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Abstract: In this study, the effect of the cold plastic deformation of a Bridgman anvil at room tem-
perature on the hardness and wear resistance of X160CrMoV12 steel was investigated by utilizing
the hardness test, X-ray diffraction (XRD), abrasive emery wear (AEMW) test, optical examination,
and scanning electron microscopy (SEM). Three batches of samples were prepared for the experi-
ment: [ —as-hardened, II—after hardening with subsequent tempering at 600 °C for 1.5 h, and III—
after hardening with subsequent plastic deformation. The hardening of the samples was performed
at three temperatures: 1100 °C, 1150 °C, and 1200 °C. The highest content of retained austenite, as
much as 69.02%, was observed during hardening at 1200 °C, while 17.36% and 38.14% were formed
at lower temperatures, respectively. After tempering (Batch II), the content of residual austenite de-
creased proportionally by a factor of about seven for each hardening temperature. The effect of plas-
tic deformation (Batch III) is observed, analyzing the hardness of the samples from the surface to
the depth, reaching an average hardened depth of 0.08 mm. To evaluate the wear resistance, the
surfaces of the three test batches were subjected to an abrasive emery wear test under a 5 N load.
Hardened and plastically deformed samples showed higher wear resistance than hardened and
tempered samples. The results confirmed that the optimal hardening temperature to achieve the
maximum wear resistance of this steel is 1100 °C.

Keywords: cold work tool steel; retained austenite; tempering; secondary hardening; Bridgman an-
vil deformation; wear resistance

1. Introduction

High-carbon and high-chromium tool steels are important engineering materials for
the production of cutting tools and cold forming dies. They are the main alloys of this
group, with the largest number of alloying elements in cold-worked tool steels. Due to the
resulting dense chromium carbides, which distinguish them from other alloys, they have
high wear resistance and even corrosion resistance. This positive effect on the mechanical
properties of tool steel is explained by the formation of two types of carbides, namely
primary and secondary carbides [1]. Primary carbides increase resistance to abrasive
wear, while secondary carbides affect resistance to plastic deformation [2]. Therefore,
these steels can withstand high wear stress during service, especially when used for
moulds and tools [3]. Due to its high chromium content, this steel is much more resistant
to oxidation at high temperatures than plain carbon steel or other low-alloy steels. At the
same time, this steel is usually subjected to compressive and tensile and shear stresses;
therefore, cold-worked tool steel requires high strength and hardness, in addition to good
wear resistance.

Generally, increasing the hardness of a material increases its wear resistance, but this
correlation is only valid for pure annealed metals and alloys of the same family [4].
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Therefore, in principle, all the research conducted is aimed at improving wear resistance,
mainly by changing the microstructure using conditional heat treatment methods [5,6].
The required mechanical and performance properties are achieved by selecting the proper
heat treatment routine, resulting in the formation of a specific microstructure. High hard-
ness is often produced by the transformation of austenite to martensite, and toughness is
mainly controlled by the tempering of martensite. The size and distribution of grains or
phases in the tool steel microstructure can also be further modified by subsequent heat
treatment or other processes [7,8]. As a result of conventional hardening, the martensitic
matrix is reinforced with dispersed carbides, which leads to notable strength and hardness
increments.

The retained austenite transformation in high-carbon and -chromium steel has long
been a subject of scientific interest, but its characterization and understanding remain
challenges [9,10]. The literature suggests that retained austenite can transform into ferrite
and cementite, martensite, or bainite. Ferrite and cementite are formed during isothermal
treatment at the tempering temperature, and the latter transformation occurs on cooling
from the tempering temperature. The isothermal transformation to ferrite and carbide is
shown to be a two-step process [11]. First, cementite is precipitated from retained austen-
ite, which gradually transforms into ferrite and cementite. These observations were made
for carbon, bainite, and hot work tool steels. Thus, the mechanism by which the retained
austenite transforms depends on the composition of the steel and the heat treatment pro-
cedure and has a significant impact on the resulting mechanical properties [12]. Although
the mechanism is known, there is a lack of information in the literature on the transfor-
mation of retained austenite during the tempering of cold work tool steel.

