive manufacturing—an uncoated transformation induced plasticity 

(TRIP) steel sheet with a tensile strength of 1180 MPa, TRIP1180—was 

investigated. 

The second objective of this study is to develop a wear simulation 

procedure capable of predicting the nonlinear wear behavior of stamping tools 

in reduced computational time. A nonlinear equation from a modified form of 

Archard’s wear model was constructed based on the wear test results of a 

stamping process for different punch shapes (R3.0 and R5.5) and coating 

conditions (PVD CrN and AlTiCrN coatings). The scale factor, which 

represents the changes in wear properties with respect to wear depth, was 

utilized in the wear simulation to avoid the update of geometry from the 

previous iteration of wear simulation. By formulating a wear coefficient of 

Archard’s wear model as a function of strokes and implementing it into the 

scale factor of wear simulation, the nonlinear wear behavior of the stamping 

tools could be estimated. Therefore, the suggested wear simulation method 
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can save computational time in the prediction of the nonlinear wear behavior 

of stamping tools. 
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2. Experimental setup for evaluating tool wear 

2.1. Punch design 

Contact pressure and sliding distance are critical parameters that determine 

the tool lifetime [22, 43]. Tool wear occurs most frequently in the region of 

the curvature where the contact pressure is concentrated and the sliding 

distance is large. Regions with small radius of curvature and high contact 

pressure experience high rate of wear. The wear test punch was designed to 

replicate the contact conditions encountered during the sheet metal forming 

process. Fig. 2-1 illustrates the examples of geometries for automotive 

components designed with UHSS sheets to ensure passenger safety. The 

smallest curvature radius in the automotive components is approximately 3.6 

to 5.5 mm. Because these regions come into contact with the tool shoulder, a 

large sliding distance is also expected during forming. The detailed punch 

design for the wear test is shown in Fig. 2-2. To compare wear rates with 

respect to tool curvature radius, the punch radius was set to 3.0 mm and 5.5 

mm, respectively, based on the curvature of the stamping tools used to 

manufacture the automotive parts so that wear was concentrated in the 

curvature region, as illustrated in Fig. 2-2(a) and (b). The punch was designed 

as an insert-type to allow the efficient replacement and examine the tool wear 
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characteristics of the worn-out punch. Thus, it was designed to facilitate the 

measurement of extent of wear of the punch radius and identify the wear 

behavior. Fig. 2-2(c) illustrates a schematic representation of the stamping 

process used in the wear test. A padding force was used to keep the blank in 

place during the stamping process. After several stampings, the designed 

punch slides and bends the blank, causing wear in the punch's tip region. 

Fig. 2-1. Examples of automotive part geometries using UHSS sheets. 
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(a) 

(b) 
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(c) 

Fig. 2-2. Detailed design of tool wear test. (a) geometry and dimensions 

of punch with a radius of 3.0 mm, (b) geometry and dimensions of punch 

with a radius of 5.5 mm, (c) schematic representation of wear test. 

 

2.2. Design of continuous wear test 

Evaluating tool wear during the sheet metal forming process consumes 

significant time, sheet material, and labor. To address these shortcomings, 

this study developed an experimental setup capable of conducting continuous 

wear tests using the progressive stamping concept. Progressive stamping is a 

composite process that combines multiple metalworking operations into a 

single press stroke, allowing continuous sheet metal production and 

consistent work rates. The continuous wear test was conducted using a rolled 

steel coil, which is more efficient and economical than producing specimens 

because it conserves raw materials and eliminates the need for specimen 
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production. The layout of the applied progressive die set is depicted in Fig. 2-

3. It was designed to evaluate the wear characteristics of four different types 

of punches simultaneously in a single press stroke, thereby reducing the time 

and cost associated with the wear test. As illustrated in Fig. 2-3(a)‒(c), the 

piercing process uses the shearing tool (indicated in yellow) to create holes in 

the sheet. This is referred to as Operation 1 (OP1). These holes are used to 

secure the sheet metal in place and to allow it to enter the press system in 75 

mm sections during the metalworking operation. OP2, OP4, and OP5 

comprise the punching process, which utilizes the shearing tool to prepare a 

blank shape (indicated in purple) prior to the stamping process. Because of 

the contact between the sheet metal and stamping punch, the stamping process 

(OP7 and OP9) causes tool wear. The punch stroke is 35 mm. When four 

different types of punches are used in one operation, the operation load may 

become concentrated, resulting in a press system malfunction. As a result, the 

stamping process was divided into two operations to distribute the operation 

load. Between each operation, idle operations (OP3, OP6, and OP8) were 

added for further operation load distribution. Finally, the parting process 

(OP10) uses a shearing tool to separate the completed product from the sheet 

metal. Figure 2-3(d) illustrates a steel strip with the progressive intended 

metalworking operations of a die set. 
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(a) 

(b) 
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 (c) 

(d) 

Fig. 2-3. The layout of a progressive die set for continuous tool wear 

tests. (a) isometric view, (b) side view, (c) top view, (d) steel strip 

 

The apparatus used for the continuous wear test are depicted in Fig. 2-4. 

The uncoiler is a machine that is used to hold and supply the coil sheet during 

the press operation. The press system is equipped with a progressive die set. 

The automatic feeding system feeds the sheet metal into the progressive die 

set in 75 mm sections as the upper die of the progressive die set moves up. 
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When the upper die is lowered, the specified metalworking operations are 

carried out, and the desired shaped products are finally produced.  

Fig. 2-4. Experimental apparatus for the continuous wear test. 

 

2.3. Tool and sheet materials 

The material used for this study is a 1.2 mm uncoated TRIP steel sheet with a 

tensile strength of 1180 MPa (TRIP1180) manufactured by POSCO Pohang 

steelworks. The material properties were characterized using uniaxial tension 

tests in accordance with the ASTM E8 standard. The measurement was 

performed using an MTS810 universal testing machine (MTS Systems 

Corporation, USA). On the sub-size specimen, a constant velocity of 0.025 mm/s 
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was imposed. Using the ARAMIS DIC system (GOM, Germany), the strain was 

calculated. Table 2-1 summarizes the uniaxial tensile properties. The insert-type 

punch was manufactured using POSCO Pohang steelworks' Steel Tool Die 

(STD)-11 and BÖ HLER's K340 tool steels. At a normal load of 0.1 kgf, the 

Vickers hardness of STD-11 and K340 tool steels were 788.5 ± 12.2 and 831.3 ± 

14.4 HV0.1, respectively. TRIP1180 steel sheet has a Vickers hardness of 373.2 ± 

7.1 HV0.1. Table 2-2 contains the chemical compositions of TRIP1180 steel sheet, 

STD-11, and K340 tool steels. Physical vapor deposition (PVD) was used to 

deposit CrN and AlTiCrN onto the insert-type punch. As illustrated in Fig. 2-5, 

an optical microscope was used to determine the thickness of the CrN and 

AlTiCrN coating layers on the punch radius; the thicknesses obtained were 13.4 

± 0.4 and 14.8 ± 0.9 μm, respectively. Because of the coating layers, a normal 

load of 0.08 kgf is appropriate for measuring the Vickers hardness of CrN and 

AlTiCrN coatings, which can ignore the effect of the tool material's hardness. 

CrN and AlTiCrN coatings have Vickers hardness values of 2,105.9 ± 15.5 and 

3,818.3 ± 36.5 HV0.08, respectively. 
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Table 2-1. Mechanical properties of TRIP1180 steel sheet obtained using 

the uniaxial tensile test. 

Thickness (mm) 1.2 

Yield stress (MPa) 933 

Ultimate tensile stress (MPa) 1196 

Swift hardening law 

σ=k(𝜀0+𝜀)n 

K (MPa) 1584.6 

𝜀0 0.0036 

𝜀 0.0858 

R-value 

0° 0.7382 

45° 0.9786 

90° 0.8671 
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Table 2-2. Chemical compositions of TRIP1180 steel sheet and STD-11 and 

K340 tool steels (wt%). 

 TRIP1180 STD-11 K340 

C 0.285 1.55 1.10 

Si 1.61 0.26 0.90 

Mn 2.15 0.30 0.40 

Cr - 11.36 8.30 

Mo - 0.81 2.10 

V - 0.20 0.50 

P 0.018 - - 

S 0.001 - - 

 

           (a)                        (b) 

Fig. 2-5. Thickness of the coating layers. (a) PVD CrN coating, (b) PVD 

AlTiCrN coating 
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2.4. Test conditions 

To demonstrate the dependence of wear rate sensitivity on the radius of the 

tool curvature, two punch shapes with a curvature radius of 3.0 mm and 5.5 

mm were used to manufacture the punches. Additionally, the wear resistances 

of STD-11 and K340 tool steels were compared. To determine the effect of 

coating conditions on wear resistance, we also evaluated the CrN and 

AlTiCrN coatings deposited using the PVD method. The tooling conditions 

for the punches used in the wear test are listed in Table 2-3. The continuous 

wear test was conducted on four different types of punches with varying 

punch shapes, tool steels, and coating conditions. The punches were subjected 

to wear tests concurrently because the progressive die set was designed to 

evaluate the wear characteristics of four different types of punches in a single 

press stroke. The process and geometric parameters of the continuous wear 

test are summarized in Table 2-4. A 120 mm wide sheet metal strip is punched, 

resulting in a blank with a width and length of 20 and 57.5 mm, respectively. 

To prevent ironing, the die-to-punch gap was applied with a 10% clearance, 

which is a common practice in the stamping process. The punch stroke for a 

single stamping stroke was designed to be 35.0 mm. The automatic feeding 

system feeds the sheet metal into the progressive die set in sections of 75 mm. 

The press speed was set to 15 strokes per minute (spm), which is the standard 
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for stamping automotive body parts. A coil spring with a spring constant of 

2.02 N/mm was used to apply the padding force. The padding force applied 

to the sheet metal during stamping is 70.7 N, which is sufficient to hold the 

blank in place during the process. 

Table 2-3. Tool conditions of the punches used in the wear test. 

