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Abstract

This study investigates the influence of key heat treatment parameters on the microstruc-
ture and mechanical properties of the powder metallurgy tool steel Vanadis 60. A fractional
factorial design of experiments was applied to evaluate the effects of austenitising tem-
perature, quenching medium, tempering temperature, and number of tempering cycles
on hardness, flexural strength, and microstructure, using detailed phase characterisation
by X-ray diffraction. The results reveal two distinct processing routes tailored to different
performance objectives. Maximum hardness was achieved by combining austenitisation
at 1180 ◦C, rapid oil quenching, and tempering at 560 ◦C. These conditions enhance the
solubility of carbon and other alloying elements, promote secondary hardening, and re-
duce retained austenite. Conversely, higher toughness and ductility were obtained by
austenitising at 1020 ◦C, air cooling, and tempering at 560 ◦C. These parameters favour the
formation of a bainitic microstructure, together with lower martensite tetragonality and
minimal retained austenite. A statistically significant interaction was identified between
the austenitising temperature and the number of tempering cycles; three temperings were
sufficient to compensate for the lower hardness associated with reduced austenitising
temperatures. The results provide a robust guidance for optimising thermal processing in
highly alloyed tool steels, enabling the precise tailoring of microstructure and properties in
accordance with specific mechanical service requirements.

Keywords: vanadis 60; bainite; retained austenite; flexural strength; design of experiments

1. Introduction
Vanadis 60 is a tool steel specifically designed for applications requiring high wear

resistance, hardness, and dimensional stability at elevated temperatures [1]. This steel
is used in the production of industrial components operating under sliding, rolling, or
abrasive friction at high loads [2]. It is also employed in the manufacture of cold work
tools and for the high-speed machining of steels, thus classifying it as a high-speed steel [3].
These steels must retain their hardness during service at temperatures approaching 600 ◦C
and must therefore be suitable for high-temperature tempering that induces structural
hardening [4].

The production of these steels by powder metallurgy prevents dendritic segregation
and the formation of eutectic carbide networks during solidification [5–12]. High-speed
steels contain elevated levels of carbon and alloying elements. In the case of Vanadis 60,
significant contents of Cr, Mo, W, V, and Co are noteworthy. Chromium promotes the
formation of mixed carbides of the M23C6 and M7C3 types [5,13–17], while W and Mo
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can form mixed carbides of the MC and M2C types [13,18–20]. In addition, W and Mo,
together with Fe, can form M6C-type carbides [19,21–25]. Vanadium tends to form MC-type
carbides [23,26]. High-speed steels generally do not exhibit cementite-type M3C carbides.
However, it should be noted that in this type of carbide, Cr and Co can partially substitute
Fe, forming a ternary carbide with an M3C structure [25].

The effects provided by W in high-speed steels can also be achieved with Mo. The
atomic weight of Mo (95.9 g/mol) is nearly half that of W (183.8 g/mol), so substituting W
with half the weight of Mo results in an equivalent atomic ratio. However, Mo-containing
high-speed steels are more prone to decarburisation than their W-containing counterparts.
The addition of Co raises the melting temperature of these steels, allowing the use of higher
austenitising temperatures. Higher austenitising temperatures promote greater carbon
solubility, leading to the formation of martensite with very high hardness. Nevertheless,
increased carbon solubility also reduces the martensite start temperature (Ms), increasing
the amount of retained austenite after quenching.

Slow cooling rates after austenitising may favour the nucleation and growth of sec-
ondary carbides, mainly of the M7C3 type, potentially causing austenite to transform
at higher temperatures than under faster cooling conditions, thus reducing the retained
austenite content [27]. Cobalt stabilises austenite, so Co-containing high-speed steels typi-
cally exhibit high levels of retained austenite. For this reason, multiple tempering cycles
after quenching are recommended in such steels.

If alloying elements such as Cr, V, Mo, or W are dissolved during austenitising, they
remain as a solid solution in the martensite, occupying substitutional sites within the
crystal lattice. When high-temperature tempering (near 600 ◦C) is applied, these carbide-
forming elements diffuse towards ferrite dislocations, where they react with carbon and
precipitate as nanometric carbides, inducing secondary hardening [28–39]. The main
carbides responsible for this type of hardening are M2C (associated with W and Mo) [40] as
well as M7C3 and M23C6 (both associated with Cr) [32,34,41].

At secondary hardening temperatures, ferrite contains virtually no carbon in solid
solution, as most of it has already been consumed at lower temperatures to form tempering
cementite. Therefore, the precipitation of secondary hardening carbides requires the prior
dissolution of such cementite at elevated temperatures [41]. This process consequently
demands high tempering temperatures and sufficient holding time.

In addition to hardness and wear resistance, flexural strength is a critical property for
high-speed steels, especially in applications where tools are subjected to high loads [42].
The presence of fine carbides and a homogeneous martensitic microstructure are key factors
for achieving a high flexural strength [11,38,43,44].

