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ARTICLE INFO ABSTRACT

Keywords: In the present work, the toughness and wear resistance of AISI A8 cold work high-strength tool steel were
Tool steel improved through the design of a specific double austenitization and tempering heat treatment. The treatment
Martensite resulted in 80 % improvement in impact toughness and 10 % improvement in wear resistance. A combination of
Variant pair . . . . . . . is

Toughness high-resolution dilatometry and scanning electron microscopy, including phase compositional and crystallo-

graphic analysis, was used to identify the microstructural changes. The findings were analyzed in terms of the
influence of the proposed heat treatment on the refinement of the as-quenched martensite substructure and the
fraction of high-angle grain boundaries (V1/V2, V1/V3 and V1/V6) variant pairs and the fraction of low-angle
grain boundaries (V1/V4) pairs. Notably, block width analysis revealed that in the double austenitization
treatment, block width appeared insensitive to prior austenite grain size variations. Additionally, the kinetics of
the My3Ce secondary carbides precipitation during isothermal tempering at 520 °C was investigated and
modeled. Results demonstrate that the redistribution of carbon in solid solution is the critical microstructural
parameter influencing the variant selection and the homogenous precipitation of spherical carbides. The un-
derlying micro-mechanisms responsible for such improvement were identified and their contributions docu-

M,3Cg precipitation

mented and quantified.

1. Introduction

Cold work tool steels, an important subclass of tool steels, include
both low and high alloy grades and are specifically designed for appli-
cations involving tooling and cutting operations conducted at ambient
temperatures where thermal effects on material performance are mini-
mal [1,2]. AISI A8, a prominent air-hardened tool steel, is extensively
utilized in industrial manufacturing environments where dimensional
stability and performance under mechanical stress are required [3]. The
final microstructure consists of tempered lath martensite and tempering
M33Ce carbides where M is mainly Chromium [4]. These steels are
generally produced via conventional casting and forging, followed by
annealing, quenching, and tempering heat treatments [2]. Despite their
widespread applications, these steels frequently encounter significant
challenges, including premature tool failure characterized by edge
recession [5] and chipping mechanisms [6]. These failure modes sub-
stantially limit the operational efficiency and economic viability of
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cutting tools, highlighting the urgent need for advanced material pro-
cessing strategies. Toughness is essential to prevent chipping and
cracking under impact loads, while wear resistance is vital to maintain
dimensional stability and extend the tool’s lifespan under abrasive
conditions.

Previous studies [7,8] have indicated the critical role of micro-
structure in determining the mechanical properties of tool steels,
particularly in terms of toughness and wear resistance. Heydari et al. [9]
recently analyzed the fracture behavior of a wrought tool steel and
showed that the crack path was driven by both, the presence of sub-grain
boundaries in the matrix, and by the carbide distribution alongside the
matrix. The crack diverts from one carbide particle to another, propa-
gating through the matrix. Similarly, Randelius [8] observed that the
size of the precipitates influenced crack initiation at the matrix/pre-
cipitate interfaces, while crack propagation was governed by the
toughness of the matrix.

The toughening and strengthening mechanisms implicated in the
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martensite matrix are often discussed in terms of the hierarchically ar-
ranged substructures (packets and blocks of individual martensite laths)
within the prior austenite grains (PAGs). Transformation path from
austenite to lath martensite follows a near Kurdjumov-Sachs (K-S)
orientation relationship (OR) [10]. Extensive studies [11,12,13] have
been focusing on the behavior of lath martensite, and it has been re-
ported that the mechanical properties of such hardened steels are closely
linked to the morphology and substructure of the martensite.

A typical substructure of lath martensite would consist of blocks and
packets. A block is composed of laths that are identically oriented in
space, while a packet is a group of blocks that share the same austenite
(111) close packed (CP) plane, to which the corresponding (011)
martensite plane is almost parallel. The laths within a packet have habit
planes that make small angles with respect to each other, but have
different crystallographic orientations, while the laths within the blocks
have similar crystallographic orientations [10,11]. On the other hand,
and from a crystallographic aspect, 24 variants (V1, V2.... V24) divided
in 04 CP groups can be present if the transformation follows a K-S OR.
These variants will form in pairs of high-angle grain boundaries
(HAGBs) and low-angle grain boundaries (LAGBs) to accommodate the
strain introduced by the diffusionless martensitic transformation.
Variant selection frequently takes place, despite the theoretical possi-
bility of 24 variants existing within a single PAG. Morito et al. [14] re-
ported that the prior austenite grain size (PAGS) has a pronounced effect
on the variant selection and substructure formation in low-carbon steels.
The smaller the PAGS, the smaller the block size, and the higher the
tendency for variant selection. Wang et al. [15] stipulated that a smaller
PAGS increases the driving force for lath nucleation and inhibits the
formation of multiple variants. Other studies [12,13,16] reported that
carbon content in solid solution is one of the main impacting factors for
variant selection during martensitic transformation. The higher the
carbon content, the lower the selectivity and the higher is the fraction of
HAGBs pairs formation.

It has also been reported that the increase in the fraction of HAGBs
could result in superior levels of toughness, since the crack propagation
is better hindered. Wu et al. [17] reported that the toughness of a high
strength steel is improved by the regulation of variant pairs. A higher
fraction of HAGBs V1/V2 pairs was accompanied by an increase in the
impact toughness. Wang et al. [18] established a correlation between
block width and the impact toughness. They found that large blocks led
to lower impact toughness values.

In addition to the influence of the HAGB fraction on toughness, it has
been reported that My3Ce tempering carbides play a crucial role in
controlling both the toughness [19] and the wear behavior [20] of
martensitic steels. Specifically, Kipelova et al. [21] found that M23Cg
carbides precipitate during the isothermal tempering process, and their
formation respects certain ORs with the matrix. It has also been reported
that the morphology and distribution of M3Ce carbides are strongly
influenced by the underlying martensite substructure [22]. As
tempering progresses, these carbides tend to nucleate and grow prefer-
entially along martensite lath boundaries [23], prior austenite grain
boundaries (PAGBs) [24], and coincident site lattice (CSL) boundaries,
which are high-energy interfaces within the martensitic matrix [25,26].
The size, shape, and spatial arrangement of the My3Cg carbides are
directly related to the characteristics of the martensite, including lath
width and dislocation density. For example, Sun et al. [27] found that a
finer martensite substructure after quenching improves the distribution
of carbides through the matrix and a higher carbon content in solid
solution promotes the precipitation of spherical shape carbides during
tempering.

The control of the PAGS and alloying content in austenite solid so-
lution has been traditionally achieved through thermal routes by
adjusting austenitization parameters in conventional quenching and
tempering heat treatments. However, while high austenitization tem-
peratures are necessary to fully dissolve alloying elements into the
matrix, these elevated temperatures can trigger undesirable abnormal
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grain growth. To address this issue, innovative heat treatment tech-
niques have recently emerged. Among these, thermal cycling has shown
remarkable effectiveness in refining the microstructure without
compromising alloy dissolution [28]. Grange [29] was among the first to
document that, multiple austenitization cycles could lead to finer mi-
crostructures due to the different starting phases having varying phase
saturations.

The application of double austenitization (DA) treatment has been
reported to be beneficial for most martensitic steels including tool steels.
A favorable balance of strength and toughness has been achieved
through the application of DA, resulting in overall reductions in both
PAGS and carbide size [30,31,32]. Salunkhe et al. [33] examined the
effect of DA on D2 tool steel, the study showed that the process yielded
to a finer microstructure and enhanced strength. Liu et al. [34] inves-
tigated the effect of DA followed by tempering process on the micro-
structure and mechanical properties of a low carbon 5Cr steel. Their
findings revealed that the yield strength showed a modest increase of
about 4 %, while the impact toughness was improved more than 40 %
due to the refinement of PAGS and martensite block size alongside
carbide precipitation. They also noticed that the precipitate size at
PAGBs was reduced due to the redistribution of the alloying elements in
the matrix. In our recent study on modified AISI A8 steel [35], we
demonstrated that DA could improve tool life by up to 130 %. This
significant enhancement was attributed to a finer martensitic micro-
structure, smaller and finer M33Cq carbide dispersion. However, in
contrast, Ogel [36] observed a decrease in the intensity factor over
multiple austenitization cycles in M2 tool steel, despite PAGS and car-
bide refinements. They interpreted their findings in terms of the reduced
spacing between fine carbides which impeded the movement of the
dislocations, thereby diminishing the capacity to absorb shocks. Ali et al.
[37] also investigated the effect of DA and tempering on two ultrahigh
strength steels and found that unlike other research, the PAGS and block
size were increased because of DA. Nonetheless, the impact toughness
was improved, with minor decrease of the strength, and this was
attributed to the increase in volume fraction of retained austenite (y).