The wear resistance of this type of steel is attributed to the high volume fraction of
hard chromium carbides and is about eight times that of plain carbon steel [3]. Abrasive
wear loss decreases with increasing martensite volume fraction. A two-phase structure
with a small amount of ferrite and a large amount of martensite provides better wear re-
sistance than a fully martensitic microstructure [6]. It has been reported that under high-
stress abrasive wear conditions, samples with a bainitic structure exhibit better wear re-
sistance compared to tempered martensite samples with similar mechanical properties
[13]. This occurs because the retained austenite in bainitic samples can increase the wear
resistance as it transforms from retained austenite to martensite. Other authors focused
on industrial wear research during the cold winding of cold-worked tool steel, combining
the effects of wear and lubrication type on the evolution of the coefficient of friction during
cold working, seeking to extend the lifespan of high-carbon and -chromium tool steels
[14]. However, all these measures are not sufficient, especially in cases where parts and
components operate under high wear and tear conditions. In such cases, after conven-
tional heat treatment, the properties of metallic material surfaces can be modified by se-
vere plastic deformation (SPD) [15,16], including uniform channel angular pressing, high-
pressure torsion, accumulative roll bonding, scouring (SP), surface mechanical abrasive
treatment (SMAT), and friction stir processing (FSP) [3,15-19]. Almost any type of material
can be subjected to extremely high stresses using the high-pressure torsion method. Con-
tinuous shear stress and high compressive stresses are useful for grain refining [18], which
afterwards directly affects wear resistance. Since the deformation takes place at room tem-
perature, thermal damage to the materials is avoided and their properties are preserved,
and the mechanical and functional properties of the final material variant are significantly
improved due to large deformations. In addition, a very complex microstructure with a
very high concentration of lattice defects is obtained, and colonies of micro- and nano-
grains are formed.

Cold plastic deformation, such as cold rolling, can significantly impact the mechani-
cal properties of high-alloy steels like X160CrMoV12. For instance, cold rolling of high-
alloyed TRIP steel can lead to a high amount of alpha'-martensite and result in an ul-
trafine-grained reverted austenitic microstructure with a mean grain size of about 1 um.
This process can lead to an enormous increase in yield strength of up to 1000 MPa [20].
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Additionally, accumulative roll bonding (ARB) of high-alloy steels can enhance their me-
chanical properties, with steel laminates exhibiting superior properties among laminated
metal composites. The deformation mechanisms of twinning- and transformation-in-
duced plasticity (TWIP and TRIP) in high-alloy steels are crucial for understanding their
mechanical behaviour [21]. Cold plastic deformation plays a vital role in improving the
mechanical properties of high-alloy steels like X160CrMoV12, leading to increased
strength and unique microstructures that contribute to the longer life and higher perfor-
mance of critical industrial components.

This paper examines the behaviour of sX160CrMoV12 steel during the heat treatment
process, comparing the conventional operations, i.e., hardening with subsequent temper-
ing, and the influence of less traditional plastic deformation on wear resistance. The cold
work die steel X160CrMoV12 is used in the metalworking industry to produce castings,
rollers, die plates and dies, eyes for the calibration of metal, dies and punches for blanking
dies, and punches and dies for cold extrusion, operating with working pressures up to
1400-1600 MPa. To explore the possibilities of this steel, higher-than-usual hardening tem-
peratures were chosen. The high temperature ensured the formation of a relatively large
amount of residual austenite, the transformation of which later provided additional me-
chanical characteristics such as wear resistance. These results are not only useful from a
scientific point of view, but they are also important for the metalworking industry, as they
provide useful, practically and experimentally verified insights into the specifics of cold
work tool steel X160CrMoV12 processing technology.

2. Materials and Methods

The steel chosen for the tests, X160CrMoV12, contains between 11 and 12.5% Cr (Ta-
ble 1), which increases the hardenability of the steel: it promotes the dissolution of special
carbides during tempering, and at the same time increases the steel's secondary hardness
(increase in hardness by tempering the hardened steel) and heat resistance, and also in-
creases the number of chromium carbides, which increases the wear resistance of the steel
[22-24].

