
Citation: Bajželj, A.; Balaško, T.;
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Abstract: Hot-work tool steels play a crucial role in applications exposed to extreme thermal, me-
chanical, and chemical stresses and require exceptional properties such as high strength, hardness,
wear resistance, and toughness. The latter is crucial to prevent an unexpected tool failure due to
the formation and propagation of fatigue cracks in demanding environments. In addition, high
thermal conductivity is crucial to prevent overheating of the tool and the resulting degradation of
the material. This study focuses on a new generation hot-work tool steel with increased Mo and
W contents, which has excellent thermal conductivity but limited toughness, as it contains stable
Mo-W carbides that remain stable up to 1100 ◦C. To improve toughness, an alternative heat-treatment
method involving austempering at different temperatures was applied. The investigation begins with
the characterisation of the chemical composition of the steel, followed by the determination of the
martensite-start (MS) and martensite-finish (Mf) temperatures. Based on the results, the researchers
established a set of samples for austempering heat treatment. They investigated the effects of different
isothermal holding temperatures on the microstructure of the steel and its subsequent mechanical
properties. The results show that reduced bainite formation, achieved by austempering at certain
temperatures, led to significantly improved impact toughness and moderate hardness. This study
also showed a correlation between the isothermal holding temperature and the extent of martensitic
transformation, which affected the microstructure and mechanical properties of the steel.

Keywords: hot-work tool steel; austempering; bainitic transformation; lower bainite; impact toughness

1. Introduction

Hot-work tool steels play an important role in applications that are exposed to extreme
thermal, mechanical, and chemical stresses, such plastics and metal forming. The most
severe environments include aluminium and magnesium high-pressure die casting, alu-
minium extrusion, and other hot metal-forming processes. These demanding environments
require materials with exceptional properties, including high strength, hardness, wear
resistance, and, critically, toughness [1–3]. Hot-work tool steels with higher toughness
exhibit a resistance to the initiation and propagation of fatigue cracks, which is important
in preventing an unexpected tool failure. Consequently, toughness stands as a fundamental
property that enhances the durability and performance of hot-work tool steels in high-
temperature applications [4–9]. In addition, hot-work tool steels must exhibit high thermal
conductivity to facilitate rapid heat dissipation and prevent excessive tool overheating
during cycles. Excessive overheating of the tool can lead to more severe fatigue crack
formation and material degradation. Pure iron possesses a very high thermal conductivity
of approximately 80 W/mK at room temperature, but the addition of alloying elements that
enables high mechanical properties reduces the conductivity values significantly. Typically,
hot-work tool steels will achieve an average thermal conductivity of around 20 W/mK,
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while the novel high thermal conductivity Mo-W tool steels will achieve up to 45 W/mK at
room temperature [10–13].

Hot-work tool steels usually undergo a heat treatment process involving quenching
and multi-stage tempering. This process results in a tempered martensite microstructure
with alloy carbides, and the combination exhibits good mechanical properties, enhanced
wear resistance, and ductility. The main objective of austenitisation is to dissolve large
carbides and other phases in the austenite matrix; to achieve a sufficiently high carbon
content; to ensure hardness, while maintaining the grain growth-retarding precipitates;
and to minimize the growth of austenite crystal grains. A fine microstructure is required to
fulfil high mechanical properties with good ductility. Following quenching, a multi-stage
tempering process is carried out to reduce internal stresses and form finely dispersed
secondary carbides that enhance the hardness and toughness of the steel. Insufficient
austenitisation leads to the presence of undissolved primary and secondary carbides in the
microstructure, which reduce the ductility of hot-work tool steels, because these carbides
are typically formed along the boundaries of prior austenitic crystal grains [4,14–22].

Bainite is a possible alternative to the classical tempered martensite. It exhibits a mor-
phology somewhat similar to martensite but with limited carbon diffusion. The formation
of bainite can also be described as a military transformation [23]. However, bainite can
be more homogeneous with finer, evenly distributed carbides. As a result, the bainitic
microstructure in steels can be more ductile while still possessing high strength and hard-
ness compared to the tempered martensitic microstructure [18,23–30]. Due to the lower
concentration of residual stresses in the material, the toughness of steels with a lower
bainitic microstructure is higher compared to martensite [27,31]. Lower bainite formation
in hot-work tool steels is achieved by holding them at temperatures above and below the
martensite-start transformation temperature (MS). Lower temperatures reduce the stability
of austenite, leading to the rapid formation of lower bainite. The diffusion of carbon and
other alloying elements is restricted, resulting in a fine bainitic microstructure. Martensitic
grains that form during cooling below the MS temperature act as nucleation sites and
accelerate the transformation into lower bainite [30,32–34].