In this context, from an industrial heat treatment perspective, certain uncertainties
emerge that merit clarification. For example, during austenitising, is it preferable to
dissolve as much carbon and alloying elements from finely dispersed carbides as possible,
or not? The former would favour the formation of harder martensite but increase retained
austenite content. During quenching, should the precipitation of secondary carbides be
promoted? Doing so would increase the Ms temperature and reduce retained austenite
content. However, this would produce less tetragonal martensite, probably with lower
secondary hardening potential during tempering. During tempering, are high temperatures
preferable to promote secondary hardening? If prior thermal processing has destabilised
austenite, the resulting martensite may have limited potential for secondary hardening,
and high tempering temperatures could lead to excessive softening.

To address these questions, a fractional factorial design of experiments with four
factors and eight experimental conditions was applied in this study [45–47]. Various heat
treatment parameters were modified to induce changes in the microstructure, hardness,
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and flexural strength of Vanadis 60 steel. The statistical analysis of these changes aims to
identify the optimal heat treatment combinations to maximise in-service mechanical perfor-
mance, while providing a quantitative and systematic insight into microstructure–property
relationships in this type of powder-metallurgy steel. To the best of the authors’ knowledge,
this study represents one of the first experimental approaches to Vanadis 60 steel that
combines metallographic and X-ray diffraction characterisation techniques with a system-
atic statistical design, allowing for the establishment of direct quantitative relationships
between thermal processing parameters, phase fractions, and mechanical properties.

2. Materials and Methods
Table 1 presents the chemical composition of the Vanadis 60 alloy [2,3,23]. The experi-

mental methodology was based on a design of experiments (DOE) with four factors, each
at two levels, resulting in eight experimental conditions. Table 2 summarises the factors
and levels considered. All selected factors correspond to heat treatment parameters that are
industrially applicable to this type of steel. Other variables, such as sub-zero treatments,
were excluded, as their implementation is not common in standard industrial processes.
It should be noted that the selected quenching media—furnace cooling, air cooling, and
oil quenching—are among the most commonly used in industrial practice for high-alloy
tool steels, including Vanadis 60. According to the manufacturer recommendations, air and
oil are preferred cooling methods depending on the geometry and size of the components,
as they provide an optimal balance between hardness and dimensional stability while
minimising the risk of cracking. More severe quenching media such as water or polymer
solutions are generally avoided in this class of steels due to their high susceptibility to
thermal stresses and cracking. Therefore, the present study focuses on representative and
industrially relevant cooling conditions, rather than on an exhaustive comparison of all
possible media. Table 3 shows the experimental matrix. Column D = ABC was generated
from columns A, B, and C [48]. The aim of applying a DOE approach is to modify specific
processing conditions to induce changes in selected material properties. In this case, the
properties studied included hardness, retained austenite content, carbide fraction, and
flexural strength. This analysis enables the identification of factors that have a statistically
significant influence on the investigated properties. Fractional factorial designs allow the
study of multiple factors simultaneously, optimising time and resources, especially in
industrial contexts [49]. However, such fractional designs imply that some second-order
and higher-order interactions are confounded with the effects of the main factors [50]. The
effect of a given factor is calculated from the variation in the response when this factor
shifts between its −1 and +1 levels. This calculated variation is referred to as the main
effect [46,51]. It is also possible to determine the effects of interactions between two or
more factors [52]. Table 3 also includes a column indicating the effects that will be assessed
during the analysis. Second-order interaction effects appear as confounded. For instance,
the effect of the AB interaction is confounded with that of the CD interaction [53]. An effect
is considered statistically significant when it is sufficiently “uncommon” to be attributed to
random variation.

Pareto charts were used to rank the effects under analysis in order of impor-
tance [46,54,55], and normal probability plots were employed to identify factors with
statistically significant effects [56–58]. This reasoning is equivalent to that of an analysis of
variance (ANOVA), whereby the effect of a particular factor is deemed significant when its
p-value is sufficiently low—typically below 0.05 [56,59–62]. Statistical analyses were carried
out using the STATGRAPHICS Centurion XVI, version 16.1.03 The Plains, VA, USA) [58,63].
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Table 1. Chemical composition of Vanadis 60 steel (wt.%).

C Cr Mo W V Co Fe

2.3 4.2 7.0 6.5 6.5 10.5 resto

Table 2. Analysed factors and levels.

Code Factors Level −1 Level +1

A Austenitising temperature 1020 ◦C (15 min) 1180 ◦C (15 min)
B Quenching medium Air Oil
C Tempering temperature 500 ◦C (1 h) 560 ◦C (1 h)
D Number of tempering cycles 2 3

Table 3. Experimental matrix. The column D = ABC was generated from the coded values of columns
A, B, and C. The final column indicates the effects to be evaluated. Second-order interactions appear
confounded (e.g., AB with CD).

Experiment A B C D Effects

1 −1 −1 −1 −1
A
B
C
D

AB + CD
AC + BD
AD + BC

2 +1 −1 −1 +1
3 −1 +1 −1 +1
4 +1 −1 −1 −1
5 −1 −1 +1 +1
6 +1 −1 +1 −1
7 −1 +1 +1 −1
8 +1 +1 +1 +1

In this study, main effects and interactions were estimated from the differences in
experimental means corresponding to the coded levels of each factor. Consequently, the
effects are expressed in the same units as the response variable, which facilitates their direct
interpretation. The statistical significance of these effects was assessed using standardised
t-values, calculated from the experimental standard error derived from the mean square
error in the ANOVA, considering three replicates per experimental condition. This value
reflects the variability associated with the repeatability of measurements within each
treatment [48,56].

