
Kovove Mater. 62 2024 13–20
DOI: 10.31577/km.2024.1.13

13

A comparison of the performance of cold work tool steels used
in die-making

Aslan Unal1*, Oguz Girit1, Mustafa Kelami Sesen2

1Marmara University, Faculty of Technology, Mechanical Engineering Department, 34854, Istanbul, Turkey
2Istanbul Technical University, Faculty of Chemistry and Metallurgy,

Department of Metallurgical and Materials Engineering, 34469, Istanbul, Turkey

Received 3 January 2024, received in revised form 30 January 2024, accepted 20 February 2024

Abstract

Steel is one of the most common metals. In the die business, cold work tool steels (CWTS)
are widely preferred. In addition to regular CWTS, next-generation CWTS have recently
been used. This study investigates the use of classic and two new-generation CWTS as punch
materials in pressing electric motor rotors. It has been discovered that new-generation CWTS
have a longer lifespan than traditional ones. SEM and X-ray spectroscopy (EDS) were used
to examine the microstructures, and the carbide structures they could produce were analyzed
using FactSage� 8.2 thermodynamic software. The formation of fine and uniformly dispersed
carbide structures and numerous carbide structures has been observed in the latest generation
CWTS. These were thought to be the causes behind the CWTS’s lengthy service life.
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1. Introduction

Iron is the most important of all metals. It is
the base metal used for producing a wide variety of
steels, which are the most popular engineering mate-
rials of our time [1]. Although iron is important, it
is mostly used in daily life in the form of its alloys,
namely steel, in various compositions [2]. To make
optimum use of steel materials in the automotive in-
dustry in Europe, they have announced targets for
developing new products, improving production pro-
cesses, and designing [3]. The latest trend in the au-
tomotive industry is to increase the use of advanced
high-strength steel (AHSS) to increase fuel efficiency
by reducing the weight of vehicles. To process these
steels, it is necessary simultaneously for the steels,
which are the main material of dieing, to be more
durable than the processed steels for processes such
as press forming, punching, and cutting. Tool steels
are alloys used in forming and/or cutting and slit-
ting both steels and non-ferrous metals and plastics
[4]. With general acceptance, many international stan-
dards for many years, for example, AISI/ASTM A681:
D2, TS BS EN ISO 4957: 1.2379/X153CrMo12, JIS
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G4404: SKD11 were used as suitable cold work tool
steels (CWTS) and are still widely used. More suc-
cessful results can be obtained with the new genera-
tion CWTS, which is developed as an alternative and
referred to with special definitions given by the manu-
facturer. Some traditional and new-generation CWTS
are given in Table 1 and Table 2.
If the die is continued to be used after its life has

expired, burrs may occur in the parts produced. Ac-
cording to the ASTM standard, the definition of burr
is defined as surface damage in the form of rough-
ness and protrusion, which appears on the original sur-
face between two touching solids, which can be distin-
guished macroscopically, whose location and charac-
teristics are generally known, including material trans-
port, and whose distinctive feature is defined by plas-
tic deformation [5].
Considering tribological issues, tool-workpiece in-

teraction is an important feature that affects product
quality, process performance, and tool life. The con-
tact and adhesion between two solid surfaces and the
abrasiveness of a particle can be explained by the un-
charged contact of the surfaces, the applied load caus-
ing plastic flow and cold welding, the sliding action
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Ta b l e 1. Conventional Cold Work Tool Steels (CWTS)

AISI A681 EN 4957 %C %Si %Mn %Cr %Mo %V %W

D6 1.2436 2.00–2.30 0.10–0.40 0.30–0.60 11.00–13.00 – – 0.60–0.80
D3 1.2080 1.90–2.20 0.10–0.60 0.20–0.60 11.00–13.00 – – –
D2 1.2379 1.45–1.60 0.10–0.60 0.20–0.60 11.00–13.00 0.70–1.00 0.70–1.00 –
O2 1.2842 0.85–0.95 0.10–0.40 1.80–2.20 0.20–0.50 – 0.05–0.20 –
S1 1.2550 0.55–0.65 0.70–1.00 0.15–0.45 0.90–1.20 – 0.10–0.20 1.70–2.20

Ta b l e 2. New generation Cold Work Tool Steels (CWTS)