The variability on possible beneficial effects of DA in improving the
mechanical properties of highly alloyed tool steels highlights the need
for a more fundamental investigation into the mechanisms underlying
DA’s effects. While DA has been primarily associated with grain
refinement, its impact on microstructure and mechanical properties
appears to be alloy dependent. Previous research has largely focused on
the effects of DA on PAGS and carbide size refinements. However, there
is a notable gap in understanding how DA influences martensite sub-
structure formation (blocks and packets) after quenching and the ki-
netics of alloy carbide precipitation during tempering. Moreover, the
mechanisms driving precipitate refinement following DA treatments
need to be better understood.

In light of these knowledge gaps, the present study aims to conduct a
comprehensive investigation into the impact of double austenitization
and tempering treatment on microstructural features and mechanical
properties of an AISI A8 cold work tool steel and discuss the underlying
mechanisms.

2. Materials and methods
2.1. Heat treatment

The steel used in this study is a modified A8 air-hardening, cold work
tool steel, featuring a higher chromium content (8 %. wt) compared to
the standard A8 (5 % wt). The full chemical composition was obtained
using a SPECTROMAXx arc/spark optical emission spectrometer and is
presented in Table 1. The as-received steel was in the annealed state,
consisting of a ferritic matrix with annealing My3Cg carbides. Fig. 1.a
shows the equilibrium phase diagram, calculated using FactSage [38]
and the FS Steel databases, with an enlarged view highlighting the
temperatures chosen for this study.
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Table 1
Chemical composition of the modified A8 tool steel.
Element C Si Cr Mn Mo Ni P S Fe
Wt % 0.40 0.80 8.00 0.40 1.20 0.14 0.00094 <0.00020 Bal.
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Fig. 1. Heat treatment cycle and parameters: (a) Phase equilibrium simulation of the A8-modified on FactSage, (b) SAT heat treatment, (c) DAT heat treatment.

Two heat treatment protocols were investigated: 1) Single Austeni-
tization Tempering (SAT), the conventional approach for tool steels,
comprising one austenitization cycle followed by tempering; and 2)
Double Austenitization Tempering (DAT), a novel treatment consisting
of two sequential austenitization-quenching cycles, followed by
tempering, as illustrated in Fig. 1.b and Fig. 1.c. The HT parameters were
chosen based on the thermodynamic simulation and preliminary dila-
tometry test results. The temperature for the first austenitization in the
DAT process (1020 °C) has been carefully selected based on FactSage
calculations, which indicate that at this temperature, approximately 4
wt% of carbides remain undissolved. This precise temperature choice is
crucial to ensure that carbide dissolution remains incomplete. The un-
dissolved carbides are essential for the subsequent austenitization at
980 °C, where they serve as nucleation sites and act as pinning points to
restrict the growth of newly formed austenite grains [33].

Heat treatments were performed using a DIL 805A/D-TA high-
resolution dilatometer, allowing precise control of heating and cooling
rates crucial for studying phase transformations. Dilatometry samples
(2 04 mm x 10 mm cylinders) were prepared parallel to the rolling
direction using electrical discharge machining (EDM). SAT samples were
heated to 1020 °C for 30 min, while DAT samples underwent an addi-
tional austenitization cycle at 980 °C for 30 min. All samples were
quenched at a rate of 15 °C/s.

Quenched samples for both conditions were tempered at 520 °C for
180 min (3 h). A heating rate of 10 °C/s was employed to reach the
tempering temperature, minimizing transient carbide precipitation
during heating. The post-tempering cooling rate was set at 5 °C/s. It
must be noted that, while multiple tempering cycles are common in tool
steel processing, to address y, decomposition and fresh martensite for-
mation [2], this study, focused on a single tempering cycle to isolate the
effects of the DA process on carbide precipitation.

2.2. Microstructure characterization

For as-quenched samples, thermal etching (TE) [39] was employed
to reveal both PAGs structure and martensite morphology, overcoming
the limitations of conventional chemical etching that proved to be
insufficient, revealing only the PAGBs. Thermally etched samples were
observed using backscattered electron (BSE) imaging.

Sample preparation involved precise sectioning in the longitudinal-
central direction, followed by mechanical polishing until P4000 grit
followed by a final polishing step using a diamond suspension powder
(@1pm). For advanced EBSD analysis, an additional surface preparation
step was introduced: vibratory polishing for 1 h with a silica powder (&
0.5 um) followed by Hitachi-IM4000 PLUS ion milling for 25 min. This
systematic sample preparation ensured the removal of all deformation
bands, critical for high-quality EBSD data acquisition.

The EBSD maps were strategically acquired from regions exhibiting a
range of grain sizes, ensuring a diverse sampling of the microstructure.
This approach allowed for a detailed analysis of how grain size varia-
tions influence martensite substructure formation. EBSD mapping was
performed using a Hitachi SU-8230 field emission scanning electron
microscope (FE-SEM). To quantitatively assess the effect of PAGS on
martensite substructure formation, crystallographic and texture analysis
were conducted. This involved post-processing of EBSD data from six
distinct grains using MATLAB with the MTEX library [40], providing a
statistically significant dataset for microstructural characterization.

For quenched and tempered samples, the preparation protocol
mirrored that of the as-quenched samples, with the addition of 3 % Nital
etching to reveal tempered microstructural features. Phase identifica-
tion and quantification were carried out using X-ray diffraction (XRD)
on an X’Pert Panalytical diffractometer equipped with Co Ko radiation.
The XRD analysis was optimized with an acceleration voltage of 45 kV
and a 20 scan range from 20° to 145°, using a step size of 0.05° to ensure
high-resolution diffraction patterns. The resulting data were analyzed
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using HighScore software. In addition, fraction and morphology of
secondary carbide particles were analyzed by SEM.

2.3. Thermal analysis during tempering

Thermal analysis (TA) was conducted to study the kinetics of carbide
precipitation during tempering in the dilatometer. The linear dilatation
was measured using a linear variable displacement transducer (LVDT)
with a resolution of AL/°C = 0.05 pm/0.05 °C. A K-type thermocouple
was spot-welded to the center of the sample’s surface. The relative
change in length (RCL) was recorded during the isothermal hold at
520 °C. The dilatometer was equipped with a fused silica push rod,
selected for its extremely low coefficient of thermal expansion
(approximately 0.5 x 107% ,oC [41]). For the 3-hour isothermal ex-
periments at 520 °C, the expansion of the push rod was negligible and
did not affect the accuracy of the dimensional change measurements.

The evaluation of kinetic parameters, such as the activation energy,
could be done by studying the evolution of a physical property, denoted
as p, over the transformation. In this study, the TA helped in monitoring
the precipitation of alloy carbides where the physical property under
consideration was the RCL. The fraction of the newly formed phase,
denoted as f, can be expressed as follows [42]:

f= P — Pmin @
Pmax — Pmin

here p represents the length of the sample at time t, while ppax and pmin
are the maximum and minimum length of the sample (before and after
the transformation), respectively. In isothermal conditions, a typical
heterogenous transformation can be described by the Johnson-Mehl-
Avrami-Kolmogrov (JMAK) equation [43]:

f=1-exp(—p") (2)
with:

-~ _ Q
B=k(T)t= ko.exp( _ﬁ"> £ 3)

where n and k, are the Avrami constant coefficients, T the temperature
(Kelvin), Q the activation energy (kJ/mole), t the time(seconds) and R
the gas constant (8.31 J/mole).

To determine the activation energy Q, tempering temperatures were
varied in the range of 480-520 °C.

2.4. Mechanical tests

Mechanical property tests were conducted with at least three sam-
ples per test and condition. Toughness evaluation was performed using
Charpy-V notch (CVN) specimen (55 mm x 10 mm x 10 mm) as
described in ASTM E23 standard [44] at room temperature, where a
hammer impacts the opposite surface of the notch.

ASTM G65 procedure B standard [45] was selected because it sim-
ulates the type of abrasive wear encountered in many practical appli-
cations of modified A8 steel, particularly in wood cutting industries
where sand and other hard particles are present. In such environments,
components are subjected to dry, high-stress, three-body abrasion
similar to the conditions replicated by the ASTM G65 rubber wheel test.
In this procedure, a rectangular specimen (25 mm x 76 mm X 12.7 mm)
is exposed to abrasive sand for 10 min under a normal load of 130 N. The
test employs a rotating rubber wheel, with a total of 2000 revolutions
during the test duration. The lineal abrasion distance for Procedure B is
1436 m. The wear rate is calculated using the following formula:

Massloss(mg)

Wearrate = —————
LinealAbrasion(m)

4

The mass loss is determined by measuring the mass of the specimen
before and after the test.
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Both Charpy impact test and wear specimens underwent heat treat-
ment in a vacuum furnace using the same thermal cycle used in the
dilatometer. A thermocouple was attached to a piece adjacent to the
specimens for temperature control during the heat treatments in the
vacuum furnace.