In this study, a new generation hot-work tool steel with an increased content of Mo
and W was utilised. This steel exhibits exceptional thermal conductivity, a crucial property
in the design of tools. However, the analysed hot-work tool steel has a limited toughness,
which is the main significant challenge of this hot-work tool steel. A reduced toughness of
the hot-work tool steel can be attributed to the presence of stable Mo-W carbides, which
remain stable up to 1100 ◦C [14,35]. Despite high austenitisation temperatures, Mo-W
carbides persist within the matrix, and significant grain growth further negatively impacts
mechanical properties. To improve toughness, a different heat treatment was applied,
involving austempering at various temperatures. This study focuses on the characterisation
of the microstructure of the hot-work tool steel after austempering at different temperatures
with the aim of determining a more suitable heat treatment to improve the toughness of
the steel.

2. Materials and Methods

The delivered tool steel was in a spheroidised thermal state, with its chemical compo-
sition given in Table 1. The chemical composition of the steel was determined by optical
emission spectroscopy with an ARL 3460 device (Thermo Fisher Scientific, Waltham, MA,
USA). Additionally, the carbon, sulphur, and nitrogen contents were determined using a
combustion method with ELTRA CS-800 and ELTRA ON-900 (Leco Co., Ltd., St. Joseph,
MI, USA).

Table 1. Chemical composition of analysed hot-work tool steel (wt. %).

C Si Mn S Ni Mo W N Fe

0.32 0.04 0.02 0.0009 0.03 3.2 1.7 0.001 bal.
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Cylindrical shape specimens with a diameter of Ø4 mm × 10 mm were produced
to determine the martensite-start (MS) and martensite-finish (Mf) temperatures using
a TA DIL805A dilatometer (TA, New Castle, DE, USA). The samples were heated in a
vacuum with a heating rate of 10 ◦C/s to an austenitising temperature of 1080 ◦C, held
at this temperature for 600 s, and then rapidly cooled by inert gas blowing to the room
temperature at a rate of 30 ◦C/s in an argon atmosphere. The MS and Mf were determined
at 405 ◦C and at 225 ◦C, respectively, using the dilatometric cooling curve shown in Figure 1,
using the tangent method. The curve is not typical for a martensitic transformation. It
starts at relatively high temperatures (405 ◦C). After three experiments, the results were the
same. The presence of bainite was not confirmed in the samples cooled at 30 ◦C/s, and the
deviations occur due to the segregations.
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Figure 1. Dilatometer cooling curve of quenched sample from the austenitisation temperature at a
cooling rate of 30 ◦C/s.

Based on the results of the martensitic transformation temperatures, subsequent heat
treatment steps were determined. A set of samples was subjected to austempering heat
treatment, following the austenitisation process. This involved cooling at the rate of
30 ◦C/s and isothermal holding of the samples between 300 and 550 ◦C in an inert argon
gas atmosphere for 2 h, followed by rapid cooling to room temperature. Figure 2 illustrates
the proposed heat treatment process experiments. Dilatation values were determined
during the isothermal holding at selected temperatures using dilatometric curves.

To assess the Charpy V-notch (CVN) impact toughness, larger specimens
(65 mm × 15 mm × 15 mm) were subjected to heat treatment experiments involving isother-
mal holding. Austenitisation of the samples at 1080 ◦C was conducted in an electric re-
sistance furnace (Nabertherm GmbH, Lilienthal, Germany) followed by rapid cooling in
a preheated salt bath, where the samples were held for 2 h between 300 and 550 ◦C. The
isothermal transformation was followed by a rapid cooling of the samples to room tem-
perature. After the heat treatment, standard Charpy V-notch specimens with dimensions
of 55 mm × 10 mm × 10 mm, with 2 mm notches, were machined for the Charpy impact
test. The Charpy impact measurements were performed at room temperature using a 300 J
pendulum.