The sums of squares and F-ratios provided in the ANOVA table serve to statistically
validate the quality of the model and to confirm the significance of the effects. However,
they were not used to estimate the effects directly, since they describe variability in quadratic
terms and are therefore not comparable with the linear effects obtained from differences
in means. A significance threshold of t = ±2.145 was adopted, corresponding to the
critical value of Student’s t-distribution with 14 degrees of freedom and a 95% confidence
level [56,64,65].

In cases where experimental replicates were not performed—such as for the quantifi-
cation of retained austenite or the relative carbide content—it was not possible to estimate
the experimental error or apply inferential statistics based on t-values. Instead, a qualitative
graphical analysis was conducted using normal probability plots, identifying as significant
those effects that deviated clearly from the general alignment [56,64,65]. This approach is
commonly applied in experimental designs without replication and allows relevant trends
to be detected when a quantitative statistical basis is insufficient.

Finally, since some second-order interaction effects are confounded in fractional de-
signs, whenever a confounded effect was found to be significant, separate graphical rep-
resentations were used for each of the implicated interactions. By observing the mean
response values for each combination of coded factor levels, it was possible to infer which
of the confounded interactions was actually responsible for the observed effect.
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All specimens were subjected to heat treatments according to a fractional factorial
experimental design. Austenitisation was carried out at either 1020 ◦C or 1180 ◦C for 15 min
in a conventional muffle furnace under air atmosphere. After austenitisation, samples were
cooled by either air cooling at 23 ◦C or oil quenching, also at 23 ◦C. Subsequent tempering
was performed at either 500 ◦C or 560 ◦C, with each cycle lasting 1 hour. Depending on the
experimental condition, two or three tempering cycles were applied. All heat treatments
were conducted on bulk material blocks, which were later machined into test specimens to
eliminate possible surface decarburization.

To determine the critical transformation temperatures of Vanadis 60 steel, a type K
thermocouple was inserted into a machined slot at the core of each block, and temperature
data were collected using a SE521 data logger at 1 s intervals. Four different thermal cycles
were analysed: heating in a furnace up to 1100 ◦C, cooling in the same furnace, cooling in
still air, and quenching in oil at 23 ◦C. For each condition, a conventional temperature–time
cooling curve was recorded. Subsequently, a thermal analysis curve was constructed, in
which the x-axis represented the time required for each 5 ◦C temperature change and the
y-axis the lower temperature of each interval. This approach enhances the visibility of
transformation reactions during fast cooling by increasing the sensitivity to slope variations.

The weight fractions of the precipitated phases were determined by X-ray diffraction
(XRD) using a Seifert XRD 3000 T/T diffractometer (Baker Hughes, Celle, Germany), oper-
ating in a θ–θ configuration with a Mo X-ray source (λ = 0.7107 Å), at 40 kV and 40 mA.
The instrument was equipped with primary and secondary monochromators to isolate
the Kα1 line, and the scanning range was set from 8◦ to 37◦ in 2θ, with a step size of 0.03◦

and a counting time of 22 s per step. Measurements were performed on 50 × 30 × 5 mm
specimens, whose surfaces were ground to 800 grit to minimise topographic effects. Phase
quantification was conducted by Rietveld refinement [66], using crystallographic data from
the ICSD (Inorganic Crystal Structure Database, FIZ Karlsruhe, Eggenstein-Leopoldshafen,
Germany). Background correction and instrumental broadening were managed using the
multipattern-capable software FullProf.2k (version 8.10, October 2024) [67–70]. Peak broad-
ening was modelled using the Stephens formalism, as implemented in the software [71].

Three-point bending tests were carried out in accordance with UNE-EN-ISO 178:2020,
using an Instron 5582 universal testing machine (Instron, Norwood, MA, USA) at a
crosshead speed of 1 mm/min and a maximum load capacity of 100 kN. The specimens
had a thickness of 3 mm and a width of 10 mm, with a support span of 60 mm.

3. Results and Discussion
Thermal analysis is a key tool for identifying critical transformation points in metallic

alloys during heating and cooling. However, when the cooling rate is not sufficiently
slow, conventional time—temperature curves may lack the sensitivity needed to accurately
detect these transitions. To enhance the identification of phase changes under rapid thermal
conditions, Figure 1 presents an alternative representation in which the x-axis denotes
the time required for the temperature to increase or decrease by 5 ◦C, rather than the
absolute process time. This method improves the visibility of inflexion points associated
with phase transformations. The curves span the heating process up to 1100 ◦C and the
cooling phase from that temperature under different conditions. Based on this approach,
the austenitisation temperature was identified at approximately 860 ◦C. During furnace
cooling, the formation of eutectoid constituents appears to initiate near 805 ◦C. In the case
of oil quenching, the start of martensitic transformation (Ms) occurs around 280–290 ◦C.
Under air cooling, the first transformation from austenite to bainite is observed at ~390 ◦C,
followed by a secondary martensitic transformation at ~300 ◦C.
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Figure 1. Heating and cooling profiles of Vanadis 60 steel during furnace heating, furnace cooling,
air cooling, and oil quenching. Critical transformation temperatures (Ac1, Bs, and Ms) are indicated
based on inflexion points in the thermal response.