Hardness measurements were performed using a Struers Duramin-40
Vickers microhardness tester with a 10 kg load and a 10-second dwell
time. For each specimen, at least 10 indentations were made, and the
average Vickers hardness value was revalued to the Rockwell C scale
(HRC) for easier comparison.

3. Results
3.1. Microstructure characteristics of the as-quenched sample

3.1.1. Lath martensite microstructure

The morphologies of the PAG in the as-quenched SAT and DAT
samples are presented in Fig. 2. Both samples exhibit a lath martensite
microstructure, with PAGs subdivided into packets. Thermal etching
was employed to reveal the boundaries, proving particularly effective in
delineating the PAGBs in the SAT samples (Fig. 2.a). However, this
technique presented challenges in the DAT samples (Fig. 2.b), as the
boundaries of newly formed grains after the second quenching poten-
tially interfered with those formed during the first quenching [39].
Notably, the DAT treatment appears to have significantly reduced the
PAGS compared to the SAT treatment. This observation is consistent
with our previous findings on the same steel, where detailed analysis
showed that the DAT process effectively refines the PAGS [35].

Interestingly, despite being austenitized at a higher temperature
(1020 °Q), the SAT samples exhibit a higher proportion of undissolved
carbides compared to the DAT ones. This observation is particularly
interesting given that higher austenitization temperatures typically
promote greater carbide dissolution. The presence of these undissolved
carbides in the SAT samples may be attributed to insufficient time for
complete dissolution at the single austenitization temperature. In
contrast, the DAT process, with its two-stage austenitization, appears to
have facilitated more complete carbide dissolution, potentially due to
the cumulative time at elevated temperatures. It should be noted that the
identification and comparison of undissolved carbides in this section are
based on visible features in SEM images. EBSD analysis was employed to
characterize the morphological changes and sub-structure of the
martensite. Fig. 3.a and Fig. 3.b present the image quality (IQ) maps for
the SAT and DAT conditions, respectively, which delineate the lath
martensitic microstructure. Fig. 3.c and Fig. 3.d present the EBSD phase
maps for both conditions, highlighting the distribution of martensite («’)
and y;. Due to the very low fraction of undissolved carbides, these were
not indexed in the EBSD analysis. It should be noted that y, appears
mainly as blocky regions, although the blocks are very small. In some
areas, thin film-like y, are also observed. The measured y, fraction is
approximately 6 % for SAT and 8 % for DAT, with an estimated un-
certainty of +1 % for both conditions. The corresponding reconstructed
PAGs are shown in Fig. 3.e and Fig. 3.f. The reconstruction of PAGs was
performed using inverse pole figures (IPFs) of indivdual lath martensite
variants employing the new variant vote approach, recently developed
on MTEX [46,47].

For detailed martensite variant analysis, six representative grains
were selected from the EBSD maps, as shown in Fig. 3.g and Fig. 3.h. The
selection criteria were as follows: the two largest grains (PAGS > 20 um)
in each map (G1 for SAT and G4 for DAT), two grains of comparable
intermediate (20 um > PAGS > 10 um) size (G2 for SAT and G5 for DAT),
and two small (10 um > PAGS) grains (G3 in red for SAT and G6 in
brown for DAT, indicated by black arrows). This selection ensured a
comprehensive analysis covering various grain sizes.

3.1.2. Effect of PAGS on martensite variant pairing and variant selection
Based on the calculated near K-S OR (which deviated by 0.44° from
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Fig. 2. BSE-SEM micrographs showing grooves formed by thermal etching. PAGs and undissolved carbides are highlighted. (a) SAT sample. (b) DAT sample.

the ideal OR) using the library OR tools [47], the 24 possible martensite
variants were computed and divided, based on the classification
method, into 03 Bain groups and 04 Close Packed (CP) planes consisting
each of 06 variants (e.g., V1-V6 for CP1) (CP1: (111)y//(011)a, CP2:
(1-11)y//(011)a, CP3: (—111)y// (011)a and CP4: (11-1)y//(011)a)
[11]. Theoretically, in a completely isotropic material, these variants
should have equal probability of formation. However, due to texture
inherited from prior processing and the material’s thermomechanical
history, variant probabilities often deviate from this ideal distribution.

Table 2 shows the calculated 5 variants of the same CP group with
respect to V1, computed using MATLAB for the investigated steel. From
a crystallographic perspective, variants V3 and V5 are equivalent. The
analysis reveals that pairs V1/V2 could form twin-related boundaries,
V1/V3(V5) and V1/V6 are HAGBs, while V1/V4 is a LAGB.

Fig. 4 presents a detailed variant pairing analysis that highlights the
differences between the SAT and DAT samples. The analysis was con-
ducted by projecting the three other CP groups (CP2, CP3, CP4) onto
CP1, allowing for a comparative analysis of variant pairing across all
crystallographic packets. In the SAT treatment, the distribution of
variant pairs is as follows: 28 % for twin-related V1/V2 boundaries, 19
% for HAGBs V1/V3(V5), 43 % for LAGBs V1,/V4, and 10 % for HAGBs
V1/V6. In contrast, the DAT treatment shows an increase in twin-related
boundaries to 30 %, and HAGBs V1/V3(V5) rise to 22 %, while the
fraction of LAGBs V1/V4 decreases to 36 %.

Fig. 5 presents the variant analysis for the six selected grains (G1-G6)
from both SAT and DAT samples. It is important to note that a K-S
variant represents a group of laths, with laths being considered the
smallest sub-unit in martensite, characterized by small misorientations
within the variant.

In the largest grains (PAGS > 20 um), G1 (SAT) and G4 (DAT), all 24
possible K-S variants are observed, indicating a high degree of trans-
formation freedom. However, a notable difference in the lath martensite
morphology is evident.

In G1, two distinct morphologies can be identified:

- Large regions (e.g., V15, V21) that could be classified as ’coarse
variants,” which make direct contact with the PAGBs, their sub-
stantial size suggests they formed early in the transformation pro-
cess, potentially nucleating at the PAGBs and growing inward [48].
These coarse regions may result from lower nucleation rates.
Smaller regions of finer variants: These are generally trapped be-
tween the large K-S variants. Their formation might be a conse-
quence of the remaining austenite transforming under more
constrained conditions, leading to a refinement in lath size.

In contrast, G4 presents a different structure:

Fine, elongated plate-like variants: These dominate the G4 grain,
suggesting a more uniform nucleation and growth process.

- Smaller and finer variants: These are interspersed between the
elongated plates, filling the interstitial spaces. Their presence in-
dicates a highly efficient use of the available volume for trans-
formation, possibly due to increased nucleation sites or a more
controlled growth.

For the medium-sized grains (20 um > PAGS > 10 pm), G2 (SAT) and
G5 (DAT), aslight reduction in variant diversity is observed, particularly
in G2. In contrast, G5 maintains a relatively high variant diversity,
indicating that the DAT treatment preserves transformation flexibility
even as grain size decreases. The smallest grains (10 pm > PAGS), G3
(SAT) and G6 (DAT), show the most noticeable difference. G3 exhibits a
highly pronounced variant selection, with only a few variants from a
single CP group (CP2) appearing to have nucleated. This severe variant
selection in small SAT grains could lead to anisotropic properties at the
microscale. Conversely, G6 maintains a surprisingly high variant di-
versity despite its small size, showcasing multivariant formation from all
possible CP groups. This suggests that the DAT treatment effectively
mitigates the variant selection typically observed in smaller grains,
potentially leading to more isotropic properties even at fine scales.

Figs. 6 and 7 illustrate the distribution of CP and Bain groups,
respectively, across the six selected grains (G1-G6) from both SAT and
DAT samples. The area occupied by each CP and Bain group reveals the
dominant transformation paths in each grain and are presented in
Table 3. As it can be seen, in the largest SAT grain, G1, the CP groups
show a relatively balanced distribution (18.4 % CP1, 24.7 % CP2, 29.5 %
CP3, 27.4 % CP4), while the Bain groups are also evenly distributed
(33.9 % B1, 35.3 % B2, 30.8 % B3). This suggests that no single trans-
formation path dominates in large SAT grains. In contrast, the largest
DAT grain, G4, shows a slight preference for CP1 and CP2 (27.9 % and
31.5 % respectively) with an almost perfectly balanced Bain group
distribution (33.8 % B1, 32.9 % B2, 33.3 % B3), indicating that the DAT
treatment promotes a more uniform transformation across all possible
orientations.