Punch number Punch shape Punch material Coating 

1 R3.0 STD-11 PVD CrN 

2 R5.5 STD-11 PVD CrN 

3 R3.0 K340 PVD CrN 

4 R3.0 STD-11 PVD AlTiCrN 
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Table 2-4. Summary of the process and geometric parameters of the 

continuous wear test. 

Sheet metal width (mm) 120 

Pitch (mm) 75 

Piercing hole diameter (mm) 4 

Blank thickness (mm) 1.2 

Blank width (mm) 20 

Blank length (mm) 57.5 

Die-to-punch gap (mm) 1.32 (10% clearance) 

Punch radius (mm) 3.0, 5.5 

Punch stroke (mm) 35 

Press rate (spm, strokes per minute) 15 

 

2.5. Wear measurement methods 

2.5.1. Punch surface profile 

Wear is defined as the gradual deterioration and removal of material caused 

by the relative motion of adjacent working parts [44]. Tool material removal 

during the stamping process alters the profile of the tool surface. As a result, 

the punch surface wear depth was quantitatively analyzed to ascertain 

evolutionary wear behavior. To confirm the punch's initial condition, the 

surface profile was measured prior to the wear test. The evolutionary wear 
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characteristics of the punches were determined by measuring the wear 

characteristics at regular stamping hit intervals. The wear depth of the punch's 

surface were examined every 5,000 to 10,000 strokes. Wear tests were 

conducted on the stamped product surface until severe wear tracks were 

discovered. 

The profile of the punch surface was determined using a Leitz Infinity 

12.10.6 coordinate measuring machine manufactured by Hexagon AB. It is a 

contact-type 3-dimensional (3D) coordinate measuring machine with a 

precision of 0.3 + L/1000 μm (L in mm). To compare the surface profiles in 

the same region before and after the wear test, it is necessary to understand 

the reference coordinates of the punch surface. Because the wear in this punch 

was designed to occur in the curvature center, the reference coordinates were 

determined from the regions with less possibility for tool wear, which are 

back, side, and bottom of the punch without contact with the blank. The 

reference coordinates were measured in the same regions of the punch. By 

recognizing the reference coordinates, we were able to generate the origin 

coordinates, which do not change during the wear test. The punch surface 

profile was determined using these origin coordinates by measuring the 

region where intense wear was expected to occur owing to the contact with 

the sheet metal during the stamping process, as indicated in Figure 2-6. By 
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measuring the punch surface, point data along the measurement line were 

identified. To achieve surface profile connectivity, the spline option in 

AUTOCAD2020 was used to connect the points, as shown in Figure 2-6. The 

wear depth on the punch surface was determined by measuring the distance 

between the as-produced and post-wear surface profiles along the measuring 

direction from 55° to 90° on the punch radius. 

Fig. 2-6. Schematics of measurement method for finding wear depth in 

terms of the difference in surface profile before and after the wear test. 

 

2.5.2. Punch roughness 

Confocal laser scanning microscopy (CLSM; LEXT OLS3100 

manufactured by OLYMPUS) was used to determine the roughness of the 

punch surface. CLSM is a laser-based optical imaging technique. Successive 
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2D image slices at various depths were captured and merged to reconstruct 

3D structures. This property enables 3D imaging and surface profiling of the 

samples using the CLSM. To ensure an accurate roughness measurement, a 

50x objective lens was used for the assessments. The cut-off wavelength was 

set to 1/3 to eliminate the wave component. The measurement area on the 

punch radius ranged from 76° to 90°, referring to the area of wear. As shown 

in Fig. 2-7(a), a punch insert holder device was used to incline the 

measurement area by 5 degrees to make the measurement area horizontal, 

which is to improve the accuracy roughness measurement. The individual 

images were stitched together to create a full view from 76° to 90° on the 

punch radius. Fig. 2-7(b) shows the desired area to measure the roughness 

corresponding to each angle on punch surface. The same areas of the punch 

radius were examined before and after the wear tests to compare the surface 

conditions. The arithmetical mean height of a surface (Sa) was used to 

determine the roughness of the surface. Sa is the average of the absolute 

values of the measured point heights within the desired area, as follows: 

𝑆𝑎 =
1

𝐴
∬|𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

 

𝐴

 (3.1) 

Here, A is the defined area and x and y indicate the coordinates. Z is the 

height of the measured points within the defined area. Due to the difficulty of 
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inspecting the surface condition of the punch on a frequent basis, the imaging 

and roughness of the punch's surface were examined every 5,000 to 10,000 

strokes. 

(a) 

(b) 

Fig. 2-7. Measuring methods for the punch roughness. (a) a punch insert 

holder device to incline the measurement area by 5 degrees, (b) desired area 

to measure the roughness corresponding to each angle on punch radius 
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2.5.3. Product roughness 

CLSM was also used to determine the roughness of the product surface. 

The surface roughness was measured to up to 30 mm at 5 mm intervals from 

the line below the formed products, as shown in Fig. 2-8. For the accurate 

surface roughness measurement, a lens with 50x magnification and cut-off 

wavelength 1/3 were used. The Sa (Eq. 3.1) was used to determine the 

roughness of the surface. The roughness of the formed product was measured 

every 500 strokes. 

Fig. 2-7. Measuring methods for the formed product roughness. 
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3. Wear test results 

Wear tests were conducted until severe scratches were discovered on the 

stamped product surface. Fig. 3-1 illustrates the surface conditions of punches 

and stamped products following wear tests. Punch 1, Punch 2, Punch 3, and 

Punch 4 were each performed with a maximum of 16,500, 18,000, 25,500, 

and 59,000 stamping hits, respectively. Prior to the formation of severe 

scratches on the surface of the product, a scar was observed during the 

stamping process, but the surface was not rough and demonstrated good 

quality. After the wear test, the surface of punches and stamped products 

developed severe wear and rough scratches. Fig. 3-1(a) illustrates the surface 

conditions of the punch and stamped product following the wear test of Punch 

1 (R3.0, STD-11, CrN coating). After 16,000 hits, a scar is found in the 

regions of the stamped product surface in contact with the punch, but the 

surface is still even and of good quality. However, after 16,500 hits, the punch 

surface became severely worn, resulting in rough scratches on the stamped 

product surface. Fig. 3-1(b) shows the wear test results of Punch 2 (R5.5, 

STD-11, CrN coating). Due to the 5.5 mm punch radius, a relatively wide scar 

appears on the stamped product surface. After 17,500 punches, the stamped 

product regions in contact with the punch are even and clear. However, after 



35 

 

18,000 hits, severe defects are discovered on the surfaces of punch and 

stamped products. Comparing Punch 1 and Punch 2, which are made of STD-

11 tool steel and coated with CrN, Punch 2 with a curvature radius of 5.5 mm 

outperforms Punch 1 with a radius of 3.0 mm in terms of wear resistance, as 

the smaller curvature radius experiences more contact pressure. As illustrated 

in Fig. 3-1(c), a scar is visible in the regions of the stamped product surface 

in contact with of Punch 3 (R3.0, K340, CrN coating) after 25,000 hits. 

However, severe defects on the surface of a stamped product and punch occur 

after 25,500 hits. The tool material also play a significant role in the wear 

resistance. When comparing the wear resistance of Punch 1 and Punch 3, both 

of which are coated with the same CrN and manufactured in the same shape 

of R3.0, Punch 3 made of K340 tool steel outperforms Punch 1 made of STD-

11 tool steel, because the hardness of K340 (831.3 ± 14.4 HV0.1) is greater than 

that of STD-11 (788.5 ± 12.2 HV0.1). Fig. 3-1(d) illustrates the surface 

conditions of the punch and stamped product following the wear test of Punch 

4 (R3.0, K340, AlTiCrN coating). After 58,500 hits, the stamped product's 

regions in contact with Punch 4 exhibit excellent surface quality. However, 

after 59,000 hits, severe defects were discovered on the surface of the punch 

and stamped product. Surface coatings are critical for increasing the wear 

resistance of stamping tools. When Punch 1 and Punch 4 have the same 
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curvature radius of 3.0 mm and are made of the same STD-11 tool steel, 

Punch 4 coated with AlTiCrN showed superior wear resistance than Punch 1 

coated with CrN, because AlTiCrN has a hardness of 3,818.3 ± 36.5 HV0.08, 

which is greater than the hardness of CrN, 2,105.9 ± 15.5 HV0.08. Punches with 

small curvature radius wear rapidly, while tools and coatings with a high 

hardness have high resistance against wearing. Thus, the proposed testing 

method can be used to obtain reliable results for quantitatively and 

qualitatively evaluating the wear lifetime of various tooling and process 

parameters. 
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(a) (b) 

          (c)                         (d) 

Fig. 3-1. Surface conditions of the punches and stamped products after 

wear tests. (a) Punch 1 (R3.0, STD-11, CrN coating), (b) Punch 2 (R5.5, 

STD-11, CrN coating), (c) Punch 3 (R3.0, K340, CrN coating), (d) Punch 4 

(R3.0, STD-11, AlTiCrN coating) 

3.1. Wear depth 

Fig. 3-2 illustrates the wear depth results for each punch. For all punches, 

the wear depths were very small and close to 0, and the deviations were within 

the measurement error before severe scratches occur on the stamped products. 

However, the wear depth of the punches increases significantly when severe 
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scratches occur on the stamped products. Punch 1 wore from 81° to 90° on 

the punch radius after 16,500 stamping hits, as illustrated in Fig. 3-2(a). Punch 

1 has a maximum wear depth of 8.6 μm at an angle of 88° on the punch radius, 

which is less than the CrN coating thickness of 13.4 ± 0.4 μm. After 18,000 

stamping hits on Punch 2, wear occurred in a relatively wide range of about 

80° to 90° on the punch radius, as illustrated in Fig. 3-2(b). Punch 2 has a 

maximum wear depth of 15.7 μm at an angle of 87° on the punch radius. 