Table 1. Chemical composition of X160CrMoV12*.

Elements Fe C Cr Mo A% Si Mn
wt.% Balance 1.45-1.65 11.0-12.5 0.4-0.6 0.15-0.30 0.1-0.5 0.15-0.45
* AFNOR NF A35-590(1992)

The steel for this study was forged, soft-annealed, and supplied as 13 mm bars from
the same heat. Samples with dimensions of 10 x 10 x 50 mm? were prepared for heat treat-
ment (hardening with subsequent tempering), plastic deformation, microstructure analy-
sis, and further wear resistance tests according to the experimental setup.

Heat treatment processes were accomplished in the laboratory muffle furnace N 7/H
(Nabertherm GmbH, Lilienthal, Germany) with integrated time and temperature controls.
Three hardening temperatures were chosen for the operation: 1100 °C, 1150 °C, and 1200
°C. After hardening, all samples were cooled in agitated oil. Batch I was subjected to the
following tests in an as-hardened condition. Batch II samples were tempered at 600 °C,
held for 1.5 h, and air-cooled. Batch IIl samples were subjected to cold plastic deformation
using a Bridgman anvil (Figure 1) at room temperature. This method allowed samples to
experience up to 30% torsional strain while maintaining material integrity under high
quasi-hydrostatic pressure. The high pressure (6 GPa) helped avoid the failure of the sam-
ple during the process, which is often a concern for large plastic deformations. Initially,
samples with a thickness of 10 + 0.02 mm were rotationally deformed. They were placed
between two hard metal anvils, each 50 mm in diameter, and rotated at approximately 1
rpm speed. The combination of rotational motion and applied pressure effectively de-
formed the samples, resulting in a significant reduction in thickness. After deformation,
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the thickness of the samples was reduced by 30%, resulting in approximately 7 mm thick
specimens with a diameter of 50 mm. This decrease in thickness indicates that the Bridg-
man anvil induces high plastic strain. Deformation was quantified by measuring the vol-
ume change in the samples after processing, which is a common method for estimating
the extent of plastic deformation [15]. This experimental method allowed significant de-
formation of the material without causing cracks or defects, which is very important for
studying the mechanical behaviour of high-strength steels and alloys under extreme con-
ditions. Using this method, the high hydrostatic pressure ensures more uniform defor-
mation and suppresses failure modes such as cracking, making it ideal for creating refined
microstructures in materials such as X160CrMoV12 steel.

Rockwell hardness (HRC) was measured to characterize the mechanical properties
of the samples before and after the heat treatment, plastic deformation, and wear test.
Hardness testing was performed on a Mitutoyo hardness testing device HM-200 (Mi-
tutoyo Corporation, Kanagawa, Japan) with a diamond indenter with a dwell time of 10
s; Table 2 shows the average value of five measurements. TheF Vickers hardness (HV) of
the plastically deformed samples was assessed to check hardness depth towards the base
metal. Hardness values were recorded on the same Mitutoyo device in the direction per-
pendicular to the sample surface with a diamond indenter under a load of 0.98 N and a
dwell time of 10 s.

_—
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— quasi-hydrostatic pressure
l j \‘
| | |
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; <
1 \ 050

quasi-hydrostatic pressure

Figure 1. Schematic illustration of Bridgman anvil test: 1 —sample; 2—fixed anvil; 3—movable anvil;
4—hard metal inserts.

Metallographic samples were prepared according to standard procedures, followed
by etching with Nital 5% (95 ml methanol, 5 ml nitric acid). An optical micro analysis of
the as-hardened samples at the indicated temperatures was performed using an MLA 10
and Carl ZeisAxio Scope Al (Carl Zeiss Spectroscopy GmbH, Jena, Germany). The micro-
structural images of samples after subsequent processing (tempering or plastic defor-
mation) were analyzed using an (SEM) EVO MA-15 (Carl Zeiss AG, Oberkochen, Ger-
many) scanning electron microscope, equipped with an energy-dispersive spectroscopy
(EDS) device. The presence of retained austenite and types of precipitated carbides were
estimated using the X-ray diffraction (XRD) device AXS D5005 (Bruker, Leipzig, Ger-
many), equipped with a Cu Ka radiation source.