For the medium-sized grains, G2 (SAT) shows a preference for CP2
(30 %) and a strong dominance of Bainl (44.4 %), suggesting a more
selective transformation path. G5 (DAT), however, maintains a more
balanced distribution in both CP and Bain groups, with a slight prefer-
ence for CP2 (40 %) and Bain2 (38.6 %). It is interesting to note that,
here again, the most observed difference is seen in the smallest grains.
G3 (SAT) shows extreme selectivity with CP2 dominating at 75.8 %,
while the Bain groups remain surprisingly balanced (36.7 % B1, 32.8 %
B2, 30.5 % B3). This suggests that in small SAT grains, the trans-
formation is heavily influenced by the CP plane orientation but main-
tains diversity in the Bain distortion. Conversely, G6 (DAT) maintains
diversity in both CP and Bain groups, with a slight preference for CP1
(33.2 %) and relatively balanced Bain groups (34.7 % B1, 31.1 % B2,
34.2 % B3).

In summary, the variant analysis shows the dispersion of the CP and



H.S. Meddas et al.

Materials & Design 257 (2025) 114421

ND

Fig. 3. EBSD characterization of quenched microstructure. Image quality for (a) SAT and (b) DAT. Phase maps showing martensite and retained austenite (y,) for (c)
SAT and (d) DAT. Grouped variants for (d) SAT and (f) DAT. PAG reconstruction showing the selected grains for variants analysis, (g) SAT and (h) DAT.

Table 2

The 6 variants of CP1 and the corresponding misorientation angles in respect to V1 for modified A8 steel.
Variant Angle Rotation axis Variant Angle Rotation axis
A2t 0° [0.0000, —0.0000,0.3489] V4 5.87° [0.0239, —0.0000,0.3481]
V2 60.34° [0.1789,0.1883,0.2330] V5 57.10° [0.1760,0.1649,0.2521]
V3 57.10° [0.1649,0.1760,0.2521] A 56.16° [0.2463,0.0215,0.2463]




H.S. Meddas et al.

Materials & Design 257 (2025) 114421

0.4

I
w

I
N

Relative frequency

0.14

0.0
V1-v2 V1-V3(V5)

V1-v4 V1-V6

Variant pairs
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Fig. 5. EBSD characterization of quenched microstructure for the reconstructed prior austenite grains showing the possible 24 variants. SAT (G1, G2, G3) (a-c), and

DAT (G4, G5, G6) (d-f).

Bain groups within the PAGs. It is clearly distinguishable that DAT re-
sults in a smaller packet size, as compared to SAT samples. Moreover, in
any given reconstructed PAG, the probability of finding more than one
packet is higher in DAT samples, whereas some reconstructed PAGs in
the SAT show an exclusive CP group with less-pronounced sub-block
formation. Also, this variant selection trend is more effective in smaller
PAGs in SAT samples but seems to be insensitive to the PAGS in the DAT
samples. The importance of having possibly 6 variants within one CP
group has been studied by Morito et al. [11] who found that the com-
bination of possible 6 variants drastically reduces the shape strain from
0.242 for a single variant to 0.024 for a combination of 6 variants in one
CP group.

3.1.3. Effect of PAGS on martensite block width

To quantitatively assess the impact of PAGS reduction on martensite
substructure formation, a detailed analysis of the martensite block width
was conducted. Fig. 8 illustrates the block width distribution for the six

selected grains. The block width was calculated by projecting all
boundary points onto the vector perpendicular to the trace of the (111)
plane, as exemplified in Fig. 8.g for grains G2.

In the SAT samples, a tendency for block width to increase with
increasing PAGS was observed. As PAGS decreased from G1 to G3, the
average block width correspondingly reduced from 0.38 um to 0.35 pm.
Surprisingly, this trend was not replicated in the DAT samples. Despite
the PAGS decrease from G4 to G6, the mean block width remained
relatively constant at approximately 0.32 pm. To further investigate this
phenomenon, the analysis was extended to include 14 additional grains
(7 for SAT and 7 for DAT) with PAGS ranging from 5 pm to 30 pm. The
PAGS was estimated by measuring the mean grain diameter of the 2D
section for each grain. The results of this expanded analysis are pre-
sented in Fig. 9.

As it can be seen, for the SAT samples, the linear relationship be-
tween PAGS and block width is largely maintained particularly for
grains ranging from 3 um to 15 um. In this range, a positive correlation
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Fig. 7. EBSD characterization of quenched microstructure for the reconstructed prior austenite grains showing the possible 03 Bain groups. SAT (G1, G2, G3) (a-c),

and DAT (G4, G5, G6) (d-f).

seems to exist. An increase in PAGS from 3 um to 15 um correspond to an
increase in block width from 0.34 pm to 0.47 pym. Interestingly, for PAGS
beyond 15 um, up to 30 um (G1), a negative slope is observed, resulting
in a decrease in block width.

In contrast, the DAT samples exhibit a markedly different behavior.
Despite PAGS variations from 4 um to 25 um (G4), the block width does
not show the ascending trend observed in the SAT samples. Instead, it
fluctuates around a mean value of 0.32 pm, regardless of the increase in
PAGS. In the DAT samples a very weak dependence of block width on
PAGS is observed. This distinct behavior in DAT samples might be

attributed to the substructure formation discussed in section 3.1.2,
which could potentially influence the relationship between PAGS and
block width in these samples.

3.2. Microstructure characteristics of tempered samples

3.2.1. Microstructure characteristics of carbides

Fig. 10 displays the microstructures of the SAT and DAT conditions
after tempering. In both cases, the microstructure is composed of
tempered martensite and carbides. The observation that a significant
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Table 3
Dispersion of CP groups and Bain groups for the six grains (G1-G6).

Grain ~ Weighted Area CP groups Weighted area Bain groups
CP1 CP2 CP3 CP4 Bl B2 B3

G1 184% 247% 295% 27,4% 339% 353%  30,8%
G2 22,4% 30% 22,7% 249% 444% 239% 31,7%
G3 128% 758% 0,5% 109% 36,7% 328% 30,5%
G4 27,9 % 31,5% 19,9 % 20,7 % 33,8 % 32,9 % 33,3 %
G5 197 %  40% 235% 168% 259% 38,6%  355%
G6 332% 24% 249% 179% 347% 31,1% 342%

fraction of these carbides appears only after tempering indicates that
their precipitation is predominantly induced during this heat treatment
step. For clarity, these precipitates will be referred to as secondary
carbides throughout the manuscript.

Examining the carbides in detail, three main morphologies can be
identified: large secondary carbides (LSCs), elongated secondary car-
bides (ESCs), and small secondary carbides (SSCs). In this study, the
particles have been classified according to their size and shape: SSCs are
defined as carbides with a size <0.5 pm, LSCs as those with a size >0.5
pm, and ESCs as carbides with an aspect ratio (c/a) >2. In the SAT
conditions, both LSCs and ESCs are present. The LSCs generally exhibit a
globular shape, while the ESCs are characterized by a higher aspect ratio
(c/a) and are primarily located along PAGBs. Notably, within both SAT
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and DAT conditions, LSCs can be further classified based on their loca-
tion: those situated at PAGBs, often displaying at least a coherent
interface with one of the adjacent grains, and those located entirely
within the grains. In contrast, the DAT sample shows a quasi-absence of
ESCs. The LSCs present seems to be more spherical, and they are
accompanied by SSCs. The dispersion of carbides in DAT conditions
appears more homogeneously distributed.

Quantitative analysis is presented in Table 4 further highlights these
differences. In the SAT condition, ESCs account for 3.2 + 0.9 %, LSCs for
5.7 + 1.5 %, and SSCs for 1.3 + 0.4 %. In contrast, the DAT condition
exhibits a markedly lower fraction of ESCs (< 0.5 %), a slightly reduced
LSC fraction (5.2 + 1.6 %), and a noticeably higher content of SSCs (2.5
+ 1 %). These results indicate that the DAT process not only suppresses
the formation of elongated secondary carbides but also promotes a finer
and more homogeneous distribution of carbides, as evidenced by the
increased fraction of SSCs.