Because the CrN coating thickness is 13.4 ± 0.4 μm, it is confirmed that the 

CrN coating is completely peeled off. After 25,500 hits on Punch 3, wear 

occurred between 84° and 90° on the punch radius, as illustrated in Fig. 3-

2(c). Punch 3 has a shallow wear depth, with a maximum wear depth of 8.7 

μm at an angle of 85° on the punch radius, which is less than the CrN coating 

thickness of 13.4 ± 0.4 μm. After 59,000 stamping hits on Punch 4, wear 

occurred between 84° and 90° on the punch radius, as illustrated in Fig. 3-

2(d). Punch 4 has a maximum wear depth of 17.4 μm at an angle of 87° on 

the punch radius. Because the AlTiCrN coating thickness is 14.8 ± 0.9 μm, the 

AlTiCrN coating is completely peeled off. The wear area of all punches were 

confirmed to be in contact with the sheet metal from approximately 80° to 90° 

on the punch radius. All tests are successful in determining the wear 

characteristics and behavior of all punches, and we found that the wear occurs 
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between approximately 80° and 90° on the punch radius and wear depth 

increases rapidly following the failure. 

(a) 

(b) 
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(c) 

(d) 

Fig. 3-2. Wear depth for each punch. (a) Punch 1 (R3.0, STD-11, CrN 

coating), (b) Punch 2 (R5.5, STD-11, CrN coating), (c) Punch 3 (R3.0, 

K340, CrN coating), (d) Punch 4 (R3.0, STD-11, AlTiCrN coating) 
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3.2. Punch roughness 

The surface imaging and roughness for all punches in relation to stamping 

hits were inspected to determine the surface condition of the punch until it 

failed. Due to the difficulty of inspecting the surface condition of the punch 

on a frequent basis, the imaging and roughness of the punch's surface were 

examined every 5,000, 10,000, and 20,000 strokes. 

Fig. 3-3 shows the surface imaging and measured roughness of Punch 1 in 

relation to stamping hits. The imaging and roughness of the punch’s surface 

were examined prior to the wear test (as-produced), and at 5,000, and 10,000 

hits, as well as after failure (16,500 hits). The image of the punch surface are 

illustrated in Fig. 3-3(a) to compare the surface conditions before and after 

the wear tests. Fig. 3-3(b) shows the results of the measured punch roughness 

before and after the wear test. Before the wear test, the roughness of as-

produced did not exceed 0.3 μm, and the average roughness was about 0.2 

μm. After the wear test of 5,000 and 10,000 hits, the micro-scratches were 

found in the sliding direction in the surface image, and a dark scar was visible 

on the punch radius between 83° and 85°. Moreover, the measured roughness 

was approximately 0.1 μm higher than that of as-produced over the entire 

measurement area, and the roughness measured on the punch radius between 
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83° and 85° was approximately 0.5 μm. However, after the wear test of 16,500 

hits, the surface roughness over the entire area on the punch radius increased 

sharply, and it had a maximum value of 1.812 μm at 86°. 

(a) 
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(b) 

Fig. 3-3. The surface condition of Punch 1 (R3.0, STD-11, CrN coating) 

before and after the wear test. (a) surface imaging, (b) surface roughness 

As illustrated in Fig. 3-4, the surface imaging and roughness of Punch 2 in 

relation to stamping hits were inspected to determine the surface condition of 

the punch until it failed. The roughness of as-produced did not exceed 0.3 μm, 

and the average roughness was about 0.23 μm. After the wear test of 5,000 

and 10,000 hits, the roughness measured showed no significant difference 

from that of as-produced, but the micro-scratches were found over the entire 

measurement area in the sliding direction. However, after the wear test of 

18,000 hits, the surface roughness over the entire measurement area increased 

noticeably, and it had a maximum value of 1.668 μm at 82°. 
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(a) 

(b) 

Fig. 3-4. The surface condition of Punch 2 (R5.5, STD-11, CrN coating) 

before and after the wear test. (a) surface imaging, (b) surface roughness 
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Fig. 3-5 shows the surface imaging and measured roughness of Punch 3 in 

relation to stamping hits. The imaging and roughness of the punch’s surface 

were examined for as-produced, and at 5,000, 10,000, and 20,000 hits as well 

as after failure (25,500 hits). Fig. 3-5(a) illustrates the image of the punch 

surface. The results of the measured punch roughness are shown in Fig. 3-

5(b). The as-produced exhibit excellent surface quality with no defects. The 

surface roughness of as-produced were less than 0.40 μm, with an average 

roughness of approximately 0.25 μm. Although the micro-scratches were 

found on the punch radius after the wear test of 5,000, 10,000, and 20,000 

hits, the roughness measured was comparable to that of As-produced. 

However, after the wear test of 25,500 hits, the severe wear was found from 

84° to 90° on the punch radius, and the surface roughness measured had 

values of approximately 0.5 μm to 1.0 μm. 
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(a) 

(b) 

Fig. 3-5. The surface condition of Punch 3 (R3.0, K340, CrN coating) 

before and after the wear test. (a) surface imaging, (b) surface roughness 
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As illustrated in Fig. 3-6, the surface imaging and roughness of Punch 4 in 

relation to stamping hits were inspected to determine the surface condition of 

the punch until it failed. Due to the difficulty of inspecting the surface 

condition of the punch on a frequent basis, the imaging and roughness of the 

punch's surface were examined prior to the wear test (as-produced), and at 

5,000, 10,000, 20,000, 30,000, and 50,000 hits, as well as after failure (59,000 

hits). The image of the punch surface and the desired area where the 

roughness corresponding to each angle was measured are shown in Fig. 3-

6(a). The results of the measured punch roughness before and after the wear 

test are shown in Fig. 3-6(b). The as-produced exhibit excellent surface 

quality with no defects or scratches. The surface roughness of as-produced 

were less than 0.30 μm, with an average roughness of approximately 0.23 μm. 

Moreover, a dark scar is visible on the punch radius between 87° and 89°. 

Because severe scratches on the stamped product surface occurred after 

59,000 hits and the wear depth of the punch surface measured up to 50,000 

hits is close to 0 (see Fig. 3-2(d)], the dark scar extending from 87° to 89° on 

the punch radius is surface contamination or micro surface defects. After 

10,000 hits, there were no scratches on the punch surface, and the measured 

surface roughness is comparable to that of as-produced. After 20,000 hits, 

micro-scratches appear in all measurement areas along the stroke direction. 
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Micro-scratches, on the other hand, had no effect on the increase in roughness. 

Punch surface images taken after 30,000 and 50,000 hits show an increase in 

scratches in the sliding direction, resulting in an increase in surface roughness 

of approximately 0.15 μm from 82° to 87° on the punch radius. After 59,000 

hits, a severe wear track was discovered on the punch radius between 78° and 

90°, which is consistent with the wear depth results for Punch 4 (see Fig. 3-

2(d)). However, the worn area has a surface roughness of approximately 1.0 

μm, which is significantly greater than the unworn area itself. As previously 

stated, wear occurs between approximately 80° and 90° on the punch radius 

for all punches. Thus, a slight increase in roughness prior to failure is assumed 

to result in severe wear, and the area of these scratches is considered an 

initiation site for severe wear. 
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(a) 

(b) 

Fig. 3-6. The surface condition of Punch 4 (R3.0, K340, AlTiCrN coating) 

before and after the wear test. (a) surface imaging, (b) surface roughness 
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3.3. Product roughness 

Fig. 3-7 shows the product roughness at each measuring area. The 

roughness of the products formed before the failure was approximately 

constant at each measuring area, which is similar to 0.582±0.018 μm 

(roughness of As-received). During the stamping process, the specimen 

comes into contact with the punch and then 5 mm measurement area of the 

specimen is bent first. As the punch stroke progresses, the punch slides in the 

direction of 30 mm measurement area of the specimen. Therefore, relatively 

high roughness was measured at 5 mm measurement area from the line below 

the formed products, and the roughness measured gradually decreased toward 

30 mm measurement area. For the roughness of the product formed with 

Punch 1 (see Fig. 3-7(a)), the roughness measured had relatively high values 

of approximately 1.0 μm after the wear test of 16,500 hits, which is found at 

20 mm to 30 mm measurement area. Fig. 3-7(b) shows the roughness of the 

product formed with Punch 2. Very high values of the roughness were 

measured at 10 mm to 30 mm measurement area after 18,000 hits, and a 

maximum roughness of 2.43 μm was measured at 30 mm measurement area. 

Fig. 3-7(c) shows the roughness of the product formed with Punch 3. 

Relatively high values of roughness above 1.0 μm were measured at 25 mm, 

30 mm after the wear test of 25,500 hits. For the roughness of the product 
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formed with Punch 4 (see Fig. 3-7(d)), the roughness measured had relatively 

very high values after the wear test of 59,000 hits, which is found at 25 mm, 

and 30 mm measurement area. During the stamping process, the specimen 

first comes into contact with the punch radius of 55°. As the punch stroke 

progresses, the contact between the specimen and tool proceeds to tool radius 

of 90°. Therefore, the worn area of the punch, punch radius from 80° to 90°, 

comes into contact with 25 and 30 mm from the product bottom line. 

