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Abstract: In this study, different heat treatment cycles such
as martempering, austempering, quenching, and quench
tempering were applied to American Iron and Steel Institute
(AISI) D3 tool steel. Optical microscopy, scanning electron
microscopy, and molecular dynamics (MD) approaches
were utilized to evaluate the heat-treated microstructures.
Moreover, the hardness and microhardness of the speci-
mens were studied. The austempered specimen showed
lower hardness than the partially and fully martempered
specimens due to the formation of a bainitic matrix. On the
other hand, the hardness loss of the fully martempered
specimen was insignificant due to its low-carbon martensite
matrix and alloy carbide hardness. Tempering of quenched
specimens changed the carbide alloy from M3C to M3C7,
increasing the microhardness from 1,150 to 1,756 HV, whereas
martensite microhardness decreased from 817 to 485 HV. The
observed hardness reduction of the quench-tempered spe-
cimen suggests that the matrix part of an alloy significantly
contributes to its hardness. The MD simulation results reveal
that grain boundaries act as favorable sites for thermal twin
formation in the microstructure during the tempering of the
quenched specimen. A large concentration of such thermal
twins would be another reason for the hardness loss of the
tempered specimen.

Keywords: AISI D3 steel, heat treatment, alloy carbides,
hardness, molecular dynamics simulations

1 Introduction

A major class of alloy steel with numerous industrial appli-
cations is categorized as tool steel. According to the AISI/SAE
(American Iron and Steel Institute/Society of Automotive
Engineers) standard, tool steel falls into seven main cate-
gories. Marked with specific letters, this classification is
based on cooling methods after heat treatment, special
applications, and primary features [1,2].

This tool steel is utilized in a variety of industrial appli-
cations due to its high hardness, excellent wear resistance,
and dimensional stability. It is particularly suitable for
making cutting dies, cold-forming dies, punching tools,
and cutting blades in metal-forming processes. It is also
used in producing parts that need to withstand severe
wear conditions, such as wire drawing dies and precision
tools. The high chromium content (about 12%) in the
chemical composition of this steel ensures its relative resis-
tance to corrosion, although it is not optimal for wet envir-
onments. The cold work tool steel is a prominent category
of the tool steel class, falling into several subcategories. The
cold work tool steel D category consists of 2–2.35% carbon
and 11–13% chromium. This type of steel is employed to
manufacture cutting tools and forming molds for operation
at 260°C [3,4]. In this category, the steel is made up of M3C
and M3C7 carbides, which account for 18.5–23.5% of the
volume percentage in quenched and austempered samples
[5].

Different heat treatment methods, such as martem-
pering, austempering, and quench-tempering, are used to
achieve favorable microstructures and hardness [6]. Mar-
tempering treatment is a kind of modified quenching treat-
ment for reducing residual stress and distortion caused by
quenching [7]. Austempering is a kind of isothermal heat
treatment that produces bainite structures in steel. This
treatment is considered an alternative to quench-tem-
pering treatment; however, it improves the flexibility
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and impact resistance of steel in addition to reducing the
chances of cracks caused by quenching. Requiring a spe-
cific salt bath, this treatment is also applied to a limited
number of steels [6].

The sol–gel process has emerged as a highly effective
method for enhancing the surface properties of cold-cut-
ting tool steels, as noted in previous studies [8,9]. This
technique enables the production of ceramic and nano-
composite coatings that exhibit exceptional resistance to
wear, corrosion, and high temperatures. These coatings
not only enhance the surface hardness of the steel but
also serve as a protective barrier against damage from
wear and challenging environmental conditions. Moreover,
the coatings derived from the sol–gel process demonstrate
superior corrosion resistance, which can substantially
extend the service life of cold-cutting tools [10,11]. The
ability of the sol–gel process to provide precise control
over surface characteristics, such as roughness and adhe-
sion, further contributes to the improved performance of
industrial tools across various manufacturing and mate-
rial-forming applications [12,13].

AISI D3 tool steel, due to its specific chemical composi-
tion and resilient microstructure, is one of the most impor-
tant materials for industrial applications requiring high
hardness and wear resistance. The fatigue resistance of
this steel under intermittent and severe loading conditions
is particularly crucial, as it ensures the long-term perfor-
mance of tools and dies. Selecting and optimizing the
appropriate heat treatment can significantly enhance the
fatigue resistance of this steel, thereby reducing repair and
replacement costs [14–17].