Microstructures close to those observed here have been reported in
D2 tool steel. However, D2 typically contains both primary carbides and
secondary carbides. In our steel, most carbides were dissolved during
austenitization, resulting in the absence of primary carbides. Instead,
only secondary carbides precipitated during tempering. Both types of
secondary carbides observed in our samples (LSCs and SSCs) have been
reported to correspond to My3Cg carbides by Das et al. [49] Interest-
ingly, In sub-zero treated Vanadis 6 tool steel, Jurci et al.[50] observed

Fig. 8. EBSD characterization of quenched microstructure for the reconstructed prior austenite grains(G1-G6) showing the Block width distribution (a-f). (g)
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globular SSCs by transmission electron microscopy (TEM) and they have
been identified as orthorhombic M3C (alloyed cementite) rather than
M33Cs. Since these carbides were identified even in non-tempered
samples, their stability remains uncertain and they may represent a
transient or metastable phase.

Beyond the carbides observable by SEV, it is important to recognize
that carbides formed during tempering may exist in a variety of forms
and sizes, including nanocarbides that are below the resolution limit of
SEM. Numerous studies [51,52,53,54] have demonstrated that a sig-
nificant portion of tempering-induced carbides in tool steels, particu-
larly those responsible for secondary hardening, are nanometric in size.
These nanocarbides can play a crucial role in the mechanical properties
of tool steels, but require higher-resolution techniques such as TEM for
accurate observation and identification. In the present study, our SEM
observations were limited to larger secondary carbides.

Turning to our XRD analysis, the patterns revealed the presence of
martensite, M23Ce carbides, and a weak (111) y, peak in the SAT con-
dition as shown in Fig. 11. This indicates that the DAT treatment does
not alter the composition of the precipitates, which remain M33Cg, but
primarily affects their morphology. It should be noted that, due to the
crystallographic similarities and close lattice parameters and space
group, distinguishing between M33Cs and MgC carbides can be chal-
lenging [55]. Nevertheless, Kim et al.[56] studied the evolution of car-
bides in cold work tool steel and their thermodynamic stability
throughout the entire thermal cycle, from casting to tempering. They
found that while MgC carbides may form after annealing, these carbides
are completely dissolved in favor of Mjy3Cs during subsequent
tempering, indicating their lack of stability in the final microstructure.
Therefore, we consider the observed carbides to be predominantly

Fig. 10. SE-SEM micrographs showing the different carbide morphologies precipitated during isothermal tempering. (a) SAT, (b) DAT.
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M»3Cg, most of which precipitated during tempering.

It is also noteworthy that the amount of y, after quenching was
slightly higher in the DAT sample. However, after tempering, the
austenite peak is not detected in the XRD pattern of the DAT sample,
whereas a small amount (0.8 %) is still present in the SAT sample. It
should be emphasized that the absence of a detectable austenite peak in
the DAT condition does not necessarily mean that y, is completely ab-
sent. Rather, it may indicate that its quantity is below the detection limit
of the XRD technique used in this study. However, very small trace
amounts of y; persist in the DAT sample as seen in Fig. 10.b, but at levels
too low to be quantified by XRD.

3.2.2. Phase transformations during tempering

3.2.2.1. Retained austenite decomposition and transient carbide precipita-
tion during heating. The significant differences observed in carbide
morphologies suggest that the phase transformation kinetics differ be-
tween the two heat treatments. During tempering of martensitic steels
containing high carbide-forming elements, four main stages are gener-
ally recognized according to Bhadeshia [57], though these stages may
overlap depending on the alloy composition and processing conditions.
Stage I involves carbon atom redistribution and pre-precipitation pro-
cesses of some transient carbides, which can begin at very low temper-
atures, sometimes even at room temperature, as shown by previous
studies [58,59]. This is followed by the decomposition of y, (stage II),
which in alloyed steels typically occurs at high temperatures [60]. Stage
III is characterized by the transformation of transition carbides, such as
e-carbide, and cementite [61], which may also form at relatively low
temperatures, as shown by Durica et al.[54]. Finally, stage IV involves
the precipitation of alloy carbides at higher tempering temperatures. It
should be noted that the precise temperature ranges and sequence of
these transformations can vary, and that the different stages may pro-
ceed simultaneously or partially overlap.

The evolution of stages I, II, and III can be effectively studied by
analyzing dilatometric curves obtained during non-isothermal heating.
Fig. 12 presents the derivative of the RCL with respect to temperature (d
(AL/Ly)/dT) during continuous heating in the tempering process. Be-
tween approximately 120 °C and 200 °C, a slight drop in the derivative
curve is observed in the SAT sample. This behavior closely resembles
phenomena reported by Pacyna [62], where a contraction in strain prior

Table 4

Quantitative analysis data after tempering treatment.
Phase SAT DAT
ESCs 3.2+09 <0.5 %
LSCs 5.7+ 1.5 52+ 1.6
SSCs 1.3+ 0.4 25+1
Yr 0.8 %+ 0.2 <0.5 %
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Fig. 12. The derivative length change as a function of the temperature during
continuous heating from 20 to 520C.

to the onset of y, decomposition has been attributed to the precipitation
of transient carbides, primarily e-carbide. Such carbides are known to
form by extracting carbon from supersaturated martensite and typically
precipitate at tempering temperatures up to 200 °C as shown by Barrow
etal.[63]. In contrast, this contraction is not evident in the DAT samples.
Above 200 °C, both SAT and DAT samples exhibit a pronounced increase
in the derivative curve, which continues up to around 320 °C. According
to Cui et al.[60], this transformation is attributed to the decomposition
of y; during stage II, likely corresponding to the least stable fraction due
to its lower carbon content. It should be noted that despite the similar
temperature profiles, a notable difference in intensity is observed be-
tween the two conditions. Specifically, the transformation peak in the
DAT samples is more pronounced, indicating that a larger fraction of y,
has already transformed during the heating stage compared to SAT.
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Following the completion of y, decomposition, the derivative curve
stabilizes for both samples, indicating the cessation of major phase
transformations up to 520 °C.

3.2.2.2. Kinetics analysis of M23C6 carbide precipitation during isothermal
tempering. In stage IV of tempering, given sufficient time, non-
transformed vy, could transform into a mixture of ferrite and cementite.
If a steel tends to form alloy carbides during isothermal tempering, then
the direct decomposition of y, will start after the completion of carbide
formation. This direct transformation of vy, is characterized by an
expansion in the dilatometric curve [64,65]. Previous studies have
shown that the reduction in RCL (AV/Vy~ 3AL/Ly< 0) during
isothermal holding could be attributed to either alloy carbide precipi-
tation or loss of martensite tetragonality [65]. Since microstructural
analysis in this study demonstrated that most carbides precipitated
during tempering are M23Cg, the observed reduction in RCL can thus be
primarily ascribed to the precipitation of these carbides. Therefore, ki-
netics studies and the determination of activation energy are needed to
provide insights into the nature of the transformation. To achieve this,
the dilatometric results are converted into kinetic equations.

Fig. 13 presents the evolution of the RCL as a function of time during
isothermal tempering at 520 °C. As shown in the Fig. 13, the reduction in
RCL for the DAT samples is approximately 30 % smaller than that
observed for the SAT samples. This reduced amplitude in RCL suggests a
lower extent of phase transformation, which is consistent with data
presented in Table 4.

Modeling the kinetics of M23Ce precipitation was done using the
JMAK equation [43] and the results of transformed fraction as a function
of time are reported in Fig. 14. The results show that the incubation time
is longer for DAT compared to SAT which implies a slower nucleation
and growth of carbides. The determination of the Avrami parameters n
and ko was done by plotting In (In(1/1-f)) against In(t) with the exponent
n, being the slope of the line, and the constant k¢ calculated from the
intercept with y-axis, as shown in Fig. 15.a. The values of n = 1.20 and n
= 1.24 for SAT and DAT, respectively suggest that the mechanisms of
this heterogeneous phase transformation might be similar. It is worth
mentioning that in diffusion-controlled phase transformations, an n
value close to 1 would mean that precipitation takes place at grain
boundaries and lath boundaries [25].

To further understand the kinetics of the tempering process and its
effect on the microstructure, we conducted additional tempering treat-
ments at three different temperatures: 480 °C, 500 °C, and 520 °C. These
experiments allowed us to calculate the activation energy for the pre-
cipitation process during tempering. By plotting In(k) versus 1/T, where
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Fig. 13. Relative Change in length during isothermal tempering at 520C
showing the contraction of the samples. SAT in black and DAT in red line. (For
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referred to the web version of this article.)
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k is the rate constant and T is the absolute temperature, we obtained a
linear relationship. From Fig. 15.b, the activation energies for the pre-
cipitation were calculated for both conditions and estimated at 88KJ/
mol and 52KJ/mol, for SAT and DAT treatment, respectively. This is in
agreement with values reported in the literature [66]. This means that,
for the investigated steel, M23Cg carbides formation occurs via the self-
diffusion of carbon atoms [67]. The activation energies are temperature
and microstructure dependent. Since both SAT and DAT samples were
tempered at the same temperature (i.e, 520°C), the differences in the
activation energy could reasonably be attributed to the differences in the
initial microstructures.