(a) 
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(b) 

(c) 
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(d) 

Fig. 3-7. The product roughness measured. (a) the roughness of the product 

formed with Punch 1, (b) the roughness of the product formed with Punch 2, 

(c) the roughness of the product formed with Punch 3, (d) the roughness of 

the product formed with Punch 4 
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3.4. Discussion 

The purpose of this study is to detail a novel method for testing and 

evaluating the wearing of tools used in the sheet metal forming process. The 

disadvantage of conventional wear testing apparatus is that it requires placing 

the sheet metal on the stamping tool and removing it after the stamping 

process, which is inefficient and time-consuming when performing wear tests 

with several stamping hits. To address these shortcomings, a systematic wear 

test process based on the progressive die is proposed, which is capable of 

evaluating the wear characteristics of four different types of punches 

simultaneously. Additionally, because a rolled steel coil was used directly for 

the continuous wear test, this method conserves raw materials and eliminates 

the need for specimen production. If 10,000 stamping hits are made at a press 

rate of 15 spm, it will take approximately 11 h to conduct the wear test on 

four different types of punches concurrently. Thus, the proposed test method 

can help save time and cost as well as reduce the labor when evaluating the 

wear lifetime of various tool conditions. Moreover, the punch was made in 

the form of an insert. As a result, wear tests can be conducted on punches 

manufactured under a variety of manufacturing conditions, including tool 

materials, punch shapes, and coating conditions. Additionally, it is designed 

to replace and examine worn-out punches conveniently and efficiently. 
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When defects on the punch surface are compared to the condition of a newly 

manufactured tool, the condition of the punch surface deteriorates. As a result, 

the surface roughness and surface imaging of the punch radius of Punch 4 

were examined in order to confirm the wear track and characterize the wear 

characteristics and mechanism of wear. As illustrated in Fig. 3-6(a), no 

adhered or transferred wear fragments were discovered on the punch surface 

prior to the initiation of severe wear. Additionally, Grooves and ridges parallel 

to the blank sliding direction were found over entire contact regions on the 

punch radius and surface roughness increased from 82° to 87° on the punch 

radius prior to the initiation of severe wear. The micro-scratches generated on 

the punch surface did not lead to a noticeable change in the surface profile. 

Therefore, it was confirmed that the micro-scratches prior to failure occurs 

due to plowing mechanism because the material was not removed from the 

punch surface and only the micro-scratches are formed during the stamping 

process [45]. During the continuous stamping of uncoated steel sheets, a 

repeated tangential load is generated on the friction interface. A noticeable 

change in the surface profile is not detected prior to failure, but the coating 

layers of the punches were peeled off following the initiation of severe wear, 

as illustrated in Fig. 3-6(a). Therefore, fretting wear is considered the wear 

mechanism of coated tools in stamping of uncoated steel sheets. The fretting 
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wear is one of the types of fatigue wear, and is caused by a tangential cycling 

load between two surfaces during friction. The tangential cycling load 

generates alternating compression-tension stresses, resulting in surface 

fatigue [46]. Voevodin et al. [47] confirmed that cracks were caused by 

tangential cycling load during repetitive fretting contact, as shown in Fig. 3-

8. Fig. 3-9 shows the evolution of the fretting wear on MoS2 coating [48]. At 

105 cycles, some micro-cracks were initiated and propagated due to repeated 

cyclic tangential load. More micro-cracks were observed at 1.4𝗑105 cycles, 

and finally the MoS2 coating was delaminated. Fig. 3-10 shows the fretting 

surfaces of the fretting wear scar on CrN coating [49]. Fig. 3-10(b) shows the 

cracks observed at the edge of the fretting wear scar on the CrN coating, 

which is caused by repeated cyclic tangential load. These cracks join together 

to form large fretting wear scar, as shown in Fig. 3-10(c‒d). To characterize 

the wear characteristics and mechanism during the stamping of a 1.2-mm-

thick uncoated TRIP1180 steel sheet, wear scar on the CrN coating surface of 

Punch 1 was observed using the CLSM with a 100x objective lens, as shown 

in Fig. 3-11. In Fig. 3-11(a), the cracks were observed at the edge of the wear 

scar. Fig. 3-11(b) shows the surface condition in which the CrN coating is 

peeled off due to the coalescence of the cracks. Therefore, fretting wear is 

critical to the wear mechanism of coated tools in stamping of uncoated steel 
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sheets. Measuring the surface roughness, imaging the surface, and examining 

the wear depth enables effective analysis of the tool wear characteristics and 

mechanism during the stamping process. 

Fig. 3-8. Cross-sectional images of the fretting wear scar on duplex 

chameleon/PEO coating [47]. 

Fig. 3-9. The evolution of the fretting wear on MoS2 coating [48]. 
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Fig. 3-10. The fretting surfaces of the fretting wear scar on CrN coating 

[49]. 

  



59 

 

(a) 

(b) 

Fig. 3-11. The wear scar on the CrN coating surface of Punch 1, observed 

using the CLSM with a 100x objective lens. (a) the cracks at the edge of the 

wear scar, (b) delamination of CrN coating due to the coalescence of the 

cracks 

Prior to the discovery of severe scratches on the stamped product surface 

(see Fig. 3-1(d)), no severe defects were discovered on the punch surface (see 

Fig. 3-5(a)), and the wear depth and roughness of the punch were comparable 
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to those of the as-produced punch (see Fig. 3-2(d), and Fig. 3-5(b)), as well 

as the roughness of the formed product was similar to that of the as-received 

(see Fig. 3-7(d)). However, when severe scratches develop on the stamped 

product surface after 59,000 stamping hits (see Fig. 3-1(d)), wear begins to 

appear on the punch surface (see Fig. 3-2(d), and Fig. 3-5). This indicates that 

the surface condition of the punch has a direct effect on the surface quality of 

the product. 

As illustrated in Fig. 3-12, the surface condition and roughness of stamped 

products were determined prior to and after failure using the CLSM. For 

accurate roughness measurement, a 50x objective lens with a cut-off 

wavelength of 1/3 was used. Prior to the failure, micro scratches in the 

stamping direction were discovered on all stamped product surfaces, but no 

critical defects were discovered. The stamping direction is the direction in 

which the punch contacts and slides across the sheet metal. Roughness was 

approximately 0.45–0.60 μm. However, the surfaces of all stamped products 

were extremely rough following failure. As illustrated in Fig. 3-12(a) and (c), 

severe scratches in the stamping direction were discovered on the product 

surfaces stamping following failure for Punch 1 and 3, with roughness values 

of 0.805 and 1.210 μm, respectively. In comparison, as illustrated in Fig. 3-

12(b) and (d), the product surface obtained by stamping after failure for Punch 
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2 and 4 is extremely rough, with no scratches in the stamping direction. The 

measured roughness of the product is 2.430 and 1.983 μm, respectively, 

which is significantly greater than the roughness of the product surface 

stamped with Punch 1 and 3. To confirm the differences in product surface 

conditions, the CLSM was used to observe the punch surfaces. To capture the 

magnified images and evaluate the close surface condition, an objective lens 

with a magnification of 100x was used. As illustrated in Fig. 3-13, the 3D 

structures of worn punches were observed to confirm the profile and 

condition of the surface. The worn area of Punch 1 and 3 is relatively smooth, 

and the depth of wear appears to be less than about 10 μm, as illustrated in 

Fig. 3-13(a) and (c). Additionally, as illustrated in Fig. 3-2(a) and (c), the 

wear depth is less than the coating thickness and not all coating layers come 

off. Because the hardness of the CrN coating (2,105.9 ± 15.5 HV0.08) is 

significantly greater than that of the TRIP1180 steel sheet (373.2 ± 7.1 HV0.1), 

the worn coating layer surface plows the product, resulting in severe scratches 

in the stamping direction. Otherwise, as illustrated in Fig. 3-13(b) and (d), the 

worn areas of Punch 2 and 4 are extremely rough. As illustrated in Fig. 3-2(b) 

and (d), the wear depth of punches 2 and 4 is greater than the coating thickness, 

indicating that all coating layers have been peeled away. Because the STD-

11 tool material, which has a lower hardness than a coating, comes into 
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contact with the sheet metal, the surface of the stamped product is extremely 

rough. 

(a) 

(b) 
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 (c) 

(d) 

Fig. 3-12. Surface conditions and roughness of the products before and 

after failure. (a) Punch 1 (R3.0, STD-11, CrN coating), (b) Punch 2 (R5.5, 

STD-11, CrN coating), (c) Punch 3 (R3.0, K340, CrN coating), (d) Punch 4 

(R3.0, STD-11, AlTiCrN coating) 
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(a) 

(b) 

  



65 

 

(c) 

(d) 

Fig. 3-13. 3-D structures of the punch worn area. (a) Punch 1 (R3.0, STD-

11, CrN coating), (b) Punch 2 (R5.5, STD-11, CrN coating), (c) Punch 3 

(R3.0, K340, CrN coating), (d) Punch 4 (R3.0, STD-11, AlTiCrN coating) 
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All punches were examined for evolutionary wear behavior in relation to 

stamping hits, as illustrated in Fig. 3-14. In Fig. 3-14, the red and blue marks 

indicate the wear depth and surface roughness, respectively. The blue 

rhombus marks indicate the punch roughness, and the blue circle mark 

indicate the product roughness. Prior to the occurrence of severe defects, the 

wear depths of all punches were close to 0, the roughness of punches were 

approximately 0.25 μm, and the roughness of products were approximately 

0.55 μm. However, it is observed that for all punches, the wear depth and 

roughness of the punches and products measured after failure are significantly 

higher than that measured before failure. It is established that the wear depth 

behavior in relation to the stamping hits is consistent with the surface 

roughness of the punches and products and that the measured wear depth 

accurately represents the wear state. Therefore, the proposed testing method 

is effective for conducting wear tests on tools manufactured under different 

conditions and quantitatively evaluating tool wear behavior during the sheet 

metal forming process. Additionally, using the experimental results obtained 

from the proposed testing method, it is possible to construct an empirical, 

reliable wear prediction model. 
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(a) 

(b) 
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(c) 

(d) 

Fig. 3-14. Evolutionary wear behavior for all punches with respect to 

stamping hits. (a) Punch 1 (R3.0, STD-11, CrN coating), (b) Punch 2 (R5.5, 

STD-11, CrN coating), (c) Punch 3 (R3.0, K340, CrN coating), (d) Punch 4 

(R3.0, STD-11, AlTiCrN coating) 
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The results of the wear tests verified that selection of the tool materials and 

coatings during the tool design is critical to improve the tool wear lifetime. 

To quantify the effect of various combinations of tool materials (STD-11 and 

K340) and coatings (CrN and AlTiCrN) on wear resistance, the correlation 

between Vickers hardness and wear resistance for Punch 1, 3, and 4 were 

analyzed, as illustrated in Fig. 3-15. The normal load for indentation is 0.2 

kgf, which is sufficient to confirm the influence of the tool material. Punches 

1, 3, and 4 have a Vickers hardness of 1,545.3, 1,609.2, and 2,647.4 HV0.2, 

respectively, when loaded normally with 0.2 kgf. Because the Vickers 

hardness of K340 is greater than that of STD-11, the Vickers hardness of 

Punch 3 (1,609.2 HV0.2) is greater than that of Punch 1 (1,545.3 HV0.2). 