Previous experimental investigations have shown that
the presence of massive carbides plays one of the most
critical roles in hardness and, therefore, can noticeably
affect the mechanical behavior of such steels. In this con-
text, Nykiel and Hryniewicz [5] analyzed the effects of car-
bides in these steels during the heat treatment at different
temperatures. The results indicated that iron carbides (e.g.,
Fe3C) were observed within lower temperature ranges
from 200 to 350°C, whereas chromium alloy carbides
were observed from 500 to 700°C. They were completely
insoluble in the austenite phase. In another study, Hari-
ningsih et al. [18] compared the bainite and martensite
microstructures of such steels at different austenitization
temperatures. According to their results, the amount of
carbon existing in the martensite phase was affected by the
type of alloy carbide created in the microstructure. Samuel
and Prabhu [19] observed that decreasing the tempering tem-
peratures of these steels reduced their hardness.

Apart from the aforementioned carbides, a literature
review reveals that the formation of thermal twins in the

process of tempering high-carbon steels is an important
factor that can change their mechanical properties [20–22].
Consequently, the D3 tool steels are prone to these crystal-
line defects after heat treatment. Ehle et al. [23] analyzed the
residual stress caused by the formation of thermal twins in a
tempered AISI D3 sample. Nevertheless, the experimental
observations are quite scarce.

Molecular dynamics (MD) simulation methods allow
researchers to study and predict the behavior of materials
at the atomic level by simulating the interactions between
atoms over time. This approach is particularly useful for
investigating complex phenomena such as phase transitions,
diffusion, and the mechanical properties of materials, as it
provides detailed insights into atomic arrangements and
movement. In contrast, finite element methods (FEMs) are
typically used to analyze larger-scale structures and mate-
rials by dividing them into smaller, manageable elements.
While FEM is effective for understanding macroscopic
mechanical behavior and stress distribution, it does not
provide the same level of detail regarding atomic interac-
tions and microstructural changes. The advantage of using
MD simulations lies in their ability to capture the dynamic
processes occurring at the atomic scale, allowing for the
exploration of time-dependent phenomena and the effects
of temperature, pressure, and other environmental factors
on material properties. This capability makes MD simula-
tions an invaluable tool in materials science, enabling
researchers to reduce experimental costs and time while
gaining a deeper understanding of the fundamental mechan-
isms driving material behavior [24].

In recent years, MD simulation has increasingly been
used as an efficient tool to analyze the effects of crystalline
defects on the mechanical properties and microstructures
of materials [25,26]. Karewar et al. [27] used this approach
to study the effects of pre-existing twins on the phase tran-
sition process (from the austenite phase to the martensite
phase). According to their observations, the twining bound-
aries were considered suitable sites for generating the mar-
tensite phase from the austenite phase. Samawi et al. reported
that cracks would appear less often in a sample where the
thermal twin was larger [28]. Therefore, the presence of twins
while annealing can have direct effects on the mechanical
properties of samples.

In the present study, we aim to understand the effects
of tempered microstructures of the AISI D3 tool steel on
its hardness at different heat treatment protocols. For
this purpose, different cycles of heat treatment were first
applied to this steel, and the resultant values were com-
pared through the hardness test. Moreover, scanning elec-
tron and optical microscopes (OM) were employed to
scrutinize the annealed structures of samples, and the MD
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simulation method was utilized to analyze the formation of
thermal twins during the complete martempering treatment.
Section 2 reports the details of samples, heat treatment pro-
tocols, and MD simulation. The results are discussed in
Section 3, and the conclusion is drawn in Section 4.

2 Materials and methods

2.1 The experimental procedure

In this study, disc-shaped samples of a 5-cm thickness were
made of the AISI D3 (DIN: X 210 Cr 12) steel with a chemical
compound shown in Table 1. The samples underwent dif-
ferent heat treatments (i.e., quenching, quench-tempering,
austempering, incomplete martempering, and complete
martempering), the details of which can be seen in Table 2.
The austempering treatment of samples lasted for 20 min
at 930°C, and water was used as a cooling environment to
quench the samples [29]. The cross-sections of all samples
were scrutinized and recorded with a reflective OM [30].
In addition, a scanning electron microscope (SEM) was
employed to analyze the microstructures of samples. After
the polishing operation, the samples were exposed to an
etchant solution with an appropriate mixture suitable for
the steel. Table 3 presents the properties of the etchant
solution. The hardness test was conducted with the Vickers
indenter at 30 kg of load to compare samples in hardness.
This test was repeated five times on each sample, and the
mean result was reported. Furthermore, the micro-hardness

test was conducted to compare different sections of micro-
structures (e.g., alloy and matrix areas) in hardness.