CODE %C %Si %Mn %Cr %Mo %V Others %

S2 0.90 0.90 0.50 7.80 2.50 0.50 –
V2 0.50 0.90 0.45 7.20 1.40 1.20 Ni 0.30
C2 1.00 1.30 0.45 8.00 2.50 0.30 Ni 0.20
K2 1.10 1.00 0.50 8.00 2.10 0.50 Ni 0.20, Al 0.50, Nb 0.15

and the applied load producing strain hardening, and
the displacement of the particles at the boiling point
[6]. For example, the accumulation of worn materials
in sheet metal forming processes can cause adhesion
wear of sheet materials on the tool contact surface.
This tribological problem, called “burr”, often causes
a loss of tolerance and affects product quality. It is
known that the adhesion wear tendency is directly de-
pendent on the quality of the steel, i.e., the chemi-
cal and phase structure of the tool steel. The carbide
phase prevents adhesion to the matrix between each
other due to critical metal-to-metal contact. However,
it is difficult to separate the contribution of each phase
to the wear mechanism in macro-scale tests. The size
and distribution of carbides, carbonitrides, and ni-
trides are important parameters that affect tribologi-
cal behavior, contributing to the adhesion and friction
properties of the matrix and the final performance [7].
In Fig. 1, the factors affecting the mechanical and per-
formance properties of steel are shown schematically
[8].
In a study by Picas on traditional and new gener-

ation steels, based on the fatigue and fracture results
and fractographic observations, the role of each mi-
crostructural component of tool steels and their effects
on crack initiation was defined, in which the mech-
anisms of crack formation under static loads differ
from those under static loads in material fatigue re-
sulting in fracture. At static loads, cracks begin when
the applied force is higher than the fracture strength
of the carbide; tool steels with smaller and more ho-
mogeneously dispersed carbides show higher strength.
Damage to the metallic matrix was observed under re-
peated loads. Stress fractures around carbides can be
triggered and lead to fatigue-inducing cracks, for both
conventional and new-generation tool steels, metallic
matrix and different carbide properties and morpholo-

Fig. 1. Factors affecting the mechanical and performance
properties of steel [8].

gies are responsible for fatigue [9].
Material and material selection plays an important

role in the engineering design process. The selection
of suitable materials for a particular product is one
of the important tasks for designers. To meet the final
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Ta b l e 3. Chemical analysis of alloy elements of cold work tool steels used in the study

%C %Mn %Si %Ni %Mo %Cr %V %Al %Nb

1.42 0.29 0.23 0.26 0.66 11.40 0.92 0.03 0.02
D2 (1.2379) 1.41 0.44 0.23 0.39 0.62 10.86 0.63 0.02 0.03

1.33 0.24 0.24 0.19 0.67 11.13 0.68 0.01 0.02

0.79 0.25 0.93 0.17 1.86 7.30 0.21 0.02 0.01
C2 0.89 0.25 0.92 0.16 2.08 7.75 0.24 0.02 0.02

0.95 0.26 0.95 0.15 2.31 7.97 0.27 0.02 0.02

0.96 0.38 0.77 0.30 1.85 7.88 0.41 0.83 0.11
K2 1.08 0.41 0.86 0.18 2.07 8.28 0.46 0.30 0.11

1.02 0.48 0.98 0.19 2.08 8.02 0.49 0.85 0.16

requirements of the product, designers need to analyze
the performance of various materials and identify suit-
able materials with precise functions [10]. Electrical-
Electronics, white goods, automotive etc. “Punches”
are used for cutting/drilling processes during the man-
ufacture of identical parts, and they are widely used in
industries with various profiles. In this study, the per-
formances of using traditional (AISI A681; D2) and
new generation CWTS (C2 and K2) as die punches
in the production of “rotor” and “stator” lamination
used in electric motor production were compared.

2. Materials and methods

In this study, Tool Steels of dies used to pro-
duce “rotor” and “stator” lamination packages in elec-
tric motors from silica sheet material by Sheet Metal
Forming were examined (EN 10341). The material
used for producing sheets utilized in “stator” and “ro-
tor” parts is called non-oriented electrical steel, which
has a chemical composition in wt.%: Fe = 97.2 %, Si =
2.38%, Mn = 0.12%, P = 0.030%, Al = 0.018 %, S =
0.018%, N = 0.0053%, Sn = 0.0531%, O = 0.0068%,
C = 0.00 1%, and other elements ∼ 0.16%. A rep-
resentative initial microstructure of the non-oriented
electrical steel is given in Fig. 2 based on the literature
[11]. The Vickers microhardness of the non-oriented
electrical steel was about 223 HV, similar to the Ref.
[12]. The properties of the traditional D2 (1.2379)
and the new generation CWTS were compared due to
its multi-purpose and widespread use as a punch die
material. Punch die materials were supplied by Meb-
san Die & Wire Erosion company. Performance tests
were carried out on press machines of Mebsan Kalip &
Wire Erosion company. The chemical analysis values
of three materials from each steel used in the study
are given in Table 3.
Although the manganese (Mn) and nickel (Ni) ra-

tios are similar in all steels, the carbon (C), chromium
(Cr), and vanadium (V) ratios are lower, and the sil-
icon (Si) and molybdenum (Mo) ratios are lower in

Fig. 2. Microstructure of non-oriented electrical steel [11].