Because AlTiCrN coating has a higher Vickers hardness than CrN coating, 

Punch 4 has a higher Vickers hardness (2,647.4 HV0.2) than Punch 1. (1,545.3 

HV0.2). The higher the Vickers hardness of the punch, the more the materials’ 

wearing resistance. At 16,500 hits, Punch 1 (STD-11, CrN) failed. By 

switching from STD-11 to K340 tool material, the number of failed stamping 

hits increased by 54.5% (Punch 3). Additionally, by switching from CrN to 

AlTiCrN coatings, the number of failed stamping hits increased by 257.6% 

(Punch 4). The coating has a greater effect on improving the Vickers hardness 

of the punch than the tool material. Thus, hard coatings are more effective at 
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increasing wear resistance than hard tool material. Additionally, it is highly 

effective in establishing a design guideline for the tool wear lifetime by 

examining the tool's hardness characteristics for various tool materials and 

coatings. 

Fig. 3-15. Correlation between Vickers hardness at a normal load of 0.2 

kgf and wear resistances. 
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4. Application to stamping analysis considering tool 

wear 

4.1. Forming simulation 

An FE simulation was conducted to predict the contact conditions on the 

punch surface during the stamping process, which was performed using LS-

Dyna R11.0 explicit code. To reduce the computational time, the simulation 

was simplified to a half model using symmetric boundary conditions. Ersoy-

Nürnberg et al. [42] reported that the elastic deformation of a tool is not 

significantly correlated to the contact pressure distribution on the tool surface. 

On the other hand, Pereira et al. [36] confirmed that the analytical rigid tool 

model (E=∞) and the elastic tool model (E=205 GPa) were compared to 

confirm the effect of the elasticity of the tool material on the contact pressure. 

The maximum contact pressure of the analytical rigid tool solution was 

predicted to be 30% higher than that of the elastic tool solution. According to 

the literature [50‒51], the elastic modulus of the CrN and AlTiCrN coatings 

are 400.0 and 469.5 GPa, respectively, so the difference in maximum contact 

pressure between the tool model to which the elastic modulus of the coating 

is applied and the analytical rigid tool model is expected to be less than 30%. 

Moreover, For wear simulation of complex and large parts such as automobile 
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components, the tools modelled with deformable solid elements require 

significant computational time, so rigid-body modelling of the tools is usually 

assumed in order to simplify the simulation model. In this sense, the tools 

(punch, pad, and die) were modelled with rigid bodies. They also 

demonstrated that when a blank was modelled with shell and solid elements, 

the wear simulation results for both element types were in excellent 

agreement with the experimental results. Thus, the blank was discretized by 

deformable shell elements, which also helps to reduce the computational time.  

The contact characteristics on the tool surface are sensitive to the mesh 

quality. Thus, sensitivity of the contact interface mesh size to the contact 

pressure was confirmed for the punch geometry with a radius of 3.0 mm. The 

mesh size at the punch contact interface was evaluated for 0.2, 0.4, and 0.8 

mm. To reduce computational time, the mesh refinement method was applied 

to the simulation model. The initial blank mesh size was 5.0 mm. By setting 

the mesh refinement method to 6, 5, and 4 levels, the final blank mesh size 

was 0.156, 0.313, and 0.625 mm for each punch mesh size case, respectively. 

Pad and die contact pressure prediction does not require accuracy, thus it was 

modelled with a relatively coarse size of 0.5 mm. FE modeling for the 

simulation is shown in Fig. 4-1 with the FE model details summarized in 

Table 4-1.  
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Fig. 4-1. FE modeling to evaluate mesh size sensitivity at the stamping 

process contact interface. 
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Table 4-1. FE modeling details and computational time for each element 

size case. 

 Element size (mm) Element type 

Punch 0.2 0.4 0.8 Rigid body 

Blank 
0.156 

(lv. 6) 

0.313 

(lv. 5) 

0.625 

(lv. 4) 
Deformable shell 

Pad 
0.5 Rigid body 

Die 

Computational time 8 h 2 h 20 min  

 

The number of integration points in the thickness direction of the blank was 

set to 5. Pereira et al. [36] confirmed that a Coulomb friction coefficient of 

0.15 was appropriate to predict an accurate contact pressure distribution by 

comparing the experiments and numerical simulations of the channel forming 

process. In this study, a Coulomb friction coefficient of 0.15 was applied at 

the contact interface between the punch and blank because it is difficult to 

calculate appropriate friction coefficient by measuring the punch reaction 

force of the stamping process among the various metalworking operations of 

the employed progressive die tool. Amounts of the contact pressure generated 

on the contact interface are affected by the strength of the steel sheet. 

TRIP1180 with a thickness of 1.2 mm was used as the blank material. As 
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shown in Table 2-1, the 1.2-mm-thick TRIP1180 steel sheet shows the 

anisotropic characteristics. Therefore, Hill’s 1948 yield criteria [52] were 

employed to consider the anisotropic plastic deformation behavior and to 

predict the accurate contact pressure. The anisotropic parameters of the Hill’s 

1948 yield criteria used in the simulation are summarized in Table 4-2. The 

padding force was 12.0 kN, which is sufficient to hold the sheet metal during 

the stamping process. The punch stroke was 35.0 mm. 

Table 4-2. The anisotropic parameters of the Hill’s 1948 yield criteria used 

in the simulation 

Anisotropic parameters 

F G H N 

5.629⨉10−7 6.612⨉10−7 4.881⨉10−7 1.810⨉10−6 

 

Fig. 4-2 compares the contact pressure history at a node on the punch radius 

where the highest contact pressure occurs to evaluate contact characteristics 

according to mesh sizes and predicted contact pressures for all mesh size 

cases are of similar magnitude. The simulation was performed on a computer 

with an Intel Core i7-6700 CPU and 8 GB RAM. Computational time was 

approximately 8 h, 2 h, and 20 min, respectively, as summarized in Table 4-

1. Thus, the mesh size of 0.8 mm at the punch contact interface can effectively 



76 

 

reduce computational time. However, as shown in Fig. 4-1, if the mesh size 

at the contact interface is coarse, the number of elements between 55 and 90° 

on the punch radius is insufficient such that it is difficult to accurately analyze 

contact characteristics over the punch radius. Therefore, in the simulation 

cases for this study, a 0.2 mm mesh size was applied at the punch contact 

interface, and 0.156 mm was used for the final blank mesh size by applying 

six levels of the mesh refinement method, which is sufficiently refined for 

accurate prediction of the contact conditions on the punch surface. 

Fig. 4-2. Contact pressure history comparison at a node on the punch 

radius where the highest contact pressure occurs to evaluate contact 

characteristics according to element sizes. 

In sheet metal forming, the contact pressure and sliding distance are the most 

significant factors influencing tool wear [36, 43, 53–55]. Thus, these two 
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factors on the punch radius were investigated. To understand the time-

dependent evolution of contact pressure along the punch radius during the 

stamping process, Fig. 4-3 shows contour plots of the contact pressure over 

the punch radius during stamping. The ordinate represents the punch stroke 

level during stamping, while the abscissa represents the angle on the punch 

radius. As shown in Fig. 4-3, the contact pressure levels over the radius of the 

R3.0 punch are higher than that over the radius of the R5.5 punch. Fig. 4-4(a) 

plots the maximum contact pressure with respect to the punch stroke level for 

each punch shape. A highly localized contact pressure was distributed on both 

punch shapes between approximately 10.0 mm and 13.0 mm of the punch 

stroke. In this punch stroke range, the maximum contact pressures acting on 

the R3.0 and R5.5 punches are 1.707 GPa and 1.372 GPa, respectively. These 

maximum contact pressures move along the punch radius transiently from 

55.0° to approximately 83.0° for both the R3.0 and R5.5 punches, as shown 

in Fig. 4-4(b), which plots the angular location of the maximum contact 

pressure as the punch stroke progresses. A relatively high contact pressure is 

experienced over most of the angular range of the punch radius during the 

short punch strokes. Pereira [36] defined the initial region of the stamping 

process as a transient region where the angular location and magnitude of the 

contact pressure on the punch radius change significantly; this region is 
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between approximately 10.0 and 13.0 mm of the punch stroke in the present 

study. In this transient region, a blank is formed and wrapped over the punch 

radius such that a transient change in the contact pressure response occurs 

with the changes in the contact conditions of the punch radius. As shown in 

Fig. 4-3, a steady and relatively lower contact pressure than that of the 

transient region is distributed over the punch radius for both the R3.0 and 

R5.5 punches between approximately 13.0 mm and 35.0 mm of the punch 

stroke. Pereira [36] referred to the region with such a steady contact pressure 

response as the steady-state region. Fig. 4-4(a) illustrates the magnitude of 

the maximum contact pressure in this punch stroke range in more detail. A 

relatively steady contact pressure was observed for both punches. In addition, 

the contact pressure of the R3.0 punch was approximately 0.15 GPa higher 

than that of the R5.5 punch. In the steady-state region, the relatively high 

contact pressure for each punch stroke is concentrated on approximately 67.3° 

and 72.9° on the punch radius for the R3.0 and R5.5 punches, respectively, as 

shown in Fig. 4-4(b). Although the geometrical wrapping angle of the blank 

is 90° for both punches, the contact angle on the punch radius of the R5.5 

punch is larger. The difference in contact angle on the punch radius can be 

inferred from the geometrical difference between the R3.0 and R5.5 punches. 