As reported in the variant analysis (see section3.1.2) DAT treatment
resulted in a higher density of HAGBs and, consequently, an increased
number of V1/V2 pairs. Studies have shown that the shape of M33Cg
carbides and the precipitation sequence is intricately linked to grain
boundary misorientation [25]. Although they have no direct physical
significance, the values of the Avrami coefficients (n close to 1) suggest
that precipitation takes place on lath, block, and grain boundaries. Thus,
in the case of DAT, the presence of higher-density HAGBs may be one
reason for the more homogeneous precipitation of carbides. This would
also explain the slower incubation time. According to the extended
volume concept, the evolution of the fraction during isothermal trans-
formations could also be expressed as [57]:

f= VM23C6/VT =1—exp( — Wypcsht'/3) ®)

With VM23C6 the volume fraction of the carbides, V7 the total volume
(matrix + carbide), vma23ce the rate of growth of the My3Cg particles, t the
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time, and I, the nucleation rate per unit volume, which depends on the
number of nucleation sites. Assuming that the nucleated particles are
spherical and their growth occurs isotropically at a constant rate, vy23¢cs,
it becomes straightforward to calculate V3,5l from the plotted
sigmoidal curve. From this, it can be deduced that the longer incubation
time is likely due to the nucleation rate per unit volume, which, in turn,
can be attributed to the presence of a greater number of nucleation sites
in DAT samples compared to SAT samples.

Along with the longer incubation time, the lower activation energy
found in the DAT samples attests that precipitation in DAT treatment
requires a lower energy barrier and would occur more spontaneously.
Once carbides start to precipitate after quenching, the abundant nucle-
ation sites lead to short diffusion distances from the matrix, as the
number of interfaces is increasing, and this makes the precipitation
easier for DAT treatment compared to SAT treatment.

3.3. Mechanical properties

Fig. 16 shows and summarizes the measured mechanical properties.
It indicates that DAT treatment improves impact toughness and wear
resistance together while keeping the hardness values nearly identical.
The results are consistent with those reported in the literature [68].

A high strength and wear resistance value is often accompanied by a
low toughness value. According to Krauss and Roberts [2], CVN impact
energy at room temperature values for conventionally manufactured
cold work tool steels vary between 2 and 7 J. For modified A8 steel, an
average value of almost 6 J therefore seems reasonable and in line with
the results previously found [69].

The DAT specimens showed significant improvements in both
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Fig. 16. Mechanical properties of quenched and tempered samples showing
increased Charpy absorbed energy and reduced wear rate as a result of DAT
heat treatment.
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toughness and wear resistance. Notably, the CVN impact energy for DAT
increased to 11 J, representing an 80 % enhancement compared to the
SAT specimen. The sample’s average wear rate was reduced to 0.45 mg/
m and the conventionally heat-treated SAT samples had a 0.50 mg/m
which means that that wear resistance was 10 % better in the DAT
samples. Regarding the improvement in wear resistance, carbide size,
distribution, and morphology are thought to be responsible for it.

The strengthening in steels with secondary phases originate from the
contribution of several parallel mechanisms. As shown in Fig. 16, both
SAT and DAT samples had similar hardness values, despite the fact that
in the DAT samples a lower fraction of secondary carbides were present
and therefore, lower hardness levels were to be expected. However, the
reduction in the effective grain size (block width) along with the carbide
refinement in the DAT samples, contributed to increase the hardness,
thereby, keeping almost constant the level of hardness in these samples.

The improvement in CVN could be attributed to the variant pairing
as shown in section 3.1.2 along with the finer dispersion of secondary
carbides. To analyze fracture mechanisms, the fracture surfaces of the
CVN specimens were observed under SEM, as shown in Fig. 17. The
analysis revealed significant differences between the SAT and DAT
samples, correlating with their respective Charpy impact energies.

In the SAT samples, small dimples were observed alongside quasi-
cleavage areas and some cracks, with shear lips indicating a degree of
brittle fracture. The fracture surface exhibited moderately deep and
elongated dimples, with an average size of approximately 2 um as
determined by ImageJ analysis[70]. These dimples are characteristic of
microvoid coalescence (MVC), a ductile fracture mechanism in which
voids nucleate and grow around hard particles such as carbides[71].

It is important to emphasize, as highlighted by Fukaura et al. [72]
and Jurci et al. [73] that carbides play a dual role in both crack initiation
and propagation, depending on their size and distribution. Fine car-
bides, due to their small size and greater number, act as effective
nucleation sites for microvoids. This facilitates the initiation of ductile
fracture through MVC, resulting in a high density of small dimples and
improved energy absorption. However, coarse or larger carbides (e.g.
LSCs) act differently; they serve as local stress concentrators and are
more susceptible to cracking themselves under applied stress. When a
large carbide cracks, it can directly initiate a microcrack, which may
then propagate into the matrix, facilitating brittle fracture modes such as
cleavage or quasi-cleavage. Thus, the presence of large carbides not only
affects the initiation of cracks but also provides easy pathways for crack
propagation, reducing the overall fracture toughness.

In our SAT samples, the observation of both small dimples and quasi-
cleavage features suggests that crack initiation occurs at both fine and
coarse carbides. Fine carbides promote ductile MVC, while coarse car-
bides are likely sites for the initiation and propagation of brittle cracks,
explaining the mixed fracture morphology.

In contrast, the DAT samples displayed a markedly different surface
morphology, characterized by deeper and more elongated dimples
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(average 7 ym) and prominent tear ridges. This suggests that the DAT
heat treatment resulted in a finer and more uniform carbide distribution.
With fewer coarse carbides present, crack initiation is dominated by
MVC at fine carbides, leading to more ductile fracture behavior and
higher Charpy impact energy. The reduction in coarse carbides limits the
number of sites available for brittle crack initiation and propagation,
thereby enhancing toughness.

On the other hand, the improvement in wear resistance observed in
our samples can be attributed to several microstructural factors,
particularly the size, distribution, and morphology of carbides. Finer
and more uniformly distributed SSCs act as effective barriers to crack
propagation and micro-cutting during sliding, thereby limiting material
removal. Additionally, a more spherical or carbide morphology tends to
reduce local stress concentrations and lowers the risk of crack initiation.

Beyond the influence of carbides, the reduction in martensite block
width also appears to play an important role in enhancing wear resis-
tance. A finer block structure increases the density of interfaces, which
hinders slip and the propagation of microcracks under mechanical
stress. This further subdivision of the martensitic structure helps
distribute stresses more evenly and improves local toughness, both of
which contribute to limiting surface damage during wear tests as
recently shown by Jia et al. [74].

4. Discussion

4.1. Effect of carbon content in solid solution on variant selection and
carbide precipitation

The smaller volume contraction observed in the DAT samples from
isothermal dilatometric curves could be associated with fewer available
carbon atoms for precipitation as suggested by Waterschoot et al. [42].
Therefore, the higher fraction of secondary carbides in the SAT samples
inevitably reduces the carbon content in the martensite matrix. Conse-
quently, it is believed that more carbon is present in the matrix of the
DAT samples compared to the SAT ones.

To measure the carbon content, an enlargement of the martensite
a’(200) XRD pattern is displayed in Fig. 18. The martensite peak for the
DAT samples tends to shift to the left compared to the SAT samples.
Numerous studies have focused on the crystal structure of martensite
and its tetragonality [75 76]. Honda and Nishiyama established a linear
relationship between the c/a ratio and the carbon content (wt.%) [771],
and it was long believed that no tetragonality existed for steels with less
than 0.6 wt% carbon. However, Lu [78] recently showed that for carbon
content less than 0.6 wt%, a deconvolution of the overlapped martensite
a’(200) peak and a’(002) could provide an accurate estimate of the c/a
ratio.

Fig. 18 reveals a left-tail XRD pattern for the DAT samples. This
asymmetry indicates that the DAT martensite crystal contains more
carbon atoms than the SAT one. Deconvolution was performed using

Fig. 17. SE-SEM Fractography of the propagation zones on Charpy V-notch samples: (a) SAT specimen showing cracks, shear lips and quasi-cleavage surfaces. (b)

DAT specimen exhibiting elongated dimples and tear ridges from.
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Fig. 18. Enlargement of peak a’ (200) showing the left-tail in the DAT pattern. The SAT data are shown in black, the DAT data in red, along with the corresponding
deconvoluted peaks. Deconvolution was performed using the Gaussian peak separation method. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

OriginPro software [79] and applying the Gaussian peak separation
method. Results show the asymmetry causing the shift to lower
diffraction angles, which could indicate a higher carbon content in the
DAT samples. However, the c/a ratio could not be conclusively
measured.