Samples were prepared for metallographic analysis from dilatometric specimens and
samples used for measuring impact toughness. These samples were ground, polished, and
etched with Nital (5 vol. %). The characterisation of the microstructure was carried out
using a ZEISS Axio Imager Z2M (Carl Zeiss AG, Oberkochen, Germany) optical microscope.
Phase characterisation was performed by scanning electron microscopy (SEM) using a Zeiss
CrossBeam 550 microscope (Carl Zeiss AG, Oberkochen, Germany). X-ray spectroscopy
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(EDS) and electron backscatter diffraction (EBSD) were performed using a HikariSuper
EBSD camera (EDAX, Mahwah, NJ, USA). The accelerating voltage for EBSD was 20 kV,
the tilt angle was 70◦, and the step size was 0.2 µm. Vickers microhardness (HV0.025) and
Rockwell hardness (HRC) were measured on metallographic specimens using the Instron
Tukon 2100B (Wilson Instruments, Norwood, MA, USA) and Rockwell Series B2000 (Wilson
Instruments, Norwood, MA, USA) machines.
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Figure 2. The experimental process in the dilatometer, austenitisation, and different isothermal
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3. Results and Discussion

Figure 3 shows the dilatometric dilatation curves of samples held at isothermal tem-
peratures between 300 and 550 ◦C. The left side of the graph shows the cooling of the
samples to the isothermal holding temperature, while the right side shows the details of
the isothermal holding and subsequent rapid cooling to room temperature. For samples
held at the isothermal temperatures between 300 and 400 ◦C, a deviation in the dilatation
curve was observed during cooling from the austenitisation temperature to the isothermal
temperature, indicating the martensitic transformation of some austenite, as expected
from Figure 1. If the isothermal holding temperature is lower than the MS, it will lead to
partial martensite transformation during cooling. When the samples reached the specified
temperature, the isothermal transformation to bainite occurred relatively fast. Interestingly,
the presence of a small fraction of martensite accelerates the isothermal bainite transfor-
mation. As found by Tian et al. [30], Morawiec et al. [32], Pashangeh et al. [33], and Guo
et al. [34], due to the shear-like military transformation of martensite, a higher concentration
of martensite increases the dislocation density and increases the internal stresses in the
undercooled austenite, enhancing the driving force for the nucleation and transformation
of bainite. Although they are both classified as military transformations, unlike martensite,
bainitic transformation typically requires a nucleation period. As the isothermal tempera-
ture increases, less martensite is formed during cooling, and consequently, more bainite is
formed during isothermal holding. The isothermal transformation to bainite was complete,
and upon cooling to room temperature, there were no visible deviations in the dilatation
curve that would represent martensitic transformation. At austempering temperatures
above 450 ◦C, martensitic transformation did not occur during the cooling to the isothermal
temperature, which is a logical consequence of the fact that the determined martensitic
start temperature was 405 ◦C. Once the samples had reached the prescribed temperature, a
short incubation period followed, after which isothermal transformation to bainite took
place. With an increase in the isothermal holding temperature, both the incubation time
and the transformation rate decreased. Higher temperatures increased the stability of the
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austenite, reduced the nucleation rate for bainite formation, and consequently slowed down
or completely suppressed the transformation rate. At higher temperatures, specifically
500 and 550 ◦C, the transformation into bainite either proceeded slowly throughout the
entire holding period or did not occur at all. The isothermal bainite transformation was
inhibited due to the stabilisation of the austenite and an insufficient ferrite-forming driving
force; therefore, the martensitic transformation took place during the final quenching to
room temperature after the isothermal holding. Furthermore, a slight deviation in the
dilatometric curve that indicates the start of the martensitic transformation is observed in
Figure 1, and this can also be noticed in the first stage of cooling before austempering at
400, 350, and 300 ◦C and can also be observed during the final cooling stage of samples
isothermally held at 550 ◦C.
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Figure 4 illustrates the absolute elongation of the samples during isothermal holding
at various temperatures. For the samples held at an austempering temperature below
400 ◦C, the martensitic transformation occurred during cooling to the isothermal holding
temperature, resulting in less bainite formation as the isothermal temperature decreased.
Isothermal bainitic transformations occurred rapidly at these temperatures and were com-
pleted within a few seconds. For the sample held at 300 ◦C, a deviation occurred during
cooling to the isothermal temperature, and the sample did not follow the planned trajectory.
A step is noticeable on the curve when the sample reached the isothermal temperature. The
martensite transformation occurred mainly during cooling, while the isothermal bainite
transformation occurred during holding at the specified temperature. For the sample
held at 350 ◦C, a significant portion of the transformation corresponds to an isothermal
bainite transformation, and due to the presence of martensite, the transformation occurred
within a few seconds. The bainite transformation in the sample held at 400 ◦C proceeded
somewhat more slowly with a short incubation period. The proportion of bainite formation
is higher, which is reflected in a greater absolute elongation. During isothermal holding,
both martensite and bainite tempered, as can be seen from the change in the elongation
curves. The rate of isothermal transformation in the sample held at 450 ◦C was slower
due to the slower nucleation of bainite. The lower absolute elongation indicates the for-
mation of upper bainite. In the sample held at an isothermal temperature of 500 ◦C, the
bainite transformation occurred slowly throughout the entire holding period, whereas in
the sample held at 550 ◦C, no isothermal bainite transformation occurred.