2.2 Details of MD simulation

After examining and analyzing the SEM images, we employed
MD simulations to further investigate the phases of the mas-
sive alloy carbides and to analyze stress concentration at the
atomic scale. Given the limitations in analyzing twins at the
atomic scale, this method allowed for a more accurate inves-
tigation of these microstructural defects. In this study, all
simulations were performed on LAMMPS [31], which is an
open-source software program. The atoms that account for
less than 1% of the structure, as reported in Table 1, were
disregarded to reduce the computational costs. Therefore,
the representative elementary volume consisted of iron, chro-
mium, and carbon atoms. The embedded atommethod (EAM)
potential function [32] was employed to define the interaction
between the atoms of Fe and those of Cr in force and energy
fields, whereas the EAM/alloy potential function was used to
determine the Fe–C interaction and the Cr–C interaction.
According to the literature, these potential functions can
properly simulate the microstructures of carbon steels in a
solid state [33]. According to Figure 1, a cubic sample with an
edge length of 40 nm and an average grain size of 12 nmwere
used to analyze the effects of heat treatment on crystalline
defects in the microstructure of the AISI D3 tool steel. The
orientation of grains in this sample was selected completely
randomly. Before heat treatment, the sample was annealed
with an isothermal-isobaric (NPT) ensemble and a

Table 1: The chemical compound of the AISI D3 steel with its equivalent
in different standards [3]

%Fe %W %V %Cr %Si %S %P %Mn %C

Balance 0.03 0.25 12.2 0.30 0.01 0.01 0.12 2.12

Table 2: The cycles of heat treatments applied to the AISI D3 steel samples

Sample Heat treatment cycle

As-received
Austempered Austenitization at 930°C for 20 min, rapid transfer to another furnace at 250°C, retention for 2 h, cooling in air
Partially martempered Austenitization at 930°C for 20 min, rapid transfer to another furnace at 250°C, retention for 3 min, cooling in water
Fully martempered Austenitization at 930°C for 20 min, rapid transfer to another furnace at 250°C, retention for 3 min, cooling in water, and

tempering at 350°C for 1 h.
Quenched Austenitization at 930°C for 20 min, rapid cooling in water
Quench-tempered Austenitization at 930°C for 20 min, rapid cooling in water, and tempering at 350°C for 2 h.

Table 3: The properties of the etchant solution [7]

Name of the solution Components

Vilella’s reagent 1(g) picric acid + 5(ml) HCL + 100(ml)
ethanol
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Nosé–Hoover barostat at zero pressure and 300 K for 300 ps.
Based on previous studies [34–36], such annealing process
could successfully minimize the energy at grain boundaries.
It is worth mentioning that the Maxwell–Boltzmann distribu-
tion was employed to determine the initial velocity of atoms
andmotion equations were solved through the velocity-Verlet
algorithm to update the position and velocity of atoms [37]. In
all three directions, the periodic boundary conditions were
considered. The sample was first heated up from 300 to
1,203 K with a heating rate of 0.1 K/ps. It was kept at that
temperature for 900 ps to simulate austempering treatment.
For tempering, the sample was then annealed at 550 for
950 ps with a cooling rate of 0.1 K/ps. In this stage, the cooling
rate was increased to simulate annealing in water; therefore,
the sample was annealed from 550 to 300 K with a cooling
rate of 10 K/ps for 25 ps. Finally, the sample was annealed at
650 K for 350 ps to perform the fully martempered treatment,
and its annealed microstructure was studied with analysis
tools in OVITO [38].

3 Results and discussion

3.1 Microstructure evolution of the
tempered samples

Figure 2 shows a comparison drawn between the micro-
structures of the tempered samples with different proto-
cols and those of the as-received sample using SEM results.
As seen in this figure, massive and fine alloy carbides are
formed in the microstructures of all tempered samples.
According to previous studies [39–41], a large portion of