Figure 2 shows the resulting microstructures for each of these cooling conditions,
confirming that the observed phases correspond to the previously described austenite
transformations.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Microstructural evolution after austenitising at 1100 ◦C and cooling under different
conditions: (a,b)—furnace cooling; (c,d)—air cooling; (e,f)—oil quenching. Images (a,c,e) were
obtained by optical microscopy, while (b,d,f) correspond to SEM micrographs. The numbers indicated
in the SEM micrographs correspond to the locations where EDX spectra were acquired. The elemental
compositions obtained from these points are reported in Table 4.
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Table 4. Semiquantitative EDX analysis of the carbides shown in Figure 2 (atomic%).

Spectrum C V Cr Fe Co Mo W Carbide
Most Likely

1 Rem. 2.8 2.2 41.4 8.5 2.6 1.6 M3C
2 Rem. 11.2 2.8 9.32 1.47 6.1 3.25 MC
3 Rem. 2.3 3.1 23.3 4.9 27.2 23.5 M6C
4 Rem. 3.0 3.1 21.5 4.7 26.0 23.4 M6C
5 Rem. 16.3 2.7 2.3 0.8 6.1 2.3 MC
6 Rem. 16.4 2.6 2.4 0.4 6.3 2.3 MC

Table 4 presents the results of the chemical analysis performed by Energy-Dispersive
X-ray Spectroscopy (EDX) on the carbides present in the microstructure after different
cooling rates. This analysis enabled the identification of the main constituent elements of
the carbides, as well as their semiquantitative atomic percentages.

Figure 3 highlights the presence of bainite in the microstructure obtained after air
cooling. Fine white plates of carbides can be observed, aligned parallel to the ferrite
needles—features that are characteristic of upper bainite.

 

Figure 3. Microstructure after air cooling. Arrows indicate the presence of bainite. Fine carbide laths
aligned with the ferrite needles, typical of upper bainite, can be observed.

Figure 4 displays the measured hardness values. The results for each material condi-
tion were highly consistent, resulting in very narrow error margins.

Figure 4. Vickers hardness values. Error margins correspond to a 95% confidence level.
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Table 5 presents the weight fractions of the crystalline phases determined by Rietveld
refinement for three cooling conditions: furnace cooling (annealed), air cooling, and oil
quenching. The results confirm that the cooling rate significantly influences the phase distri-
bution. In the annealed condition, the ferritic phase (α) predominates over retained austen-
ite, whereas faster cooling rates increase the retained austenite (γ) content, in agreement
with the changes observed in the relative intensities of the diffraction patterns (Figure 5).
Slow furnace cooling promotes the precipitation of secondary carbides—preferably of the
cementite type—which contributes to a lower amount of retained austenite. In contrast, air
and oil cooling reduce the amount of cementitic carbides compared with furnace cooling.

Table 5. Weight fractions of the crystalline phases determined by Rietveld refinement for each
cooling condition.

State Rietveld Fitting Phases wt.% Error (wt.%) Lattice Parameter (Å)

Annealed
Rwp = 10.7
Rexp = 5.23
Chi2 = 4.16

Ferrite 47.66 ±1.45 2.86747 ±0.00037
Austenite 31.36 ±1.71

M3C carbide 8.34 ±1.52
M6C carbide 1.39 ±0.16
MC carbide 11.26 ±0.69

Air
Rwp = 9.66
Rexp = 5.35
Chi2 = 3.27

Ferrite 41.26 ±4.21 2.88274 ±0.00063
Austenite 41.15 ±2.98

M3C carbide 4.73 ±1.28
M6C carbide 1.26 ±0.17
MC carbide 11.59 ±0.95

Oil
Rwp = 9.16
Rexp = 5.43
Chi2 = 3.47

Ferrite 42.06 ±3.99 2.88697 ±0.00066
Austenite 40.02 ±2.79

M3C carbide 5.08 ±1.33
M6C carbide 1.35 ±0.18
MC carbide 11.49 ±0.90

Figure 5. X-ray diffraction patterns of Vanadis 60 steel obtained after austenitising at 1100 ◦C followed
by different cooling conditions: furnace cooling (black), air cooling (blue), and oil quenching (red).
The patterns reveal the presence of α (martensite or ferrite), γ (retained austenite), and carbide phases
(MC, M3C, and M6C).

Figure 5 shows the X-ray diffraction patterns obtained for the material after heat
treatment under the three different cooling conditions. The characteristic peaks of ferrite
(α) and austenite (γ) appear at 2θ positions consistent with values reported in the literature,
while additional peaks indicate the presence of secondary carbides (M3C, M6C, and MC).



Solids 2025, 6, 46 9 of 25

The variation in relative intensities reflects an increase in the proportion of retained austenite
as the cooling rate increases, underscoring the influence of the thermal process on the
material’s microstructure.