Crystals 2024, 14, 26 6 of 13

Crystals 2024, 14, x FOR PEER REVIEW 6 of 13 
 

 

thermal bainitic transformations occurred rapidly at these temperatures and were com-
pleted within a few seconds. For the sample held at 300 °C, a deviation occurred during 
cooling to the isothermal temperature, and the sample did not follow the planned trajec-
tory. A step is noticeable on the curve when the sample reached the isothermal tempera-
ture. The martensite transformation occurred mainly during cooling, while the isothermal 
bainite transformation occurred during holding at the specified temperature. For the sam-
ple held at 350 °C, a significant portion of the transformation corresponds to an isothermal 
bainite transformation, and due to the presence of martensite, the transformation occurred 
within a few seconds. The bainite transformation in the sample held at 400 °C proceeded 
somewhat more slowly with a short incubation period. The proportion of bainite for-
mation is higher, which is reflected in a greater absolute elongation. During isothermal 
holding, both martensite and bainite tempered, as can be seen from the change in the elon-
gation curves. The rate of isothermal transformation in the sample held at 450 °C was 
slower due to the slower nucleation of bainite. The lower absolute elongation indicates the 
formation of upper bainite. In the sample held at an isothermal temperature of 500 °C, the 
bainite transformation occurred slowly throughout the entire holding period, whereas in 
the sample held at 550 °C, no isothermal bainite transformation occurred. 

 
Figure 4. Absolute change in length during isothermal transformation (the double red lines pre-
sent a time gap). 

Figure 5a–f show etched microstructures of samples held at isothermal temperatures 
between 300 and 550 °C, with labelled phases and the corresponding measured micro-
hardness values (HV0.025). The values of microhardness with such small loads result in 
higher values than measurements with higher loads. The samples held at isothermal tem-
peratures between 300 and 400 °C contain both lower bainite and martensite. The differ-
ence in microhardness between the bainite and the tempered martensite is minimal and 
could not be distinguished by microhardness measurements. In the sample held at 400 °C, 
the microstructure contains lower bainite, very little martensite, and upper bainite. In the 
sample held at 450 °C, the upper bainite dominates the microstructure with the lowest 
hardness. In the sample held at 500 °C, during isothermal heat treatment, a slow bainitic 
transformation occurs, and the microstructure shows some upper bainite. Between the 
bainitic plates, there are laths of martensite, resulting in a higher measured microhardness 
of bainite. Additionally, fresh martensite forms due to the transformation of stabilised 
austenite during quenching to room temperature after isothermal holding. A similar pro-
cess occurred in the sample held at 550 °C, where an isothermal bainitic transformation 
practically did not occur. The newly formed martensite in these samples has a significantly 
higher hardness than the martensite formed in the samples held at 300, 350, and 400 °C. 

Figure 4. Absolute change in length during isothermal transformation (the double red lines present a
time gap).

Figure 5a–f show etched microstructures of samples held at isothermal temperatures
between 300 and 550 ◦C, with labelled phases and the corresponding measured microhard-
ness values (HV0.025). The values of microhardness with such small loads result in higher
values than measurements with higher loads. The samples held at isothermal temperatures
between 300 and 400 ◦C contain both lower bainite and martensite. The difference in
microhardness between the bainite and the tempered martensite is minimal and could
not be distinguished by microhardness measurements. In the sample held at 400 ◦C, the
microstructure contains lower bainite, very little martensite, and upper bainite. In the
sample held at 450 ◦C, the upper bainite dominates the microstructure with the lowest
hardness. In the sample held at 500 ◦C, during isothermal heat treatment, a slow bainitic
transformation occurs, and the microstructure shows some upper bainite. Between the
bainitic plates, there are laths of martensite, resulting in a higher measured microhardness
of bainite. Additionally, fresh martensite forms due to the transformation of stabilised
austenite during quenching to room temperature after isothermal holding. A similar pro-
cess occurred in the sample held at 550 ◦C, where an isothermal bainitic transformation
practically did not occur. The newly formed martensite in these samples has a significantly
higher hardness than the martensite formed in the samples held at 300, 350, and 400 ◦C.