the matrix austenite turns into martensite and bainite.
Depending on the holding period at the desired tempera-
ture, the residual austenite then turns into bainite or fer-
rite. Figure 2 demonstrates the structure of the matrix for
these samples as the tempered martensite. Furthermore,
alloy carbides are formed when austenite is cools down,
containing a kind of M3C within 600–800°C and 5–25% of
chromium [42]. The element represented by M can be
either Fe or Cr. Figure 3 depicts massive chromium-based
carbides in the fully martempered sample at different mag-
nifications. As seen, when the D3 steel is heated within the
range of 380–600°C, a considerable percentage of its car-
bide is Cr3C7, and chromium makes up nearly 25–45% of
the steel. In this context, most studies have revealed that
the prominent role of these alloy carbides in enhancing the
abrasion resistance and hardness of these steels. In this
regard, Khun et al. [43] reported that the smaller dimen-
sions of alloy carbides, a more normal distribution, and
residual austenite were the key factors that increased the
abrasion resistance of such steels. However, Song et al. [44]
indicated that a normal distribution of fine carbides in the
residual martensite in the austenite matrix would increase
the hardness of such steels. In addition to the mentioned
issues, the microstructure and morphology of such tool
steels are under the influence of the thermal twin forma-
tion. Before heat treatment, the alloy carbides in the micro-
structure of the samples are fine and dispersed, limiting
their effect on increasing hardness and microhardness.
Therefore, the multi-stage heat treatment process trans-
forms the martensite structure into a bainite structure,
where massive alloy carbides with very high hardness
form, significantly increasing the surface hardness of the
samples. In conclusion, the multi-stage heat treatment
changes the morphology of the alloy carbides from fine,

Figure 1: Polycrystalline configuration of D3 steel sample with an average grain size of 10 nm. Atoms were colored based on: (a) grain segmentation
analysis and (b) chemical composition.

4  Bassam A. Mohammed



Figure 3: The SEM images of microstructures of the fully martempered sample at different magnifications: (a) fine carbides and (b and c) massive
carbides.

Figure 2: The OM images of the microstructure of tempered samples: (a) as-received, (b) quenched, (c) quench-tempered, (d) austempered, (e) fully
martempered, and (f) partially martempered.
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agglomerated islands to massive alloy carbides with a
more appropriate distribution.

In a recent study by Momeni et al. [39], it was observed
that adding titanium and niobium while reducing chro-
mium content can increase the secondary hardness of D3

tool steel. However, the strength and toughness of these
steels are reduced. Nykiel and Hryniewicz [5] observed the
formation of thermal twins in the martensite matrix and
even inside alloy carbides. Therefore, it was deduced that
the mechanical properties of these steels are affected by
alloy carbides and crystallite defects such as thermal twins.

In a study by Ehle et al. [23], a two-stage liquid nitrogen
cooling and deep rolling process was designed for these
steels to control the twinning and martensitic transforma-
tion phenomena after austenitizing heat treatment. The
results show that the hardness of these steels can be
increased from 355 HV0.1 to about 850 HV0.1.

As mentioned earlier, the presence of thermal twins
caused by the annealing process can affect the mechanical
properties of these steels.

A review of previous studies indicates that thermal
twins forming in the structure of steels during heat treat-
ment can be effectively observed using TEM microscopes
[45,46]. However, the information obtained from these
twins is typically limited to their crystal planes. In recent
years, MD simulations have provided more comprehensive
insights, such as the preferred locations of twin formation,
the observation of twin boundaries, and the thickness of
the twins. Since twins form at the atomic scale, MD simula-
tions prove to be highly efficient for this analysis [47,48].

To shed more light on this issue, the thermal twin
formation in the microstructure of the fully martempered
sample has been atomistically probed through the MD
simulation. According to Figure 4, these twins are seen in
a large number of grains. In this figure, the green atoms
indicate the crystalline structure of body-centered cubic,

whereas the white atoms represent the positions of grain
boundaries and carbide areas. Furthermore, the red atoms
indicate the atomic layers existing in twin boundaries. It
has been shown that such twins inside the grains can
obstruct the slipping path of dislocations and improve
mechanical properties by changing the crystalline orienta-
tion of grains [49,50]. According to Karewar et al. [27] study,
thermal twins emerging in the austenite grains can become
potential areas for the sprouting of the martensite phase
from the austenite phase. Therefore, the presence of the
thermal twins within the tempered microstructure of the
samples would manifest itself in the change in the percen-
tage of different phases.

As observed in Figure 4, the twins that nucleated from
the grain boundary regions initiated growing inside the
grains. Previous observations attribute the reason for this
phenomenon to the high levels of energy in grain bound-
aries, which can reduce the activation energy barrier for the
nucleation of these crystalline defects [51–54]. To shed more
light on this issue, Figure 5 discloses the results of the von-
Mises stress distribution analysis for the desired sample. The
high values of stress in grain boundaries make these areas a
favorite site for twin nucleation. Similarly, the alloy carbides
are another prone site for twin formation due to their stress
concentration. Consequently, it is expected that the high
levels of stress at the carbides/martensite interface in the
matrix would be a determining factor in the mechanical
properties of such tool steels.