From a microstructural standpoint, the relative distribution of ferrite, retained austen-
ite, and carbides is similar in the air-cooled and oil-quenched samples. However, significant
differences in hardness are observed between these two conditions (Figure 4). Additionally,
the refined lattice parameter of the ferrite phase increases progressively from the annealed
condition to the air-cooled and oil-quenched conditions. This trend is interpreted as an
indication of an increased solid solution of alloying elements, which is characteristic of
martensite. It is therefore inferred that the “ferrite” in the air-cooled sample consists of a
mixture of upper bainite and some martensite, while in the oil-quenched condition, it corre-
sponds primarily to martensite. This interpretation is consistent with the higher hardness
observed in the oil-quenched samples. It should be noted that although martensite exhibits
slight tetragonality, this distortion could not be distinguished by XRD as the analysis was
performed assuming a BCC structure, which is common practice when tetragonality is low
or peaks are overlapped.

Although the retained austenite contents may seem relatively high, they are consistent
with the alloy’s chemical composition—particularly its high cobalt content—and with
the presence of multiple alloying elements that delay the martensitic transformation [72].
Furthermore, the XRD analyses were conducted prior to tempering, when retained austenite
typically reaches its maximum level.

The experimental results for the Vickers hardness of Vanadis 60 steel under the eight
heat treatment conditions are presented in Table 6. Each value corresponds to the mean
of three replicates. Based on these data, the estimated effects of the factors and their
interactions are summarised in Table 7. The statistical analysis indicates that several factors
significantly influence hardness, as confirmed by their p-values below 0.05. Table 8 presents
the ANOVA results, showing that the model explained 99.33% of the variability in hardness
(adjusted R2 = 98.90%), confirming the robustness of the analysis and the reliability of the
observed trends.

Table 6. Vickers hardness values obtained for the eight experimental conditions. Each value represents
the mean of three replicates.

Experiment Replicate 1 Replicate 2 Replicate 3 Mean

1 755.13 766.22 768.41 763.26
2 855.97 837.87 851.20 848.35
3 981.14 975.74 996.21 984.36
4 1023.06 1005.98 999.91 1009.65
5 888.89 892.40 904.67 895.32
6 954.17 933.73 953.31 947.07
7 910.69 910.29 912.71 911.23
8 986.12 977.09 999.45 987.55

Table 7. Estimated main and interaction effects on hardness, with corresponding p-values indicating
statistical significance (p < 0.05).

Effect Estimated Upper IC
(95%)

Lower IC
(95%)

Standardised
t-Value

A 59.625 66.924 52.326 7.15
B 109.692 116.991 102.393 13.16
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Table 7. Cont.

Effect Estimated Upper IC
(95%)

Lower IC
(95%)

Standardised
t-Value

C 33.891 41.190 26.593 4.07
D 21.091 28.390 13.793 2.53

AB + CD −8.808 −1.509 −16.107 −1.06
AC + BD 4.392 11.690 −2.907 0.53
AD + BC −81.508 −74.209 −88.807 −9.78

Table 8. ANOVA summary for hardness response. The model explains 99.33% of the variability
(adjusted R2 = 98.90%).

Source Sum of
Squares df Mean

Square F-Ratio p-Value

A 21,330.8 1 21,330.8 306.99 0.0000
B 72,193.6 1 72,193.6 1038.99 0.0000
C 6891.87 1 6891.87 99.19 0.0000
D 2669.15 1 2669.15 38.41 0.0000

AB + CD 465.52 1 465.52 6.7 0.0215
AC + BD 115.72 1 115.72 1.67 0.2178
AD + BC 39,861.7 1 39,861.7 573.68 0.0000

Blocks 480.976 2 240.488 3.46 0.0601
Total error 972.777 14 69.484

Figure 6 presents the Pareto chart of standardised t-effects obtained for Vickers hard-
ness. The main effects and interactions were normalised using the experimental error
(MSerror = 69.484) derived from the ANOVA, considering the number of replicates per
condition. The statistical significance threshold was set at ±2.145, corresponding to the
critical value of Student’s t-distribution with 14 degrees of freedom and 95% confidence.
Effects exceeding this absolute value are considered statistically significant.

Figure 6. Pareto chart of standardised effects for Vickers hardness. The threshold for statistical
significance is ±2.145 (95% confidence). Standardisation was performed using an experimental error
of 69.484 (MSerror from ANOVA).

The analysis of the standardised t-values reveals that factors B (quenching medium),
A (austenitising temperature), C (tempering temperature), and D (number of tempering
cycles) exert a statistically significant influence on Vickers hardness. In addition, the aliased
interaction AD + BC also exceeds the threshold. In fractional factorial designs, aliased
interactions represent the superposition of two or more effects that cannot be separated with
the available data. In this case, the graphical analysis (Figure 7) suggests that the A × D
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interaction is primarily responsible for the observed effect, indicating that the negative
influence of austenitising at 1020 ◦C may be mitigated by applying three tempering cycles.
Indeed, the average hardness for specimens austenitised at 1020 ◦C and subjected to two
tempering cycles is 837 HV, whereas increasing the number of tempering cycles to three
raises the average hardness to 940 HV.