Bang et al. [24] revealed that the wear of a coated tool is caused by the 
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interaction between the contact pressure and the sliding distance in the 

stamping process. Therefore, the transient region, where the highly localized 

contact pressure and short sliding distance occur, is not considered to have a 

critical effect on the wear response. Therefore, tool wear is expected to occur 

in the steady-state region. Fig. 4-4(c) shows the contact conditions at 

approximately 67.3° and 72.9° on the punch radius for the R3.0 and R5.5 

punches, respectively, where the highest contact pressure and longest sliding 

distance in the steady-state region occur. Because the curvature of the R3.0 

punch is sharper than that of R5.5 punch, the R3.0 punch has a higher contact 

pressure. 
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Fig. 4-3. Time-dependent evolution of contact pressure on the punch radius 

during the stamping process. 
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(a) 

(b) 
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(c) 

Fig. 4-4. Contact conditions on the punch radius for the R3.0 and R5.5 

punches. (a) maximum contact pressure with respect to the progression of 

the punch stroke, (b) location of the maximum contact pressure with respect 

to the progression of the punch stroke, (c) contact conditions at 

approximately 67.3° and 72.9° on the punch radius for the R3.0 and R5.5 

punches, respectively 

 

4.2. Tool wear prediction model 

Archard’s wear model [48] is the most widely used model to predict the 

tool wear in sheet metal forming, and it is also built into LS-Dyna, as 

expressed in Eq. (4.1): 
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𝑤 = 𝑘
𝑝𝑙

𝐻
 (4.1) 

In Eq. (4.1), the wear depth 𝑤  is directly proportional to the contact 

interface pressure 𝑝  and the relative sliding distance  𝑙  on the contact 

interface, and it is inversely proportional to the hardness of the wearing 

material 𝐻 . 𝑘  is a dimensionless wear coefficient. Eq. (4.1) needs to be 

discretized in the elemental form to be implemented to FE simulations. The 

wear depth change �̇� at a certain time 𝑡 can be calculated as follows: 

�̇� = 𝑘
𝑝𝑡𝑣𝑡

𝐻
 (4.2) 

where 𝑝𝑡 is the contact interface pressure at a certain time 𝑡 and 𝑣𝑡 is 

the sliding velocity at a certain time 𝑡. By integrating Eq. (4.2) over time 

duration of the stamping process, the wear depth 𝑤 on the contact interface 

can be calculated as follows: 

𝑤 =
𝑘

𝐻
∫(𝑝𝑡𝑣𝑡)𝑑𝑡 (4.3) 

Because the wear depth was close to 0 before failure initiation, the contact 

pressure and the sliding distance on the contact interface were considered to 

be constant. Therefore, the wear depth predicted by Eq. (4.3) is linear. As 
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shown in the wear test results in Fig. 3-2, the evolutionary wear behavior with 

respect to the strokes is not linear. Therefore, a nonlinear equation from a 

modified form of Archard’s wear model is proposed as follows: 

𝑤 =
𝑘(𝑛)

𝐻
∫(𝑝𝑡𝑣𝑡)𝑑𝑡 (4.4) 

where 𝑘(𝑛) is the dimensionless wear coefficient as a function of the 

number of strokes 𝑛. Here, 𝑘(𝑛) is a variable that can express the wear 

behavior with respect to the number of strokes. The wear test results in Fig. 

3-2 show that wear depth is close to 0 before failure. When failure occurs, the 

wear depth increases rapidly. In order for the analytical solution (Eq. 4.4) to 

express the evolutionary wear behavior before and after failure and accurately 

simulate the experimental results (Fig. 3-2), it is necessary to define 𝑘(𝑛) 

for each punch. An exponential function was used for 𝑘(𝑛) to approximate 

the rapidly increasing wear behavior with respect to strokes after failure 

initiation. If 𝑘(𝑛) of Eq. 4.4 is not defined, the wear behavior with respect 

to strokes is predicted linearly. As shown in Fig. 4-5, it can be confirmed that 

the analytical solution (Eq. 4.4) accurately predicts the experimental wear 

data due to the definition of 𝑘(𝑛). The fitted dimensionless wear coefficient 

𝑘(𝑛) for CrN- and AlTiCrN-coated punches are as follows: 
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𝑘(𝑛)𝐶𝑟𝑁 = 𝐴𝑒𝑥𝑝(𝐵𝑛) = 5.20 × 10−5𝑒𝑥 𝑝(5.855 × 10−4𝑛) (4.5) 

𝑘(𝑛)𝐴𝑙𝑇𝑖𝐶𝑟𝑁 = 𝐴𝑒𝑥𝑝(𝐵𝑛) = 3.05 × 10−15𝑒𝑥 𝑝(5.855 × 10−4𝑛) (4.6) 

The R squared (𝑅2) is equal to 0.9999 for both exponential regressions. 

The Root Mean Square Deviation (RMSD) is 3.214 × 10−5 and 5.855 ×

10−4 for each exponential regression, respectively. A of 𝑘(𝑛) is related to 

the delay of the failure initiation, and B of 𝑘(𝑛) means the rapidly increasing 

wear behavior after failure. In this study, the same value of 5.855 × 10−4 

was used for B of 𝑘(𝑛) due to the insufficient wear depth results to describe 

the wear behavior after failure initiation. The 𝑘(𝑛) of the AlTiCrN-coated 

punch is smaller than that of the CrN-coated punch, which means that as the 

wear test progressed, the wear rate of the AlTiCrN-coated punch was slower. 

Thus, it is possible to simulate a failure initiation behavior occurring later in 

the AlTiCrN-coated punch. 
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(a) 

(b) 
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(c) 

Fig. 4-5. Definition of dimensionless wear coefficient 𝑘(𝑛) of the 

analytical solution (Equation 4) to accurately predict the evolutionary wear 

behavior of experimental wear data: (a) Punch 1 with a radius of 3.0 mm 

coated with PVD CrN, (b) Punch 2 with a radius of 5.5 mm coated with 

PVD CrN, and (c) Punch 3 with a radius of 3.0 mm coated with PVD 

AlTiCrN. 

4.3. Wear simulation 

Based on the constructed wear equation, a wear simulation was performed 

by following the process shown in Fig. 4-6. First, the wear-related variables, 

hardness  𝐻 , and dimensionless wear coefficient 𝑘 , are entered in the 

“CONTACT_ADD_WEAR” card of the simulation keyword file. The 

hardness 𝐻 is a value corresponding to each coating hardness. Although the 

dimensionless wear coefficient 𝑘 is a function of the number of strokes 𝑛, 
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as expressed in Eq. (4.5)‒(4.6), a value of 1 is set, as described in detail later. 

By performing numerical analysis with the constructed input file, the wear 

depth 𝑤0  from Eq. (4.4) is computed. Because 𝑘(𝑛)  is set to 1, the 

evolutionary wear behavior with respect to the number of strokes is not taken 

into account in the wear depth information. The computed wear depth 

information is contained in the dynain file. To perform the wear simulation 

and initialize the wear depth for the wear simulation process, the dynain file 

with wear depth information is included in the original input file. To predict 

the tool wear behavior, continuously track the wear status, and visualize the 

worn tool geometry with respect to the number of strokes, the “Wear analysis” 

application of LS-PrePost was used by reading in the input file including the 

dynain file. The scale factor 𝐹 in the “Wear analysis” application was used 

to define the rapid increase in wear depth after failure initiation, and predict 

the evolutionary wear behavior with respect to the strokes. The scale factor 

𝐹 is defined as a change in wear properties and characteristics with respect 

to the wear depth as wear progresses, and can be explained by the difference 

in wear depth between n + 1 and n strokes, as expressed as follows: 

𝑆𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐹) = 𝑘(𝑛 + 1) − 𝑘(𝑛) (4.7) 
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Fig. 4-6. Process of wear simulation based on the modified Archard’s 

wear model. 

Fig. 4-7 plots the scale factors 𝐹 for each stamping punch condition. The 

abscissa is the analytical solution for the wear depth calculated from Eq. (4.4) 

for each stamping punch condition. The ordinate is the change in the 

dimensionless wear coefficient 𝑘(𝑛)  with respect to the change in the 

number of strokes 𝑛. In the case of the CrN-coated punches, the 𝑘(𝑛)𝐶𝑟𝑁 

(red line) of the R3.0 punch is smaller than that (blue line) of the R5.5 punch 

at the same wear depth value. That is, for the punches with the same surface 

hardness, to calculate the same wear depth, 𝑘(𝑛) is inversely proportional 

to the contact pressure and sliding distance, which can be calculated from Eq. 
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(4.4). Therefore, the scale factor of the R5.5 punch, which has a smaller 

contact pressure, is larger than that of the R3.0 punch. In the case of punches 

with the R3.0 punch shape, the 𝑘(𝑛)𝐴𝑙𝑇𝑖𝐶𝑟𝑁 (green line) of the AlTiCrN-

coated punch is larger than the 𝑘(𝑛)𝐶𝑟𝑁 (red line) of the CrN-coated punch. 

For punches subjected to the same contact conditions, it can be confirmed 

from Eq. (4.4) that 𝑘(𝑛) is proportional to the surface hardness to calculate 

the same wear depth. This phenomenon is reflected in the simulation by 

inputting the wear depth versus scale factor 𝐹  into the “Wear analysis” 

application in the piecewise linear format. The wear depth 𝑤𝑖  from i-th 

strokes can be calculated by multiplying the scale factor 𝐹 by the wear depth 

𝑤0 from the forming simulation, and the amount and location of the punch 

wear can be visually confirmed in LS-PrePost. Therefore, this wear 

simulation method using the scale factor 𝐹  does not need to update the 

geometry and calculate the accumulated wear from the previous iteration of 

the wear simulation. 
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Fig. 4-7. Scale factors for each punch condition. 

As shown in Fig. 4-8, in the general wear simulation, the modified 

geometry should be updated from the geometry predicted in the previous 

iteration of the wear simulation to predict the accumulated wear amount up 

to the desired number of strokes. This process takes a large amount of time to 

repeat up to the desired iteration. In contrast, the proposed wear simulation 

procedure using a scale factor 𝐹 representing the change in wear properties 

with respect to the wear depth eliminates the need for repeating geometry 

updates from previous iterations of the wear simulation. 

  



92 

 

Fig. 4-8. General wear simulation method [22, 42, 56]. 