Fig. 3. Basic parts of sheet metal cutting die.

the new generation CWTS. In the new generation K2
CWTS, aluminum (Al) and niobium (Nb) are added.
In Fig. 3, the basic parts of the sheet metal cut-

ting die are shown schematically. The real parts of
the die, punch, and sample of the produced “rotor”
and “stator” parts are given in Fig. 4. The maximum
number of parts that can be produced without caus-
ing burr formation was used to determine the life of
3 different CWTS used as punch material. In addi-
tion, Rockwell (HRC) hardness measurements were
taken from the said punch materials and compared.
Values are the average of 3 measurements. In addi-
tion, the microstructures of the punch materials were
also examined with the help of a scanning electron mi-
croscope (SEM)/energy dispersive X-ray spectroscopy
(EDS) (Zeiss Sigma 300 Gemini FEG SEM) by going
through standard metallographic sample preparation
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Fig. 4. (a) sheet metal cutting die used in the study, (b)
the punch used, and (c) the sample piece printed.

procedures. The carbide structures that may occur in
the CWTS were investigated with the FactSage� 8.2
thermodynamic analysis program.

3. Results and discussion

D2, C2, and K2 tool steels were used to print the

Ta b l e 4. Number of products that can be printed by
punch material

Punch material
Number of products
that can be printed

D2 (1.2379) 112 500
C2 203 000
K2 224 000

Fig. 5. Macro view of the part printed with end-of-life
punches (burr formation is circled in red).

Ta b l e 5. Hardness values measured according to the
punch material

Punch material Hardness (HRC)

D2 (1.2379) 60.4
C2 61.2
K2 61.7

same rotor parts used in electric motors and made of
silicon steel. The most important finding that deter-
mines the life of the punch is the deterioration that
occurs in the punch after a certain number of print-
ing and the burrs in the parts produced as a result.
According to the punch materials used, the number of
parts that can be printed without any burr problems
is given in Table 4. The traditional tool steel with the
shortest lifetime is D2. However, the one that offers
the longest service life is the new generation K2 tool
steel.
In Fig. 5, the macro image of the piece obtained

with the punches that continue to be used after reach-
ing the maximum number of prints is given. When
the punches are used after this point, burr formation
starts in the product, and the product quality deteri-
orates. This situation is also called friction adhesion
or adhesion wear [13].
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Fig. 6. CWTS scanning electron microscope microstruc-
ture images (a) D2, (b) C2, and (c) K2.

Average hardness values of punch materials are
given in Table 5.
SEM microstructure images of CWTS are given

in Fig. 6. While it is observed that the main carbide
structures of D2 conventional steel are coarse-grained
and less homogeneous, it is observed that the car-
bide structures of the new generation CWTS, C2, and

Fig. 7. Microstructure images for SBA scanning electron
microscope elemental analysis (EDS).

K2, are finer and homogeneously distributed. Differ-
ent studies have determined that the finer and homo-
geneous distribution of carbide structures has a posi-
tive effect on wear resistance and mechanical proper-
ties [14, 15]. Thin and evenly dispersed carbide struc-
tures also increase the toughness [16]. Fukaura et al.
reported a significant improvement in fatigue fracture
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Fig. 8. EDS analysis results of areas 1, 2, and 3 taken from the SEM microstructures of the CWTS given in Fig. 7: (a)
D2, (b) C2, and (c) K2.