Figure 7. Interaction plots for the aliased effects A × D and B × C. A × D shows a marked interaction,
suggesting a combined effect of austenitising temperature and number of temperings on hardness.
In contrast, B × C shows lines that do not cross, indicating minimal interaction between quenching
medium and tempering temperature.

It is also worth noting that, although factor D is statistically significant (t ≈ 2.19), its
standardised t-value lies very close to the threshold, suggesting a modest yet potentially
relevant influence, particularly when considered alongside interaction effects. Overall,
maximum hardness was achieved under the following conditions: austenitising at 1180 ◦C,
oil quenching, and tempering at 560 ◦C with two or three cycles. Tempering at 560 ◦C
can contribute to the reduction in retained austenite, particularly in specimens quenched
from elevated austenitising temperatures. It should be noted that cobalt tends to stabilise
austenite after quenching, thus requiring two or three tempering cycles to reduce the
retained austenite content. A relatively high tempering temperature, such as 560 ◦C, is also
needed to promote secondary hardening. Additionally, austenitising temperatures close
to 1200 ◦C are required to achieve greater carbon solubility in austenite. All these factors
contribute to the hardening of this steel [73].

The experimental results for three-point bending strength are summarised in Table 9.
Mean values were calculated from three replicates per experimental condition. Table 10
presents the estimated effects and their 95% confidence intervals. The corresponding
ANOVA is shown in Table 11, with a high coefficient of determination (R2 = 94.27%) and
an adjusted R2 of 90.59%, confirming the good fit of the model.

Table 9. Bending strength (MPa) for each heat treatment condition. Includes replica and average values.

Experiment Replicate 1 Replicate 2 Replicate 3 Mean

1 1690.6 1671 1775.8 1712.5
2 1659.5 1669.2 1797 1708.6
3 1315.1 1430.7 1483.4 1409.7
4 1208.2 1204.5 1211.1 1207.9
5 1908.3 1991.4 1927.9 1942.5
6 1647.3 1719.7 1531 1632.7
7 1775.7 1806 2030.2 1870.6
8 1560.3 1528 1580.5 1556.3
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Table 10. Estimated effects for bending strength. Includes 95% confidence intervals and standardised
t-values.

Effect Estimated Upper IC (95%) Lower IC (95%) Standardised
t-Value

A −207.483 −143.756 −271.210 −2.849
B −237.917 −174.190 −301.644 −3.268
C 240.850 304.577 177.123 3.307
D 48.350 112.077 −15.377 0.664

AB + CD −50.600 13.127 −114.327 −0.693
AC + BD −104.633 −40.906 −168.360 −1.437
AD + BC 163.767 227.494 100.040 2.248

Table 11. ANOVA summary for three-point bending strength.

Source Sum of
Squares df Mean Square F-Ratio p-Value

A 258,296 1 258,296 48.69 0.0000
B 339,626 1 339,626 64.03 0.0000
C 348,052 1 348,052 65.61 0.0000
D 14,026.3 1 14,026.3 2.64 0.1262

AB + CD 15,362.2 1 15,362.2 2.90 0.1109
AC + BD 65,688.8 1 65,688.8 12.38 0.0034
AD + BC 160,917 1 160,917 30.34 0.0001

Blocks 20,519.1 2 10,259.6 1.93 0.1813
Total error 74,264.0 14 5304.57

Figure 8 presents the Pareto chart of the standardised t-effects obtained for bending
strength. The statistical analysis enabled a robust identification of the factors that signifi-
cantly influenced bending performance. The main effects A (austenitising temperature),
B (quenching medium), and C (tempering temperature) exhibited standardised t-values
exceeding the bilateral significance threshold (t = ±2.145), thereby confirming their statisti-
cally relevant impact on the response variable. The aliased interaction AD + BC approached
the significance threshold but did not exceed it and thus is considered statistically incon-
clusive. The remaining interactions were clearly non-significant, as reflected in both the
ANOVA and the standardised Pareto chart.

 

Figure 8. Pareto chart of standardised effects for flexural strength. The threshold for statistical
significance is ±2.145 (95% confidence). Standardisation was performed using an experimental error
of 72.832 (MSerror from ANOVA).

In this case, it may be concluded that austenitising at 1020 ◦C, air cooling, and temper-
ing at 560 ◦C significantly increase bending strength. This improvement can be attributed to
the formation of a bainitic structure (resulting from austenitising at 1020 ◦C and air cooling),
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combined with conditions that reduce the retained austenite content. Lower austenitising
temperatures, such as 1020 ◦C, promote a reduced carbon solubility in austenite and, conse-
quently, lower hardenability. When combined with air cooling—as previously discussed
(Figures 1 and 3)—this condition favours the formation of a predominantly bainitic matrix
instead of a fully martensitic one [74,75]. This microstructure appears to be beneficial for
enhancing flexural strength.

The experimental results for displacement at fracture are summarised in Table 12.
Table 13 presents the estimated effects and their standardised t-values, which allow the
identification of the most influential factors based on the experimental error and replication
level. The ANOVA results shown in Table 14 confirm the robustness of the model, which ex-
plains 93.32% of the response variability (R2), with an adjusted coefficient of determination
(adjusted R2) of 89.03%.