It was assumed that the contact pressure, sliding distance, and hardness on 

the contact interface of the punch were constant, because the wear depth was 

close to 0 before failure initiation. This assumption was considered to be 

appropriate from the experimental results as shown in Fig. 3-2. However, the 

wear depth just before failure initiation was not measured for all punches, so 

the constructed wear equation may not be accurate in predicting the wear 

depth just before failure initiation and it is necessary to verify the wear 

behavior just prior to failure for more accurate wear prediction. 

4.4. Verification of wear simulation 

Fig. 4-9 confirmed that the constructed wear simulation method can 

reliably predict the evolutionary wear behavior of sheet metal forming. The 
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analytical solution and simulation results based on the revised Archard’s wear 

model were compared with the experimental results. It can be confirmed that 

the analytical solution and simulation results based on the revised Archard’s 

wear model accurately simulate the evolutionary wear behaviors of 

experimental results for each punch. The results obtained using the proposed 

wear simulation process are quantitatively reliable in predicting the rapidly 

increasing wear depth behavior after failure and in determining the number 

of strokes at which failure occurs. Fig. 4-10 illustrates the predicted wear 

distributions and worn surface conditions on the punch radius for each punch 

condition after the failure; the predicted wear distribution confirms the 

amount and location of the computed wear depth. For all punches, predicted 

wear is concentrated on the punch radius. The wear of Punch 2 (see Fig. 4-

10(b)) is more widely distributed than Punch 1 and Punch 3 (see Fig. 4-10(a) 

and Fig. 4-10(c)) because the shape of Punch 2 has a larger radius of 5.5 mm. 

The predicted wear is localized on the specific angular location, but punch 

surface conditions after wear test show long wear track in the sliding contact 

direction. The reason for this is that the wear is continuously propagated in 

the sliding contact direction, after wear is initiated at the specific angular 

location. To check the accuracy of the amount and angular location of the 

predicted wear distribution, Fig. 4-11 compares the wear depth for 
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experimental and simulation results after the failure occurred. The wear 

location confirmed in the experiments is approximately 88° on the punch 

radius for all three punch conditions. However, the angular location of the 

maximum wear depth predicted from the simulation was approximately 15°–

20° ahead of that of the experiments. As the punch stroke progresses, the steel 

sheet comes into contact with the punch at 55° first and then in the 90° 

direction. Therefore, it is inferred that during the stamping process, wear 

debris generated by the high contact pressure at about 70° of the punch radius 

moves in the 90° direction, and severe wear occurred at approximately 88° on 

the punch radius due to the wear debris. To verify the simulation accuracy, 

Fig. 4-12 compare the difference in maximum wear depths between 

experiments and simulations. For each punch, the predicted maximum wear 

depth after the failure showed differences of 6.2, 7.1, and 5.8%, respectively, 

from the experiments. Therefore, it was confirmed that the proposed wear 

simulation method is reliable in evaluating the wear depth and lifetime of 

stamping tools. 
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(a) 

(b) 
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(c) 

Fig. 4-9. Comparison of the experimental results, analytical solution, and 

simulation results based on the modified Archard’s wear model with respect 

to the number of strokes. (a) Punch 1 (R3.0, STD-11, CrN coating), (b) 

Punch 2 (R5.5, STD-11, CrN coating), (c) Punch 4 (R3.0, STD-11, AlTiCrN 

coating) 

(a) 
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(b) 

(c) 

Fig. 4-10. Predicted wear distributions and worn surface conditions on 

the punch surface after the failure. (a) Punch 1 (R3.0, STD-11, CrN 

coating), (b) Punch 2 (R5.5, STD-11, CrN coating), (c) Punch 4 (R3.0, STD-

11, AlTiCrN coating) 
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(a) 

(b) 
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(c) 

Fig. 4-11. Wear depth on the punch radius obtained from experiments and 

simulations after the failure. (a) Punch 1 (R3.0, STD-11, CrN coating), (b) 

Punch 2 (R5.5, STD-11, CrN coating), (c) Punch 4 (R3.0, STD-11, AlTiCrN 

coating) 

Fig. 4-12. Difference in maximum wear depths between experiments and 

simulations. 
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4.5. Discussion 

 The Archard’s wear model was compared with experimental results of CrN-

coated punches to confirm the limitations of predicting evolutionary wear 

behavior in sheet metal forming. The elemental form of the Archard’s wear 

model for CrN-coated punches was fitted using experimental wear data, 

subsequently; the dimensionless wear coefficient of 0.074 was obtained, as 

follows: 

𝑤𝐶𝑟𝑁 =
0.074

2,105
∫(𝑝𝑡𝑣𝑡)𝑑𝑡 (4.8) 

 The simulation results based on Eq. (4.8) were obtained for CrN-coated 

punches, and compared with experimental and simulation results based on the 

modified Archard’s wear model, as shown in Fig. 4-13. Punch 1 (CrN-coated 

punch with a radius of 3.0 mm) failed after 16,500 strokes and the wear depth 

measured was 8.6 μm. However, the predicted wear depth based on the 

Archard’s wear model is 12.9 μm. For Punch 2 (CrN-coated punch with a 

radius of 5.5 mm), failure occurred after 18,000 strokes, and the wear depth 

measured was 17.4 μm. The predicted wear depth at 18,000 strokes based on 

the Archard’s wear model was 11.4 μm. It can be observed that wear depth 

predicted by the Archard’s wear model in terms of the number of strokes at 
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which failure occurred, significantly differed from experimental results. In 

addition, the experimental and simulation results based on the modified 

Archard’s wear model demonstrated no wear at 5,000 and 10,000 strokes (i.e. 

before failure). It was confirmed that the Archard’s wear model has 

limitations in simulating non-linear wear behavior of the tool in sheet metal 

forming. 

Fig. 4-13. Simulation results based on Archard’s wear model for CrN-coated 

punches. 

 Tool wear during the press forming process leads to reduced product quality. 

From the results of the Punch 1 wear test, it was confirmed that although the 

wear depth was 8.6 μm, severe scratches occurred on the product surface. The 

contact pressures of the formed product were compared when formed with 

punch geometry without wear and with worn punch geometry. Fig. 4-14(a) 
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shows the contact pressure of the product formed with punch geometry 

without wear and worn punch geometry. It can be observed that the contact 

pressure formed with punch geometry without wear is higher than that formed 

with worn geometry in the middle region of the product in contact with the 

curvature region of the punch. Fig. 4-14(b) plots the contact pressure in the 

middle region of the product (dotted line), which is in contact with the punch 

curvature region. The contact pressure of the product formed with punch 

geometry without wear (red solid line) is higher than that with worn punch 

geometry (red dash line) in a product length of approximately 3 to 10 mm. To 

confirm the effect of this minor wear depth on product deformation shapes, 

the effective plastic strain and stress of the formed products were compared 

when formed with punch geometry without wear and with worn punch 

geometry. Fig. 4-15(a) shows the effective plastic strain of the product formed 

with punch geometry without wear and with worn punch geometry. It can be 

observed that the effective plastic strain of the product formed with punch 

geometry without wear is higher than that with worn punch geometry in the 

middle region of the product in contact with the curvature region of the punch. 

As shown in Fig. 4-15(b), the effective plastic stress of the product formed 

with punch geometry without wear is also higher in the middle region of the 

product. To quantitatively compare conditions of the product formed with 
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punch geometry without wear and with worn punch geometry, Fig. 4-15(c) 

plots the effective plastic strain and stress in the middle region of the product 

(dotted line), which is in contact with the punch curvature region. The 

effective plastic strain of the product formed with punch geometry without 

wear (red solid line) is approximately 0.4 in the range of approximately 5 to 

10 mm in product length, which is twice higher than that with worn punch 

geometry (red dash line). The effective plastic stress of the product formed 

with punch geometry without wear (blue solid line) is higher than that formed 

with worn punch geometry (blue dash line) in a product length of 

approximately 3 to 14 mm. The effective plastic strain and stress of the 

product decreased after failure, because the radius of the curvature region of 

the punch increased owing to wear. 

(a) 
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(b) 

Fig. 4-14. Contact pressure of the product formed with punch geometry 

without wear and with worn punch geometry. (a) contour plot of contact 

pressure, (b) quantitative comparison of contact pressure 

(a) 
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(b) 

(c) 

Fig. 4-15. Effective plastic strain and stress of the product formed with 

punch geometry without wear and with worn punch geometry. (a) contour 

plot of effective plastic strain, (b) contour plot of effective plastic stress, (c) 

quantitative comparison of effective plastic stress and strain  
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5. Tool wear prediction in forming an automotive part 

 In this chapter, the proposed tool wear prediction methodology was 

evaluated by applying the modified Archard’s wear model to forming an 

automotive part to predict the tool wear behavior, and confirm the amount 

and location of the tool wear. In addition, the results of applying the Archard’s 

wear model to forming the automotive part were also compared with that of 

the modified Archard’s wear model to evaluate the accuracy of the tool wear 

prediction model. 

5.1. Simulation setup 

 The automotive part used in the finite element simulation is a reinforced 

center floor side to which ultra-high strength steel sheets is applied to increase 

the crashworthiness. Forming simulation of the reinforced center floor side 

was conducted by using LS-Dyna R11.0 explicit code. Fig. 5-1 illustrates the 

geometries of tools and initial sheet blank. The sheet material used for the 

simulation is a 1.2 mm uncoated TRIP steel sheet with a tensile strength of 1180 

MPa (TRIP1180), as summarized in Table 2-1. The anisotropic parameters of the 

Hill’s 1948 yield criteria were applied to the simulation model to consider the 

anisotropic plastic deformation behavior, as summarized in Table 4-2. The wear 

resistance of CrN-coated tool with Vickers hardness values of 2,105.9 ± 15.5 
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HV0.08. The blank holing force (BHF) of 50 ton was applied. The detailed FE 

simulation conditions are summarized in Table 5-1. 

Fig. 5-1. Geometries of simulation model for forming the reinforced center 

floor side 

Table 5-1. Detailed descriptions of forming simulation of the reinforced 

center floor side. 