The carbon content in the matrix was estimated thus by using the
equation developed by Bhadeshia [80]:

asce =are + (3a%) " x [(are — 0.0279x.0)* (ap, + 0.2496x.0) — age]

—0.003xg;2 +0.006x 72 +0.007xp: +0.031xp00 +0.005x¢4
+0.0096xva

©

where apcc is the lattice parameter measured by the XRD, ap. is the
lattice parameter of pure ferrite (0.28664 nm [27]) and x; is the mole
fraction of the element i in the matrix.

The lattice parameters measured from XRD are 0.28766 nm and
0.28779 nm for SAT and DAT, respectively. The carbon content in the
martensite matrix in the DAT is estimated at 0.29 wt% which is slightly
higher than in the SAT samples which is estimated at 0.26 wt%. These
results align with the thermodynamic estimation from FactSage of the
carbon content in austenite solid solution, shown in Fig. 19. The higher
solubility in the DAT samples could be attributed to its thermodynamic
stability, as carbon atoms are known to be more stable in defects (grain
boundaries, dislocations, etc.) [81]. As shown in section 3.1.1, the DAT
treatment increased the density of boundaries; therefore, it is reasonable
to assume that a higher amount of carbon atoms was trapped in defects.

Carbon content significantly affects variant pairing and selection, as
reported by several researchers [13,16,82]. Stormvinter et al. [13]
indicated that increased carbon content effectively increases the number
of V1/V2 variant pairs and shifts the transformation path from CP to
Bain groups formation. Morito et al. [83] demonstrated that increased
carbon content leads to the formation of sub-blocks within the same CP
groups, increased density of V1/V2 variant pairs, and the formation of
all possible 24 variants.

In the present work, variant analysis of grains showed that sub-
blocks formed in the DAT samples for any PAGS, and all possible vari-
ants formed within a single PAG (G4, G5, and G6), regardless of the
PAGS. For the SAT samples, however, a decrease in PAGS led to variant
selection. The initial relationship between the PAGS and variant
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Fig. 19. Carbon content in austenite under equilibrium conditions, as deter-
mined by FactSage simulation.

selection, studied by Morito et al. [14], stipulated that only 1 CP group
(with its corresponding variants) could appear in small grains, which
was not the case in the DAT samples.

An additional observation in DAT samples, indicated that the block
width did not significantly vary with the PAGS. This finding is in
contrast with the commonly observed relationship where block width
typically decreases with decreasing PAGS [12]. The relative invariance
of block width across different PAGS in our study could be attributed to
the higher carbon content in solid solution, especially in the DAT sam-
ples. As discussed above, increased carbon content promotes the for-
mation of sub-blocks and refines the martensite structure, and this
appears to counteract the influence of PAGS on block width as it was also
suggested by Morito and coworkers [84]..

The carbon content in the matrix also affects the sequence of carbide
precipitation during tempering. As continuous heating proceeds, the loss
of martensite tetragonality begins as carbon atoms are released from the
supersaturated lattice. This process coincides with the precipitation of
transient e-carbide, which is observed in the dilatometric curves of the
SAT samples but not in the DAT samples. The formation of these tran-
sient carbides in SAT not only reduces the available carbon in the matrix
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but also creates preferred nucleation sites for subsequent My3Cg pre-
cipitation. This promotes faster nucleation and growth of My3Cg in SAT,
particularly along grain boundaries, leading to the formation of ESCs at
these locations. According to Porter [85], accelerated thickening and
lengthening of carbides at grain boundaries are facilitated by grain
boundary diffusion, this explains why ESCs are mainly located at PAGBs.
In contrast, the DAT samples, with their finer martensitic structure and
higher HAGBs density, favor the uniform precipitation of more SSCs and
do not show the formation of ESCs. The activation energies calculated
for My3Cg precipitation in both samples also suggest that carbon self-
diffusion controls the precipitation. The substructure inherited from
quenching significantly impacts the kinetics of carbide precipitation, as
also reported by Sun et al. [27]. According to Xu et al. [66], refinement
of the martensite structure (lath and blocks) of the as-quenched micro-
structure reduces the activation energy of My3Cg precipitation during
isothermal tempering. This is explained by the shorter diffusion distance
for carbon atoms, resulting in a smaller energy barrier for precipitation.

4.2. Effect of double austenitization on carbon redistribution during
quenching

Limited research is available on the characteristics of multiple aus-
tenitization cycles on martensite substructure. In addition to the
increased carbon content in solid solution as discussed in the previous
section, Hidalgo and Santofimia [86] reported that a second austeniti-
zation leads to a homogenous redistribution of carbon in the matrix. This
mechanism could be another factor contributing to variant selection in
some grains in the SAT samples. Indeed, because grains might have
different growth kinetics, the probability of having a non-homogeneous
distribution of carbon atoms in PAGs is higher. In larger grains (e.g., G1,
G2), the concentration of carbon atoms might be higher, which could
explain the formation of sub-block structures. In the DAT samples,
however, a second austenitization seems not only to increase carbon
content in austenite solid solution but also to redistribute it regardless of
the PAGS.

To validate this hypothesis, dilatometric curves obtained after
quenching from the austenite regions for both the SAT samples (1st
quenching) and DAT samples (2nd quenching) were analyzed and re-
ported in Fig. 20. Although an in-depth study of martensite formation
kinetics is beyond the scope of this work, the derivative curves provide
important insights into the carbon redistribution hypothesis. It must be
noted that, in the present work, we have adopted the off-set method
along with derivative curves for the analysis of the dilatometric data
[871.

As shown in Fig. 20, upon quenching, the SAT samples show a
discontinuous transformation starting around 360 °C down to 250 °C
before undergoing a considerable volume change. This anomalous
behavior in martensitic transformation has been a subject of recent in-
terest, with studies focusing on the root causes for the observed dis-
continuities [88,89,90]. For the SAT samples, the presence of more than
one martensite start temperature (M) is evidence of a multi-step
transformation, initially possibly due to the presence of different PAGs
with varying carbon contents in austenite solid solution. Low-carbon
content PAGs will transform to martensite first at higher temperatures
(starting around 360 °C), and as undercooling proceeds, more
martensite forms. From 250 °C to 220 °C, the massive burst trans-
formation of austenite to martensite begins at Mg, while a second
temperature M, is detected around 200 °C.

For the DAT samples, the first deviation from the cooling curve is
observed around 338 °C, possibly due to some PAGs depleted in carbon.
The burst transformation of austenite to martensite starts with a unique
M;, and no M, peak could be detected.

4.3. Origin of the multi-step martensitic transformation

The dilatometric results reported in Fig. 20 revealed that the
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versus temperature during quenching, along with their derivatives (dashed
lines). Multiple martensite start (Ms) temperatures are indicated for the SAT
samples prior to the burst transformation (highlighted with black arrows). The
quenching curve for SAT is shown in black, while the second quenching for DAT
is shown in red. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

martensitic transformation in SAT occurred in multiple stages, evi-
denced by the appearance of several My temperatures. Furthermore, as
reported above (section 4.2), smaller grains, such as G3, which might
contain less carbon, exhibit a greater variant selection and transform
first, preceding the massive transformation. In contrast, larger grains (e.
g., G1, G2) transform during the burst transformations. To investigate
this further, we converted the dilatometric curves for each condition
into kinetics curves. The onset of transformation for each condition was
defined as the point where a minimal detection of length change
occurred, corresponding to a 0.01 vol fraction transformation.

Fig. 21a illustrates the evolution of martensite volume fraction (fy')
as a function of undercooling (AT = M;—T). Notably, the DAT samples
exhibit a more rapid evolution of the martensite fraction compared to
the SAT ones. This observation is further corroborated by the trans-
formation rate (df,:/dT) as a function of undercooling, as shown in
Fig. 21b. During the second austenitization, we observe that the trans-
formation peak is reached more quickly and is twice as high as that of
SAT. This accelerated transformation in DAT samples could be explained
by the creation of numerous nucleation sites, leading to faster growth at
the beginning of the transformation, as also reported in previous studies
[91,92]. Conversely, SAT samples exhibit fewer nucleation sites, which
explains the slower transformation rate and the lower peak.