Table 12. Displacement at fracture (mm) for each heat treatment condition. Includes replica and
average values.

Experiment Replicate 1 Replicate 2 Replicate 3 Mean

1 2.84 2.81 2.85 2.83
2 2.68 2.64 2.90 2.74
3 1.93 2.23 2.16 2.11
4 1.89 1.87 1.93 1.90
5 2.64 2.73 2.70 2.69
6 2.33 2.51 2.18 2.34
7 2.52 2.58 2.85 2.65
8 1.95 2.22 2.23 2.13

Table 13. Estimated effects for displacement at fracture. Includes 95% confidence intervals and
standardised t-values.

Effect Estimated Upper IC (95%) Lower IC (95%) Standardised
t-Value

A −0.2925 −0.3516 −0.2334 −2.513
B −0.4542 −0.5132 −0.3950 −3.901
C 0.0592 0.0000 0.1182 0.508
D −0.0125 −0.0716 0.0466 −0.107

AB + CD −0.0708 −0.1299 −0.0117 −0.608
AC + BD −0.1408 −0.1999 −0.0817 −1.210
AD + BC 0.3308 0.2717 0.3899 2.842

Table 14. ANOVA summary for displacement at fracture.

Source Sum of
Squares df Mean Square F-Ratio p-Value

A 0.513338 1 0.513338 37.88 0.0000
B 1.2376 1 1.2376 91.32 0.0000
C 0.0210042 1 0.0210042 1.55 0.2336
D 0.0009375 1 0.0009375 0.07 0.7964

AB + CD 0.0301042 1 0.0301042 2.22 0.1583
AC + BD 0.119004 1 0.119004 8.78 0.0103
AD + BC 0.656704 1 0.656704 48.45 0.0000
Blockss 0.072525 2 0.0362625 2.68 0.1037
Error 0.189742 14 0.013553

Figure 9 shows the standardised Pareto chart, providing a hierarchical visualisation
of the relative magnitude and statistical significance of the effects, distinguishing positive
and negative effects through a greyscale, and including a reference line at t = ±2.145 as the
statistical significance threshold.
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Figure 9. Pareto chart of standardised effects for maximum flexural. The threshold for statistical
significance is ±2.145 (95% confidence). Standardisation was performed using an experimental error
of 0.1164 (MSerror from ANOVA).

The statistical analysis conducted on the maximum deflection values obtained from
the three-point bending tests reveals that factors B (cooling medium), A (austenitising
temperature), and the aliased interaction AD + BC exhibit statistically significant effects
as they exceed the bilateral standardised t threshold (|t| > 2.145). Indeed, relatively
low austenitising temperatures, such as 1020 ◦C, combined with air cooling, promote a
microstructure in which the matrix consists of a mixture of bainite and martensite. In
contrast, higher austenitising temperatures (e.g., 1180 ◦C) followed by oil quenching result
in a fully martensitic matrix. These results suggest that conditions favouring a bainitic
structure over a martensitic one tend to enhance ductility under bending loads.

Figure 10 shows the interaction plots corresponding to the factor pairs A × D and
B × C, whose combined interaction proved to be statistically significant. In both cases, the
presence of clear non-parallelism between the lines indicates that the effect of one factor
depends on the level of the other. For the A × D interaction, it is observed that the negative
effect of austenitising at 1180 ◦C (Factor A at level +1) is mitigated when the number of
tempering cycles is increased to three (Factor D at level +1). This could be attributed
to more ‘intense’ tempering of the martensite or, in other words, a more pronounced
transformation of martensite into ferrite. Similarly, in the case of the B × C interaction,
the detrimental effect of oil quenching (Factor B at level +1) appears to be alleviated by
tempering at 560 ◦C (Factor C at level +1). Indeed, high tempering temperatures seem
to favour the destabilisation of retained austenite and its subsequent transformation into
martensite [35,76].

 

Figure 10. Interaction plots for the factor pairs A × D and B × C, corresponding to the maximum
deflection in the three-point bending test.

Table 15 presents the weight percentages of the main crystalline phases identified by
X-ray diffraction in each of the eight experiments. It should be noted that ferrite (α) is the
majority phase in all cases, and the primary carbides detected are of the MC, M6C, and M3C
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types. Retained austenite was only detected in experiments 1, 2, and 4. Figure 11 displays
the corresponding diffractograms for these experiments. During the analysis of these
diffractograms, a secondary phase with hexagonal symmetry was identified in experiment
8, whose peak positions and interplanar spacings closely match those characteristics of the
µ-phase (Fe7W6). This intermetallic phase is known to form in steels with high tungsten
and molybdenum contents under specific thermal conditions [77,78]. Its estimated weight
fraction, calculated by Rietveld refinement, was 1.97 % ± 0.57 %, and it was detected
exclusively in experiment 8. Although it was not quantified in the remaining experiments, it
is plausible that this phase may also be present in other conditions, but in amounts below the
detection limit of the Rietveld method. It is important to emphasise that in X-ray diffraction,
a peak may be visible in the diffractogram without being recognised as a significant phase
by the Rietveld refinement, due to model constraints and the relatively low intensity of
the peak. Although its presence was only confirmed in one condition, the formation of
the µ-phase (Fe7W6) is typically favoured in high-alloy tool steels containing elevated
levels of W and Mo, particularly under prolonged tempering or exposure to intermediate
temperatures, usually ranging between 500 and 700 ◦C [77,78]. This intermetallic phase
can precipitate both in the matrix and along grain boundaries. Despite its high intrinsic
hardness, its incoherent interfaces and brittle nature make it a potential site for crack
nucleation. Consequently, its presence has been associated with a reduction in fracture
toughness and impact resistance in various high-performance steels. These aspects should
be considered when interpreting the mechanical behaviour of specimens subjected to heat
treatments that promote its formation.