The wear resistance of the samples was evaluated using the mass loss under abrasive
emery wear (AEMW) (Figure 2) test conditions [25]. Samples with dimensions of 10 x 10
x 50 mm were prepared and tested for wear when the rotational speed around the holder
axis was 0.4 m/s, the duration of the test was 60 min with intervals of 10 min each for the
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replacement of the abrasive (electrocorundum/white aluminum oxide 15A8HM; mesh
size F8). Mass loss was analyzed at every 10 min of the test (~ 240 m of wear path) on the
laboratory scales with 0.001 g accuracy. The total length of the wear path was 2400 m.

; V2

Figure 2. Principal scheme of abrasive emery wear test: 1 —samples; 2—holder; 3 —emery substrate.

3. Results and Discussion

The X160CrMoV12 steel used in this study was supplied in an as-annealed condition.
Among the promising properties of this alloy listed above, when the chromium content is
increased to more than 4-5%, the chromium carbides in the workpiece are unevenly dis-
tributed: the carbides are arranged in "rows" and especially in the form of a "net", which
greatly deteriorates the mechanical properties of the steel. This defect is most pronounced
in high-chromium cold-worked die steels containing 6 to 12% chromium, which is the
subject of this research work. This carbide non-uniformity can be reduced by the plastic
deformation of the workpiece [15]. After the heat treatment of this steel, due to the pres-
ence of more than 1% carbon, it is expected to achieve sufficiently high hardness and, at
the same time, relatively high wear resistance. This tool steel tends to form carbides due
to its high content of carbide-forming elements. To achieve this, the heat treatment guide
standard practice recommends hardening at around 1020-1050 °C (61-65 HRC) to obtain
more retained austenite, which increases wear resistance [7,8,26]. In this study, it was de-
cided to use slightly higher temperatures for hardening, as such a temperature range has
not been studied in detail by other authors. When increasing the hardening temperature,
the solubility of chromium carbides significantly increases, which boosts the content of
chromium and carbon in austenite, and lowers the temperature of the beginning of the
martensitic transformation, which facilitates the preservation of austenite after hardening.
Only a relatively small amount of martensite is formed, while the austenite grain grows.
The amount of extremely fine carbide phase is reduced. Therefore, a secondary hardening
effect occurs after tempering. Samples of all batches, 45 in total, were subjected to the
hardening process at 1100 °C, 1150 °C, and 1200 °C, followed by cooling in agitated oil.
The selection of the tempering temperatures of 1100 °C, 1150 °C, and 1200 °C is based on
the specific requirements for X160CrMoV12 steel. Temperatures from 1100 °C to 1200 °C
allow the effects of increased retained austenite, carbide dissolution, and microstructure
refinement to be controlled. The use of higher-than-standardized temperatures ensures
that the mechanical properties of the steel can be adapted to demanding applications, im-
proving wear resistance, toughness, and performance under difficult conditions. Five
samples were used to study the hardening temperature of each batch, and the averages of
the results were tabulated (Table 2) and used for comparison.
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The hardness results tend to decrease from a maximum value of 61 HRC to a mini-
mum of 35 HRC as the hardening temperature increases from 1100 °C to 1200 °C (Table
2). The hardness of this type of steel increases strongly in the hardening temperatures
between 1000 °C and 1025 °C due to the higher concentration of alloying elements, but at
higher process temperatures, which are the subject of this study, the hardness decreases,
which is a consequence of the increased volume fraction of retained austenite [27]. The
result of the decrease in hardness is confirmed by the optical analysis of the hardened
samples. The microstructure, in general, consists of martensite (grey area, fine needles),
retained austenite (light areas), and undissolved primary irregular spheroidal shape
chrome carbides of MzCs type (Figure 3). Even without determining the content of the
retained austenite, a higher content is clearly visible in the sample hardened at 1200 °C.

Table 2. Hardness results after conventional hardening and further processing.