When the necessary free energy is reached and transformation be-
comes possible, the first martensite crystal forms, initiating a cascade of
martensitic transformation. Subsequent growth occurs through an
autocatalytic phenomenon. The initial colonies that form have ample
space to grow with few obstacles, promoting rapid growth. As more
colonies form, the PAG becomes increasingly sectioned, restricting the
space where new colonies can form. This phenomenon is known as
mechanical stabilization of austenite [28], resulting in a drastic reduc-
tion in the transformation rate, as more effort is required for the
remaining space to transform.

In the case of DAT samples, the transformation rate drops suddenly
and continues to decrease as the transformation progresses while for
SAT samples, after reaching the initial peak, there is a slight decrease,
followed by a new increase which suggests that a new transformation
has taken place. Mao et al. [89] associated the presence of these sec-
ondary and tertiary peaks to the occurrence of multiple martensitic
transformations, i.e., multiple Mg temperatures. Fig. 21.c shows the
transformation rate versus the martensite fraction. For DAT samples, the
transformation rate starts to decrease after the formation of about 17 %
martensite. In contrast, in SAT samples, approximately 10 % of
martensite is formed during the first peak, followed by an additional 20
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% transformation at Mg, before the transformation rate begins to
decrease.

Liu et al. [93], associated the appearance of multiple transformation
stages with the occurrence of an auto-tempering process. Carbon atoms,
rejected from newly formed martensite, enrich the lath boundaries and
the untransformed austenite. However, this carbon-enriched untrans-
formed austenite was already mechanically stabilized and therefore will
transform at an even lower temperature. Based on the above mecha-
nism, the auto-tempering process is accentuated at slower cooling rates.

On the other hand, Hutchinson et al. [94] reported that even at very
high cooling rates (1000 K/s), carbon can diffuse over distances of 1.5
pm when the transformation begins below M. In the same study [94],
for cooling rates of 10 K/s (close to the cooling rate used in the present
work), diffusion distances of up to 20 pm were noted. This implies that in
our case, carbon rejected by the first martensite laths can diffuse
throughout the PAG. It is important to note that not all laths reject
carbon equally. Using atom probe tomography (APT), Morsdorf and
coworkers [48] demonstrated that coarse laths were more prone to
rejecting carbon, with their carbon concentration being up to 5 times
lower than the matrix, while finer laths showed less of this tendency.
They also reported that these large laths, which generally have a flat
contact surface with the PAGBs, are those that appear at the beginning of
the martensitic transformation.

The above analysis confirms our experimental findings on variant
analysis (section 3.1.2) where we observed two morphologies present in
G1 and G2. In SAT, coarse laths were formed at the beginning of the
transformation below Ms; and reject carbon into untransformed regions.
This carbon enrichment of austenite is at the origin of a second trans-
formation with an Ms,. As reported in [13], an increase in carbon con-
centration favors the appearance of multiple variants. This could explain
why regions of coarse laths are interspersed with regions of multiple
multivariant laths. Notably, this carbon rejection from the matrix in SAT
samples is could be also one reason why the «’(200) XRD peak seen in
Fig. 18 does not show a left-tail and is symmetrical, as the matrix has
rejected most of its carbon atoms to the untransformed y;. This sym-
metrical peak is a sign of losing tetragonality in the martensite structure.
This would also explain why the C-enriched y, resisted to transformation
during tempering in the SAT samples.

In the DAT samples, the greater number of nucleation sites facilitates
the appearance of multiple variants that have a flat contact surface with
the PAGBs from the start of the transformation. The higher and more
homogeneously redistributed carbon content leads to a more homoge-
neous martensitic transformation characterized by fine laths that do not
reject carbon at the beginning of the transformation, explaining the
absence of Mgs.

Based on the above results and discussion, the following mechanisms
could be operating for the two investigated heat treatments and are
schematically represented in Fig. 22:

1) For the SAT treatment, austenitization leads to different
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populations of PAGs with varying carbon contents, with larger grains
having more carbon in solid solution than the smaller ones. During
cooling, these different populations of PAGs transform at different
temperatures, which also implies variant selection in small grains and
the disappearance of sub-block structures.

2) For the DAT samples: The PAG is homogeneously enriched in
carbon throughout the sample, and upon cooling, a continuous
martensitic transformation occurs. The higher carbon content leads to
the formation of sub-blocks in the different CP groups and promotes
HAGBSs variant pairs along with the formation of all 24 possible variants.

The above findings reveal that higher carbon content in solid solu-
tion promotes the formation of sub-blocks within martensite packets and
increases the density of HAGBs, which are crucial for enhancing me-
chanical properties. Notably, the double austenitization leads to a more
homogeneous carbon redistribution compared to single austenitization,
resulting in a more uniform single-stage martensite transformation and
the formation of a substructure that is less sensitive to the PAGS. This
uniformity is reflected in the near-constant block width observed in DAT
samples for various grain sizes, contrasting with the traditional PAGS-
dependent block width, seen in SAT samples.

The complex interplay between carbon content in the as-quenched
martensite and carbide precipitation during tempering must also be
taken into account. The fact that DAT samples, despite having more
potential nucleation sites and a lower activation energy for M23Ce pre-
cipitation (52 kJ/mol compared to 88 kJ/mol for SAT) show less carbide
precipitation and a longer incubation time, suggests that more carbon
atoms remain stable in the martensite matrix, likely due to the increased
density of defects acting as carbon traps. In addition, the homogeneous
redistribution of carbon atoms in the matrix in DAT samples leads to a
more uniform distribution of carbides after tempering. This is in contrast
to SAT samples, where carbon segregation across different grains tends
to manifest in enriched-carbide zones with aggregates of carbides and
carbide-free zones, as reported in our recent work [35].

These microstructural alterations resulting from DAT have signifi-
cant implications for the mechanical properties. The impact toughness
of the DAT samples was notably improved, as evidenced by the fracture
surface analysis. Furthermore, the wear resistance was enhanced due to
the spherical and homogeneous carbide precipitation observed in the
DAT samples. This uniform distribution of spherical carbides, coupled
with the more homogeneous martensite structure, contributes to a more
consistent and superior wear performance compared to the SAT samples.

This correlation offers a pathway to optimize steel properties, mak-
ing it possible to achieve a balance between high wear resistance and
high toughness. To further advance these findings, several avenues for
future research are identified. Although grain refinement and increased
carbon content in solution were observed, the overall hardness levels
remained unchanged. This phenomenon may be related to the presence
of nanoscale carbides, which are known to contribute significantly to
secondary hardening but were not characterized in the present study.
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Further investigations using TEM are planned to analyze these nano-
structural features in detail.

In addition, while direct evidence of multi-step martensitic trans-
formation was not obtained in this work, advanced characterization
techniques such as APT could provide valuable insights into these
transformation mechanisms in future studies. Finally, the three-
dimensional crystallographic features of the microstructure were not
explored here and represent a promising direction for future research,
which could provide a more comprehensive understanding of the re-
lationships between processing, microstructure, and properties.

5. Conclusions

The effects of double austenitization and tempering (DAT) on the
microstructure, mechanical properties, and precipitation kinetics of a
modified AISI A8 tool steel were investigated and compared to the
conventional single austenitization and tempering (SAT). Using high-
resolution dilatometry and advanced electron microscopy techniques,
we identified the key mechanisms underlying the observed improve-
ments in impact strength and wear resistance. The main findings of this
research are summarized as follows:

- Microstructural refinement: DAT treatment effectively refined the
overall microstructure, reducing the prior austenite grain size
(PAGS), packet size, and block width compared to SAT treatment.

- Variant pairs regulation: DAT led to a significant reduction in the

fraction of V1/V4 Low angle grain boundaries (LAGBs) and an in-

crease in V1/V2 block boundaries. This shift towards a higher den-
sity of High angle grain boundaries (HAGBs) contributed to
enhanced matrix toughness.

Enhanced carbon redistribution: DAT increased the carbon content

in martensite and enhanced its redistribution across the different

Prior austenite grains (PAGs). This promoted the formation of K-S

multivariant within single PAGs, regardless of the PAGS.

Martensite transformation kinetics: The DAT treatment resulted in a

more rapid and uniform martensitic transformation compared to

SAT, characterized by a single, higher transformation rate peak. This
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is primarily due to increased nucleation sites and a more homoge-
neous carbon distribution.

- Alloy carbide refinement: The redistribution of carbon and its
retention in the martensitic matrix along with the increased density
of nucleation sites favored the precipitation of homogenous spherical
My3Cg carbides during tempering.

The findings of the present work provide valuable insights into the
mechanisms of microstructure evolution and property enhancement in
high-performance tool steels subjected to complex heat treatments.
Furthermore, they establish a foundation for tailoring heat treatments in
other steel grades to achieve specific combinations of mechanical
properties.
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