Figure 6a–f show scanning electron microscope images of the examined samples
subjected to various isothermal temperatures. Notably, these figures reveal the presence of
undissolved carbides, enriched in Mo and W, surrounding the prior austenitic grains in
all samples. Figure 7 shows a backscattered electron image of a sample held at 300 ◦C and
carbides rich in Mo and W. These carbides are not as efficient in retaining small austenitic
crystal grains such as NbC for example [14]. According to the observations with the optical
microscope, the sample held at 300 ◦C exhibits a significant martensitic phase. However,
as the isothermal holding temperature increases, the proportion of bainite becomes more
prominent. Lower bainite, characterised by uniformly distributed carbide particles, plays a
constructive role in enhancing Charpy impact toughness, a detail that will be presented later
in this discussion. As the isothermal holding temperature increased, the morphology of the
bainite underwent a noteworthy transformation. This evolution could be attributed to the
intensified carbon diffusion originating from the bainitic ferrite plates. The consequence
was the formation of carbide particles around these plates, a phenomenon that became
especially pronounced in samples held at temperatures exceeding 450 ◦C. Notably, the
sample held at 500 ◦C exhibits the presence of upper bainite. This occurrence reflected the
formation of bainitic ferrite plates, leading to a carbon-enriched zone in the surrounding
area, subsequently impacting the stabilisation of the austenite. During the cooling phase to
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room temperature, the stabilised austenite underwent a transformation, converting into
fresh martensite. As shown from the dilatometric curves, in the sample held at 550 ◦C, an
isothermal bainite transformation practically did not occur, resulting in a predominantly
martensitic microstructure. The EBSD phase analysis clearly indicated a comprehensive
transformation of austenite to either martensite or bainite across all examined samples, and
there were no traces of any retained austenite. Figure 8 presents the EBSD phase analysis
of the sample held at 350 ◦C.
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all samples. Figure 7 shows a backscattered electron image of a sample held at 300 °C and 
carbides rich in Mo and W. These carbides are not as efficient in retaining small austenitic 
crystal grains such as NbC for example [14]. According to the observations with the optical 
microscope, the sample held at 300 °C exhibits a significant martensitic phase. However, 
as the isothermal holding temperature increases, the proportion of bainite becomes more 
prominent. Lower bainite, characterised by uniformly distributed carbide particles, plays 
a constructive role in enhancing Charpy impact toughness, a detail that will be presented 
later in this discussion. As the isothermal holding temperature increased, the morphology 
of the bainite underwent a noteworthy transformation. This evolution could be attributed 

Figure 5. Optical microscopy of etched samples held at different isothermal temperatures: (a) 300 ◦C,
(b) 350 ◦C, (c) 400 ◦C, (d) 450 ◦C, (e) 500 ◦C, (f) 550 ◦C. Notes: LB—lower bainite, M—martensite,
B—lower or upper bainite, UB—upper bainite, FM—fresh martensite.
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Figure 9 shows the results of the Charpy CVN impact toughness and hardness mea-
surements (HRCs). To obtain a more precise determination of the Charpy impact toughness,
additional measurements were conducted at the isothermal holding temperatures of 325
and 375 ◦C. The Charpy impact toughness and hardness measurements were not per-
formed on the sample held at 550 ◦C due to the absence of bainite. The Charpy CVN
impact toughness of the samples after conventional heat treatment (CHT) was 4.5 J. These
samples were quenched at a temperature of 1080 ◦C, followed by triple tempering to a
hardness of 47 HRC. Tools for aluminium and magnesium die casting, plastic injection
moulding, and hot forging typically achieve hardness levels ranging from 44 to 52 HRC [36].
Through the austempering heat treatment process, the Charpy impact toughness increased
with an increase in the isothermal holding temperature, reaching its maximum value of
17.5 J at 350 ◦C. Subsequently, the Charpy impact toughness values decreased, following
a similar trend as hardness. The increase in the Charpy impact toughness and the higher
hardness could be due to the higher amount of bainite and the more extensive tempering
of martensite and lower bainite. With an increase in the isothermal holding temperature,
the presence of martensite or tempered martensite disappeared, being replaced by upper
bainite. Consequently, this is reflected in a lower hardness and Charpy impact toughness.
For the sample held at 500 ◦C, the martensitic transformation occurred during cooling from
the isothermal temperature to room temperature. The presence of untempered martensite
and upper bainite led to the lowest Charpy impact toughness and the highest measured
hardness. The austempering method significantly increased the Charpy impact toughness
of the investigated hot-work tool steel, with the sample held at a temperature of 350 ◦C,
demonstrating the best results. Notably, hardness levels were lower compared to the
samples treated through conventional heat treatment, as the lower bainite did not achieve
a comparable hardness to the tempered martensite.
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Figure 9. Charpy CVN impact toughness (black line) and hardness measurements (HRCs, red line) at
various isothermal holding temperatures.