Hardening Hardness

t Hard ft t
Batch Tempera- Subsequen ardness after Subsequen

HRC Treatment Treatment, HRC
ture, °C
1100 61 61
I 1150 55 None 55
1200 35 35
1100 61 T dat 47
empered a
II 1150 55 49
°Cfor1.5h
1200 a5 oociords 51
1100 61 . 64
i 1150 55 Plastic defor- 59
mation, 30%
1200 35 53
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Figure 3. Microstructures and X-ray diffraction patterns of as-hardened samples at (a) 1100 °C; (b)
1150 °C; and (c) 1200 °C.

For high-chromium steels with a chromium-to-carbon ratio greater than 3, carbide
transformations occur according to the following scheme: M — FesC — (Fe, Cr)sC — (Cr,
Fe)7Cs [7,28]. Primary chromium carbides (MrCs) rich in Fe [4] and arranged in lines in the
microstructure of the sample hardened at 1100 °C (Figure 3a). Coarse-grained carbides
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that do not dissolve during hardening inhibit austenite grain growth and are largely re-
sponsible for the high wear resistance. The linear distribution of carbides was not ob-
served when the hardening temperature was increased to 1150 and 1200 °C (Figure 3b,c) —
the higher the hardening temperature, the more uniform the distribution of the carbide
phase in the matrix. The XRD graphs show peaks corresponding to two Theta degrees
with angles of 42.88° and 50.76° which are assigned to the y(111) and y(220) planes, and
44.45°—a(110), which is the martensitic phase. The volume fraction of retained austenite
increases on increasing the hardening temperature and ranges from 17.36% while hard-
ened at 1100 °C to an intermediate value of 38.14% at 1150 °C and a maximum of 69.02%
at 1200 °C. The clearly expressed change in the retained austenite volume fraction of about
24% is related to the increase in dissolved carbides at higher solidification temperatures
[27,29].

After the previously described hardening procedure, the samples of Batch II were
tempered at a temperature of 600 °C for 1.5 h and cooled in air. The microstructure of the
sample tempered after hardening at 1100 °C shows a significant amount of secondary fine
spheroidal carbides, which usually form at higher tempering temperatures [9], alongside
a lower amount of primary irregular chrome carbides in the base of the fine martensite
phase (Figure 4a).
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Figure 4. SEM micrographs of Batch II samples tempered at 600 °C for 1.5 h: (a) as hardened at 1100
°C; (b) as hardened at 1150 °C; (c) as hardened at 1200 °C.

Tempered martensite, carbides trapped in the matrix, and bainite plates with a rela-
tively high remaining amount of retained austenite can be seen in Figure 4c. The suffi-
ciently high amount of retained austenite in the as-hardened sample (RA 69.02%) was
noticeably reduced. However, a single tempering cycle at 600 °C was not sufficient to com-
pletely transform the retained austenite in this sample. In order to completely free the
retained austenite to a value of almost zero and receive the highest hardness for this type
of steel, 62-64 HRC, and maximal toughness, double or even triple tempering is suggested
[9,30]. However, in this study, it was decided to limit it to single tempering and to inves-
tigate how the samples from all three batches behaved under abrasive wear conditions.

The result of the retained austenite quantification in hardened and tempered samples
(Figure 5) shows a visible decrease in RA volume fraction from 17.36% to 1.93% at the
1100 °C hardening temperature, from 38.14% to 7.26% at 1150°C, and from 69.02% to
11.43% at 1200 °C. The secondary hardening effect after single tempering at a 600 °C tem-
perature is not fully achieved, because the maximum obtained hardness does not exceed
60 HRC (Figure 5) for the sample hardened at the highest temperature (1200 °C). It is likely
that the 11.43% volume fraction of retained austenite fully transforming into martensite
after the second tempering would increase the hardness to the maximum value [31]. Based
on the hardness values, it can be seen that the alloy carbides begin to dissolve, and the
alloying elements enter the austenite phase. The austenite then cools to form a hard, su-
persaturated solid martensite. The alloying elements improve the stability of supercooled
austenite and prevent carbide formation precipitation. Therefore, the structure contains
retained austenite, undissolved carbides, and martensite while maintaining the austenite
grain morphology [28].