toughness and Charpy C-notch toughness of a mod-
ified CWTS compared with a conventional one, at-
tributed to the refinement and volume reduction of
primary carbides in modified CWTS where the frac-
ture initiation occurs at larger stress [17]. The benefi-
cial effect of the small globular carbides with a higher
population density on the resistance to brittle frac-
ture for Cr-V ledeburitic steel was also illustrated [18].
Considering this context, the longer service life of C2
and K2 steels compared to D2 can be associated with
a finer and homogeneous distribution of carbides. In
addition, as given in Table 5, it is seen that the hard-
ness values of the new generation CWTS are 1.32 and
2.15% higher than the traditional D2.
In addition, the microstructure and analysis results

of the SEM-EDS elemental analyses performed on the
microstructures of D2, C2, and K2 steels in this study
are given in Fig. 7 and Fig. 8, respectively.
In Fig. 7, the selected regions for EDS elemental

analysis are shown in white circles. In conventional D2
steel, the main carbide structures consist of the M7C3
system. These can be chromium-weighted, vanadium-
supported carbide structures [19]. Figure 8a shows the
results of elemental analysis 1 also support this situ-
ation. Unlike the traditional CWTS D2, C2, and K2,
which are the new generation CWTS, show that the
bright-grained coarse-grained carbides shown with the
number 1 in Fig. 7b,c are shown in Fig. 8b,c. It can be
seen that there are niobium-doped carbide structures,
and hard carbide structures contribute positively to
mechanical properties such as wear resistance [16].
However, when the main carbide structures are exam-
ined (Fig. 6a number 1, Fig. 7b number 2, and Fig. 7c
number 3), it is seen from the elemental analyses given
in Figure 8 that the new generation CWTS carbides
are enriched in molybdenum.
The phases of D2, C2, and K2 CWTS, which were

studied with the FactSage� 8.2 software program, one
of the world’s largest fully integrated database in-
formation processing systems in the field of chemical
thermodynamics, are given below. Accordingly, the ac-
tive phase at temper temperatures is M7C3 in conven-
tional D2 steel and M23C6 in new generation C2 and

Ta b l e 6. According to FactSage analysis – carbides that
may occur in CWTS

D2 C2 K2

Carbide % Carbide % Carbide %

Cr7C3 77.1 Cr20Mo3C6 39.6 Cr20Mo3C6 43.9
Fe7C3 18.6 Fe20Mo3C6 34.7 Fe20Mo3C6 37.5
V7C3 2.9 Cr20Fe3C6 6.5 Cr20Fe3C6 4.4
Mn7C3 1.4 Fe23C6 5.8 Fe23C6 3.8

Cr23C6 6.5 Cr23C6 4.7
Fe20Cr3C6 5.7 Fe20Cr3C6 4.0
Other (V, Mn, Ni) 1.2 Cr20Mn3C6 0.9

Fe20Mn3C6 0.8

K2 steels. The effect of molybdenum on active carbide
phases is seen in the new generation SIT (Table 6).
Liu et al. [21] systematically investigated the mecha-
nical properties and electron and bond structures of
M23C6-type multicomponent carbides and analyzed
the results by comparing them with the available the-
oretical and experimental data. Accordingly, M23C6
(M = Fe, Cr, Mn) multicomponent carbides are ther-
modynamically stable. In general, it has been stated
that M23C6-type carbides in steels are generally struc-
tured using various other metallic elements as mixed
precipitates, and M23C6 compounds have high melt-
ing point and hardness due to combinations of metal-
lic and covalent bonds. Considering that hardness is
an important parameter to characterize the wear re-
sistance of the material, it can be concluded that
Fe21Mo2C6 from this group is harder and more brit-
tle than other carbides, and therefore, it is an ideal
wear-resistant material, and as a result, it contains
molybdenum (Mo) or iron (Fe). It reveals that the
mechanical properties of M23C6 compounds are su-
perior to the pure phases of Cr23C6, Mn23C6, and
Fe23C6 [21]. Considering this context, the higher per-
formance obtained in the new generation CWTS in
this study can be associated with M23C6 (M = Fe,
Cr, Mn) multicomponent carbides.
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Fig. 9. FactSage phase diagrams of temperature-weight
percentage of CWTS (a) D2, (b) C2, and (c) K2.

As a result, it is thought that the multi-carbide
structures and fine and homogeneously dispersed car-

bides formed in the new generation CWTS affect pro-
longing the life of the punch material.

4. Conclusions

In this study, the use of traditional and new gen-
eration CWTS as punch material in the production
of rotor parts used in electric motors is compared.
It has been observed that the new generation CWTS
reaches higher print numbers and offers a longer ser-
vice life than the traditional one. The microstructures
of the punch materials were investigated with the help
of SEM/EDS, and it was observed that the main car-
bides were finer and homogeneously dispersed in the
new generation CWTS than in the traditional ones.
In addition, carbide structures enriched in niobium
(Nb) and molybdenum (Mo) were observed in new-
generation steels. It is evaluated that these differences
in carbide structures allow the new generation CWTS
to offer a longer life.
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