3.2 Surface hardness of tempered samples

Recent studies indicate that surface properties such as
roughness, hardness, and morphology are very important for
service conditions under load and surface modification

Figure 4: The Common Neighbor Analysis results for the fully martempered sample: (a) 3D view and (b) cross-section.
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(functionalization) operations. Based on these studies, methods
that incorporate experimental tests, machine learning, and
finite element models for these types of steels containing
bulk alloy carbides provide optimal conditions for the thermal
conductivity of cutting fluids and cutting temperatures to
achieve better surface quality during the machining process
[55–58]. A review of studies reveals that the surface hardness of
these steels, in terms of microstructure after heat treatment,
has been less investigated. The hardness test was conducted on
all samples to establish a relationship between the microstruc-
tures of samples and their mechanical properties. Figure 6
displays the hardness test outcomes indicating that the hard-
ness of the austempered sample is lower than that of the
partially martempered sample. It arises because the austem-
pered sample was tempered at 250°C for 1 h, during which
there was enough time for the diffusion of carbon resulting

in the transformation of the austenite phase into the bainite
one. However, the martempered sample was placed at the
foregoing temperature for merely 3 min; as a result, it still
had a martensite matrix as discussed in Momeni et al. [39].
Since atomic diffusion is a time-consuming phenomenon, the
martempered sample did not have enough time to change
from a martensite matrix into a bainite one when it tempered
at 250°C. Therefore, it still had a martensite structure.

According to previous studies, the partially martem-
pered D3 steels have residual stress and distortion due to
their martensite matrix; therefore, they are not suitable for
industrial use and need to undergo stress relieving using
tempering treatments [59–61]. The formation of chromium
carbides after heat treatment plays a crucial role in enhan-
cing the hardness of AISI D3 steel. These fine and hard
carbides improve resistance to plastic deformation by

Figure 5: The von-Mises stress distribution map results for the fully martempered sample. Dark blue atoms show grain interiors and bright blue,
yellow, orange, and red atoms represent highly stressed atoms.

Figure 6: Measured hardness of the tempered samples.
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creating obstacles to dislocation movement. Furthermore,
their presence at grain boundaries prevents grain growth
and strengthens grain boundaries. These effects, combined
with the martensitic structure resulting from quenching,
lead to a substantial increase in surface hardness and wear
resistance, making the steel suitable for high-stress engi-
neering applications. Regarding this issue, this sample was
tempered at 350°C for 1 h, a treatment that was introduced as
fully martempering in this study. It has been demonstrated
that tempering such high-carbon tool steels is a time-con-
suming process [62,63]. Since there was no sufficient time
for the diffusion of all carbon atoms, the low-carbon marten-
site structure emerged in the matrix. Therefore, the hardness
of this sample is expected to remain nearly intact.

As seen in Figure 6, the fully martempered sample shows
a minor reduction in hardness compared to the partially
martempered counterpart. In other words, the presence of
low-carbon martensite in the matrix of the fully martem-
pered sample retained the high hardness of samples. Addi-
tionally, the role of carbides in the hardness should still be
taken into account. In this regard, similar studies have indi-
cated that the formation of iron carbides, e.g., Fe3C, can
sharply increase the hardness of these steels [64].

Moving on to the next sample, the quenched one had a
distribution of alloy carbides in the high-carbon martensite
matrix. As viewed in Figure 6, the hardness of this sample
is 60 RC. Given the residual stress in the microstructure of
this sample, it must undergo stress relieving by further
tempering treatments [4,65]. Therefore, this sample was
placed at 350°C for 2 h. According to Figure 6, a significant
hardness reduction was observed in the quench-tempered
sample. This significant hardness reduction can be under-
stood by the fact that the alloy carbides in the quenched
sample were of the M3C type, the hardness of which lies
within the range of 1,060–1,240 Vickers with 25% chro-
mium [5]. In the tempering treatment, these carbides
turn into M3C7 carbides with 50% chromium whose hard-
ness lies within the range of 1,500–1,800 Vickers [5]. As
seen in Table 4, the measured hardness of all carbides
existing in the quenched sample was 1,150 Vickers, whereas
the hardness of carbides existing in the tempered sample was

1,756 Vickers. Nevertheless, since the tempering treatment
was applied to the quenched sample for 2 h, the growth of
carbides during the treatment increased the adsorption of
carbon from the matrix, and the low-carbon martensite
formed around carbides. Therefore, the matrix hardness in
the tempered sample is expected to decline much more than
that of the quenched sample [12]. According to the results of
analyzing the matrix hardness in both samples, the matrix
hardness of the quenched sample was twice that of the tem-
pered sample. According to the hardness test results in Figure
6, the total hardness reduction indicates the greater role of
matrix hardness than the carbide phase hardness in deter-
mining the total hardness.