Lower retained austenite volume fractions are observed at the tempering tempera-
tures of 1100 °C and 1150 °C: 1.93% and 7.26%, respectively. A steady increase in carbide
content is reported at lower tempering temperatures, with a sharper increase in the tem-
perature range close to 600 °C [7]. Since this study considers only one tempering temper-
ature, changes in carbide phase content are observed at different hardening temperatures,
showing slight decreases in carbide content from 11.73% to 9.53% and 6.64% at 1100 °C,
1150 °C, and 1200 °C, respectively (Figure 5). The point of increase in the amount of re-
tained austenite along with the decrease in the content of the carbide phase depends on
the increase in the conventional hardening temperature [5]. According to the findings of
other researchers [32], the presence of retained austenite significantly reduces the rate of
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1100 °C

(a)

crack propagation, which can affect wear behaviour, and inhibits crack propagation at
high stresses.

1150 °C

Hardening + 600 °C tempering 1200 °C

Figure 5. Content of retained austenite and carbide phase in the samples of Batch II after hardening
at the indicated temperatures following by tempering at 600 °C.

Batch III samples were subjected to 30% plastic deformation in a torsional Bridgman
anvil test after conventional hardening at different temperatures. It is known that large
amounts of plastic deformation can have a significant effect on refining the grain sizes of
materials [16,18], so it was decided to observe how the consequences of plastic defor-
mation affected the wear resistance of the samples. The prepared samples were rotated
under tension between two anvils under high pressure. The effect of plastic deformation
was checked according to two criteria—the change in the microstructure of the surface
layer (Figure 6) and the hardness values.

(b) (©)

Figure 6. Optical microstructure images of plastically deformed samples after hardening at (a) 1100
°C; (b) 1150 °C; and (c) 1200 °C.

The average thickness of the plastically deformed layer of all samples was about 0.08
mm. In the microstructures, a significantly more uniform and finer structure is observed
(Figure 6), which is different from the one we observed immediately after hardening (Fig-
ure 3). The Rockwell hardness values increased in proportion to those achieved by con-
ventional hardening, showing the highest hardness peak achieved for this type of steel to
be 64 HRC when hardened at 1100 °C, a slight increase (from 55 HRC to 59 HRC) at 1150
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°C, and with the highest change at the maximum hardening temperature of 1200 °C, when
the hardness value increased from 35 HRC to 53 HRC (Figure 7). The Vickers hardness
HVou test of the plastically deformed samples confirmed the assumption that the surface
layer hardens and then gradually decreases as it moves towards the centre of the sample
until reaching base metal hardness (Figure 8). The hardness of the samples hardened at
1100°C changed from 840 HVo. (~64 HRC) to 760 HVo.1, which corresponds to the hardness
of the hardened base metal ~61 HRC. Lower Vickers hardness values from 710 HVo. to
610 HVo.1 were observed when the samples were hardened at 1150 °C. The highest hard-
ening temperature of 1200 °C and 30% plastic deformation gives the lowest hardness pro-
file HV values, but it decreases from the highest to the lowest (base metal) values, follow-
ing the same trend (Figure 8).
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Figure 7. Aggregated hardness values of the samples treated according to the experimental setup.
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Figure 8. Vickers HV0.1 hardness of plastically deformed samples of Batch III.



Metals 2024, 14, 1121

12 of 15

The positive effect of plastic deformation on the growth of the hardness of the sam-
ples is clearly visible. High hardness is a prerequisite for obtaining high wear resistance
of cold-worked tool steel, so the ability to obtain high after-hardening hardness is of par-
ticular importance [33]. Other authors have noted that wear is strongly dependent on the
wear conditions, primarily the speed of the process [14]. They declared that for both speed
regimes (sliding speed of 350 and 450 mm/s), the use of lubricant has to be avoided, as it
leads to wear drift and an uncontrolled increase in friction coefficient. During plastic de-
formation, cold work tool steel hardens due to the formation and/or rearrangement of
dislocations. Formed martensite acts as a barrier to austenite grain growth and also in-
creases wear resistance [34]. This statement is confirmed by the hardness measurement
results (Table 2). Hardness values after all intended tests tended to vary depending on the
tempering temperature.