Blank material TRIP1180 1.2t 

Yield criteria Hill’s 1948 

Blank holding force (BHF) 50 ton 

Friction coefficient 0.15 

Blank size 400 𝖷 350 mm 
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 As shown in Fig. 4-2, the predicted contact pressures for all mesh size cases 

are similar. Therefore, in order to efficiently reduce the computational time, 

the mesh size at the shoulder radius of the punch and die, where high contact 

pressure and large sliding distance are expected during forming, was applied 

to 0.8 mm. The final mesh size of the blank is 0.625 mm by setting the mesh 

refinement method to 4 levels. Binder was modelled with a relatively coarse 

mesh size of 5.0 mm, because its contact pressure prediction do not need to 

be accurate. FE modeling for the simulation is shown in Fig. 5-2 with the FE 

model details summarized in Table 5-2. 

Fig. 5-2. Geometries for forming the reinforced center floor side 
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Table 5-2. FE modeling details for simulation model of the reinforced 

center floor side. 

 Element size (mm) Element type Number of elements 

Blank 0.625 (lv. 4) Deformable shell  3,584 

Binder 5.0 Rigid body 2,092 

Punch 0.8 Rigid body 138,466 

Die 0.8 Rigid body 116,482 

Total number of elements 260,624 

 

5.2. Tool wear prediction 

 The contact conditions at the die-workpiece contact interface was predicted 

in forming simulation of the reinforced center floor side. As shown in Fig. 5-

3, the maximum contact pressure was predicted to be approximately 1.5 GPa 

at the sharp die corner with the smallest curvature radius of 1.6 mm. At the 

regions with a curvature radius of 7.2 mm, which was expected to experience 

large sliding, a contact pressure of approximately 0.5 GPa was predicted. As 

shown in Fig. 5-4, the sliding distance on the die was also evaluated. The 

predicted sliding distance for the sharp die corner with a curvature radius of 

1.6 mm was approximately 0.5 mm. At the die corner with a curvature radius 

of 7.2 mm, a maximum sliding distance of approximately 14.5 mm was 

predicted. 
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Fig. 5-3. Contact pressure distribution on the die 

Fig. 5-4. Sliding distance distribution on the die 

 The modified Archard’s wear model was applied to the forming simulation 

of the reinforced center floor side to predict the amount and location of the 

tool wear, and continuously track the wear status with respect to the number 

of strokes. Fig. 5-5 illustrates the amount and location of the wear on the die 
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surface after 20,000 strokes. The maximum wear depth was predicted to be 

20.49 μm at the die corner with a curvature radius of 7.2 mm. Fig. 5-6 shows 

the contact conditions at the die corner where the maximum wear depth is 

predicted. Although the contact pressure is relatively low at approximately 

0.5 GPa, a lot of wear occurs because of the large sliding distance of 14.5 mm. 

Fig. 5-5. Predicted wear depth distributions on the die after 20,000 strokes 

(Applying the Modified Archard’s wear model) 
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Fig. 5-6. Contact conditions at the die corner where the maximum wear 

depth is predicted 

 The Archard’s wear model was compared with the Modified Archard’s wear 

model to confirm the limitations of predicting evolutionary wear behavior in 

forming the automotive parts. As shown in Fig. 5-7, the distributions of the 

predicted wear depth after 20,000 strokes are illustrated by applying the 

Archard’s wear model to the forming the automotive part. The maximum 

wear depth was predicted to be 6.57 μm at the die corner with a curvature 

radius of 7.2 mm. Fig. 5-8 compared the evolutionary wear behaviors with 

respect to the strokes when applying the tool wear models to forming the 

automotive part. The modified Archard's wear model can express the 

evolutionary wear behavior with respect to the number of strokes. However, 

the wear behavior predicted by the Archard's wear model is linear. It can be 

observed that wear depth predicted by the Archard’s wear model in terms of 
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the number of strokes significantly differed from that predicted by the 

Modified Archard’s wear model. In addition, the simulation results based on 

the modified Archard’s wear model demonstrated no wear at 5,000 and 

10,000 strokes (i.e. before failure). Therefore, the Archard’s wear model has 

limitations in simulating non-linear wear behavior of the tool in sheet metal 

forming. 

Fig. 5-7. Predicted wear depth distributions on the die after 20,000 strokes 

(Applying the Archard’s wear model) 
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Fig. 5-8. The evolutionary wear behaviors with respect to the strokes when 

applying the tool wear models to forming the automotive part 

  



115 

 

6. Conclusion 

 The first objective of this study is to develop a continuous wear test 

methodology for quantifying tool wear during the stamping of a 1.2-mm-thick 

uncoated TRIP1180 steel sheet. A progressive die set was used to enable 

continuous sheet metal stamping at a consistent work rate and designed to test 

four different types of punches simultaneously. For efficient and economical 

wear testing, a rolled steel coil was used, which saved raw materials and 

specimen production costs. The wear test was made systematic using an 

uncoiler, automatic feeding system, and press system. The punches used in 

the wear test were designed to mimic the curvature geometry of the stamping 

tool used to manufacture the automotive components. The tool wear 

characteristics are quantified using a variety of parameters, including tool 

material, punch shape, and coating condition. The following are the 

conclusions drawn from the study: 

 The proposed method is appropriate for performing wear tests on 

tools manufactured under a variety of conditions, including tool 

materials, punch shapes, and coatings. 

 The wear depth of the punch is close to 0, and the roughness of the 

punch is also comparable to that of the as-produced prior to failure. 
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When severe wear occurs, the depth of the wear and roughness of 

the punch rapidly increase. 

 Prior to failure, micro-scratches on the punch surface (plowing 

mechanism) do not degrade the punch quality. However, worn 

punches develop a very rough surface on the stamped product. 

 Wear of coated tool is caused by the fretting wear mechanism when 

stamping uncoated steel sheets. 

 The measured wear depth is consistent with the wear state 

represented by the surface roughness and imaging. Thus, the 

proposed quantitative tool wear evaluation methods are appropriate 

for establishing a reliable tool wear database. 

 

The second objective of this study is to develop an efficient wear simulation 

method for predicting quantitative wear reasonably in reduced computational 

time. The following conclusions are drawn from the results of this study. 

 By considering the punch wear characteristics, a nonlinear equation 

from a modified form of Archard’s wear model was proposed to 

predict the nonlinear wear behavior considering punch shapes 

(contact pressure) and coating hardness. 

 The proposed wear model is suitable for predicting the rapidly 
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increasing wear depth behavior after failure and determining the 

number of strokes required to achieve the desired wear depth.  

 The modified Archard’s wear model was more accurate in 

predicting nonlinear wear behavior than the Archard’s wear model 

in cold stamping of ultra-high strength steel sheets. 

 The geometry update and accumulated wear from the previous 

iteration of the wear simulation are rendered unnecessary by 

utilizing the scale factor when implementing the wear simulation 

method. Thus, the proposed method can decrease the computational 

time required for the simulation. 

 It was revealed that the tool wear in the stamping process degrades 

the shape accuracy of the formed products. 
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Korean abstract 

자동차는 연비 효율성 및 승객의 충돌안전성 향상을 위해 차체의 

경량화 및 충돌성능을 만족해야 한다. 초고장력강판의 적용은 차체의 

생산비용 절감 및 충돌에너지 흡수 성능을 향상할 수 있다. 그러나 

초고장력강판의 성형 시 일반적으로 사용되는 판재보다 더 높은 성형 

반력으로 인해 예상보다 이른 금형마모를 유발하며 이로 인한 다양한 

문제점들을 야기시킨다. 따라서, 프레스 성형 공정에서 금형마모를 

정량화하기 위한 효율적인 마모 실험방법 및 예측 기법이 필요하다. 

본 연구에서는 판재 성형공정에서 금형마모를 정량화 할 수 있는 

실험적 방법 및 해석의 연산 속도를 줄이면서 비선형 마모거동을 예측할 

수 있는 효율적인 금형마모 해석 프로세스를 개발하는 것을 목표로 한다. 

일정한 성형속도로 연속 판재성형이 가능하며, 실험 시간과 비용 면에서 

효율적인 프로그레시브 금형을 금형마모 실험에 사용하였다. 설계된 

금형은 다양한 금형강종, 금형형상, 코팅과 같은 다양한 조건으로 

제작된 네 가지 펀치 금형을 동시에 실험할 수 있도록 설계하였다. 

펀치의 형상은 자동차 부품 성형 금형에서 마모 민감 형상을 모사하여 

설계하였다. 금형의 마모깊이 그리고 금형과 제품의 표면거칠기를 

정량적으로 측정하여 금형마모를 평가하였다. 제품의 표면에 스크레치로 
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인한 품질 저하가 발생하기 전까지 금형은 미세한 스크레치는 

관찰되었지만 극심한 마모는 발생하지 않았으며, 표면 프로파일 변화는 

없었다. 하지만 제품 표면 품질이 저하되었을 때 금형 표면의 마모깊이 

및 표면거칠기가 급격하게 증가하였다. 마모실험 결과를 바탕으로 마모 

특성을 분석하여 프레팅 마모가 비도금강판의 성형공정에서 주요한 마모 

메커니즘인 것을 확인하였으며, 제안된 금형마모 실험방법이 금형의 

내마모 성능을 정량적으로 평가하고 마모 특성 및 메커니즘을 

분석하기에 적합한 것을 확인하였다. 이러한 비선형 마모거동을 

예측하기 위해, 아차드 마모모델을 변형한 수정 아차드 마모모델을 

제안하였다. 수정 아차드 마모모델은 마모계수를 성형 타수의 함수로 

구성하여 타수에 따른 비선형 마모거동을 예측할 수 있도록 하였다. 이 

모델을 마모 시뮬레이션에 적용하여 이전 성형 타수에서의 마모 

시뮬레이션으로부터 금형 형상을 이용한 반복적인 시뮬레이션의 수행을 

피할 수 있도록 하였다. 따라서 제안한 마모시뮬레이션 방법은 형상 

업데이트를 할 필요가 없기 때문에 연산 시간 측면에서 효율적이다. 
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