According to the results obtained, the hardness of AISI
D3 steels is influenced by two main factors: matrix hardness
and alloy carbide hardness. In the matrix, the quenching
process creates a high density of dislocations in the marten-
sitic structure due to the increased cooling rate, enhancing
the hardness through the strain-hardening phenomenon.
Since the martensite phase lacks softening mechanisms, its
hardness remains very high. However, the residual stresses
induced by the quenching process can reduce the mechan-
ical strength of the steel, which can be addressed through
multi-stage heat treatments. Regarding alloy carbides, these
structures, which form at the grain boundaries, are very
stable and possess high hardness due to the strong bond
between chromium and carbon atoms. These carbides
impede dislocation slip and enhance the stability of the
grain boundaries, thereby reducing grain slip and increasing
resistance to plastic deformation. Tempering and martem-
pering heat treatments reduce the carbon in martensite
and transfer it to alloy carbides, increasing carbide hardness.
Although this process reduces the hardness of the matrix, the
increase in the hardness of the alloy carbides compensates
for this reduction, resulting in an overall insignificant decrease
in sample hardness.

As expected, the hardness of the as-received sample is
significantly lower than that of the other samples. The non-
uniformity of the chemical composition and the presence
of residual stress have contributed to a decrease in the
plastic deformation resistance of this sample. The hardness
of the austempered sample is lower than that of the other
samples that underwent multi-stage heat treatment. This
phenomenon can be attributed to the fact that, during the
austempering process, the microstructure consists mainly
of bainite rather than martensite. Bainite exhibits lower
hardness than martensite due to its combination of ferrite
and fine carbides, which reduces the density of dislocations
and, consequently, the hardness of the matrix. Additionally,
the residual stresses typically present in martensite, caused
by quenching, are either eliminated or reduced in the

Table 4: Measured microhardness of the quenched and quench-tem-
pered samples

Sample Microhardness of
matrix (HV 0.2)

Microhardness of
carbides (HV 0.2)

Quenched 817 1,150 ± 9.54
Quench-
tempered

485 1,756 ± 10.12
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bainite microstructure. This further contributes to the overall
decrease in sample hardness. Although the bainite micro-
structure possesses higher deformation resistance and
toughness, its hardness is generally lower than that of
martensitic microstructures. As previously discussed, the
formation of martensite in samples cooled in a water envir-
onment after austenitization increases the matrix hardness.
However, due to the high residual stress, the martempering
heat treatment reduces the carbon content in the matrix
martensite, transferring it to the alloy carbide phase. This
results in decreased matrix hardness and increased hard-
ness of the carbide phase, leading to minimal overall change
in the hardness of the entire sample.

4 Conclusion

In this study, experimental observations and MD simula-
tions were employed to analyze the microstructure and
hardness of the AISI D3 tool steel tempered at different heat
treatment protocols. The results indicated that annealing the
partially martempered samples reduced their stress, changed
the matrix microstructure to low-carbon martensite, and
slightly decreased hardness. Moreover, when the quenched
sample was tempered, the chemical compound of carbides
changed from M3C to M3C7, increasing the hardness of the
carbides. Therefore, the significant reduction of the total
hardness is caused by the reduction in matrix hardness.
Overall, if high hardness and structural stability are consid-
ered important parameters, full martempering is the best
heat treatment to produce a component with no residual
stress while maintaining high hardness and having a normal
distribution of alloy carbides in this type of tool steel. Full
martempering denotes austenitization at 930°C for 20min,
rapid transfer to another furnace at 250°C, retention for 3
min, cooling in water, and tempering at 350°C for 1 h. In
the case of the fully martemped sample, MD simulation out-
comes showed that thermal twins nucleated from grain
boundaries and emitted within a large number of grains.
This phenomenon was attributed to the high concentration
of stress in grain boundaries. Since twin boundaries are
prone to the formation of martensite from austenite, their
high density reduced the residual austenite in the sample
microstructure.
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