The last and perhaps the most important step of this study was the impact of all re-
search results on wear. Therefore, all samples of all test batches were subjected to an abra-
sion test. Summarizing the results of the wear experiment, it can be stated that the values
of abrasive wear are directly proportional to the results of the previously performed hard-
ness evaluation (Figure 9).

0.16 70
0.14 60
0.12 50,
£ 0.1 T
@ 40 >
©0.08 T ]
2 = 305
© 0.06 =
= 20T
0.04
0.02 . 10
0 0
1100°C 1150°C 1200°C
I os-hardened [——Jas-tempered [ as-deformed
—O= hardened -0 + tempered O deformed

Hardening temperature, °C

Figure 9. Abrasion and hardness results of the three test batches.

Comparing the hardened and tempered samples, the mass loss of the hardened sam-
ples was three to four times lower because their structure was rich in retained austenite,
which increases wear resistance. The wear tendency of the deformed layers is very similar
to that of the hardened ones; the values change slightly at different tempering tempera-
tures. Plastically deformed samples have finer and more uniformly distributed structures
(Figure 6), and as was already reported, they typically exhibit better properties compared
to their coarse-grained as-hardened equivalents [18]. Although cold work increases the
hardness of metallic materials, which is expected to enhance their wear resistance, the
benefits of cold work for wear resistance is lower than that of the as-hardened condition
[35]. This could be a direction for further research by changing the amount of plastic de-
formation or chemical modifications of tool surfaces, such as nitriding [36]. The latter is
influenced not only by the nature of the nitrogen, but also by the ability of this substance
to diffuse through the steel. Returning to the amount of retained austenite in the as-hard-
ened samples, it is noticeable that the content of residual austenite (~38%) [4] obtained at
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the hardening temperature of 1150 °C allowed us to achieve the highest wear resistance
of the Batch I samples.

4. Conclusions

1. By increasing the hardening temperature from 1100 °C to 1200 °C, the volume frac-
tion of retained austenite increases from 17.36% to 69.02%, which is more than four times.
Retained austenite, identified by bright areas in the microstructure, is significantly more
common in the 1200 °C hardened sample than in the samples hardened at lower temper-
atures such as 1100 °C and 1150 °C.

2. This study shows that increasing the hardening temperature results in a more uni-
form distribution of carbides, but also requires more thorough tempering to achieve max-
imum hardness and toughness.

3. In the abrasive wear test, the as-hardened samples lost approximately 3.5 times less
mass compared to the tempered ones, indicating a higher wear resistance. Retained aus-
tenite increases wear resistance and inhibits crack propagation under abrasive conditions.

4. Plastic deformation after conventional hardening increases the hardness and re-
fines the microstructure of cold work tool steel, resulting in a slight increase in wear re-
sistance compared with as-hardened samples. This highlights the importance of combin-
ing heat and mechanical treatments to achieve better properties of cold work tool steels.

5. Overall, the proposed treatment may not be the most economical in terms of energy
and time consumption, but if the components' application requires increased wear re-
sistance and longer life, the long-term savings may justify the initial investment.

For future work, exploring alternative deformation methods such as uniform channel
angular pressing (ECAP) or high-pressure spinning (HPT) can provide more insight into
the optimization of microstructure and wear resistance. Testing other steel grades similar
to X160CrMoV12, such as AISI D2, AISI 440C, and AISI 52100, would help generalize these
findings. These steels are used in applications that require high hardness and wear re-
sistance, such as in the tool, bearing, and cutting tool industries. To extend this study,
testing under different wear conditions such as impact (ASTM G99), fatigue (ASTM G77),
or abrasion (ASTM G65) wear would provide a better understanding of material behav-
iour in various industries where components are exposed to different wear mechanisms.
Each of these tests simulates real-world wear scenarios, providing more insight into the
durability of steel surfaces under various conditions.
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