Figure 10 shows scanning electron microscopy images of the fracture surface after the
Charpy impact toughness test of the samples held at 350 ◦C and 500 ◦C. The sample held at
350 ◦C achieved the highest Charpy impact toughness among all the samples but exhibited
a brittle fracture. The brittle fracture can be instigated by the residual stresses in martensite,
and we tried to mitigate the influence of martensite by introducing bainite. That being
said, soft and ductile retained austenite can also improve the Charpy impact toughness
of steel [37]. In our case the fracture surface showed small areas characteristic of ductile
fracture that were several µm wide (see areas marked with dimples in Figure 10). Because
the EBSD analysis did not detect retained austenite on such a scale, it was not considered
to be a major factor in the increase in the Charpy impact toughness. Additionally, the
majority of the sample fractured surface still exhibits a brittle fracture. This at least partially
excludes the possible effect of nano-sized retained austenite between the bainitic needles.
While the Charpy impact toughness values are still below 20 J, the values increased for
more than 100%. Studies on low-alloyed high-carbon steel showed an increase from 8 J for
quenching and tempering to as high as 29 J for austempering [24]. Furthermore, there is
still ground for improvement in the process of annealing. Bainitic steels, characterised by
the presence of strong carbide-forming elements such as molybdenum (Mo) and tungsten
(W), exhibit secondary hardening when subjected to high-temperature annealing. This
secondary hardening process can provide higher toughness and hardness. The finely
dispersed and more thermodynamically stable alloy carbides replace cementite within the
microstructure [23]. The conventionally heat-treated specimens that were quenched and
tempered had a high amount of Mo and W carbides, resulting in a relatively high secondary
hardness of around 540 HV [15].
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4. Conclusions

In this study, heat treatment was optimised with the aim of improving the impact
toughness of hot-work tool steels. Instead of the conventional method of quenching and
multiple tempering, austempering was carried out at various isothermal temperatures after
austenitisation. Based on the microstructural characterisation and the determination of
hardness and impact toughness, the following conclusions can be summarised:

• Austempering below the martensite-start transformation temperature (MS) led to the
formation of some martensite during cooling to the isothermal temperature, which was
subsequently tempered during isothermal holding. The martensite formed serves as a
nucleus for an isothermal bainite transformation. Samples with tempered martensite
and lower bainite achieved significantly higher impact toughness values compared to
samples treated with conventional heat treatment.

• When the isothermal temperature rose to 450 ◦C, the morphology of the bainite
changed, with more upper bainite forming. An increased proportion of upper bainite
led to decreased hardness and impact toughness.

• Samples held at 500 ◦C and above exhibited an extremely slow isothermal transfor-
mation of austenite to bainite, which was not completed within the specified time
interval. The remaining stabilised austenite transformed completely into martensite
on cooling to room temperature. The sample held at 500 ◦C, which contained upper
bainite and fresh martensite, exhibited the lowest impact toughness.

• Despite the obvious increase in impact toughness due to the modified heat treatment,
it remains relatively low, which is primarily due to the presence of undissolved
carbides along the boundaries of the former austenitic crystal grains. The hardness
of austempered samples is also low, indicating the potential benefits of additional
tempering to improve hardness and impact toughness.
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These conclusions illustrate the complex relationship between isothermal heat treat-
ment, microstructure, hardness, and impact toughness in the hot-work tool steel inves-
tigated and highlight opportunities for further optimisation in order to achieve better
mechanical properties.
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