Table 15. Weight percentages of crystalline phases determined by Rietveld refinement.

No. Rietveld Fitting Phases wt.% Lattice Parameter (Å)

1
Austenitised at 1020 ◦C

Air cooled
Tempered at 500 ◦C (2 cycles)

Rwp = 12.8
Rexp = 6.48
Chi2 = 3.89

Ferrite 57.57 ±4.35 2.87541 ±0.00036
Austenite 13.31 ±1.20

MC carbide 25.62 ±1.43
M6C carbide 3.5 ±0.28
M3C carbide -- --

2
Austenitised at 1180 ◦C

Air cooled
Tempered at 500 ◦C (3 cycles)

Rwp = 11.1
Rexp = 7.06
Chi2 = 2.46

Ferrite 60.37 ±4.85 2.88140 ±0.00056
Austenite 6.79 ±0.96

MC carbide 16.45 ±1.09
M6C carbide 1.50 ±0.19
M3C carbide 14.89 ±1.72

3
Austenitised at 1020 ◦C

Oil quenched
Tempered at 500 ◦C (3 cycles)

Rwp = 11.8
Rexp = 7.02
Chi2 = 2.85

Ferrite 66.85 ±5.07 2.87863 ±0.00047
Austenite -- --

MC carbide 16.32 ±1.07
M6C carbide 2.25 ±0.22
M3C carbide 14.57 ±1.60

4
Austenitised at 1180 ◦C

Oil quenched
Tempered at 500 ◦C (2 cycles)

Rwp = 10.6
Rexp = 6.88
Chi2 = 2.36

Ferrite 57.04 ±4.89 2.88219 ±0.00055
Austenite 11.43 ±1.25

MC carbide 19.29 ±1.26
M6C carbide 1.43 ±0.19
M3C carbide 10.81 ±1.66

5
Austenitised at 1020 ◦C

Air cooled
Tempered at 560 ◦C (3 cycles)

Rwp = 10.5
Rexp = 6.68
Chi2 = 2.48

Ferrite 71.34 ±5.20 2.87461 ±0.00041
Austenite -- --

MC carbide 20.27 ±1.24
M6C carbide 2.70 ±0.24
M3C carbide 5.68 ±1.34
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Table 15. Cont.

No. Rietveld Fitting Phases wt.% Lattice Parameter (Å)

6
Austenitised at 1180 ◦C

Air cooled
Tempered at 560 ◦C (2 cycles)

Rwp = 10.8
Rexp = 7.00
Chi2 = 2.39

Ferrite 69.86 ±5.26 2.87798 ±0.00054
Austenite -- --

MC carbide 17.29 ±1.12
M6C carbide 1.44 ±0.18
M3C carbide 11.41 ±1.49

7
Austenitised at 1020 ◦C

Oil quenched
Tempered at 560 ◦C (2 cycles)

Rwp = 11.1
Rexp = 6.96
Chi2 = 2.54

Ferrite 70.62 ±5.12 2.87628 ±0.00045
Austenite -- --

MC carbide 16.94 ±1.07
M6C carbide 2.22 ±0.21
M3C carbide 10.21 ±1.41

8
Austenitised at 1180 ◦C

Oil quenched
Tempered at 560 ◦C (3 cycles)

Rwp = 12.2
Rexp = 7.06
Chi2 = 2.99

Ferrite 69.50 ±5.91 2.87638 ±0.00055
Austenite -- --

MC carbide 16.29 ±1.16
M6C carbide 1.26 ±0.19
M3C carbide 10.98 ±1.54
µ (Fe7W6) 1.97 ±0.57

  

  

  

   

Figure 11. X-ray diffractograms obtained in the different experiments.
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The same rationale applies to the potential presence of manganese sulphides (MnS).
Although they were not identified through Rietveld refinement, several diffractograms
exhibit signals consistent with this phase, and its presence has been confirmed by scanning
electron microscopy (SEM). MnS was identified as a non-metallic inclusion with a crystalline
structure, although it is not considered a carbide phase and therefore was excluded from
phase-related mechanical interpretations.

Consequently, the qualitative inclusion of these phases in the analysis is justified,
explicitly stating that their identification is based on the match of diffraction peaks and
complementary microstructural observations, even when their quantification by Rietveld is
not significant in all cases.

When comparing these results with those obtained before tempering (Table 4), it
can be observed that tempering leads to a significant reduction in the retained austenite
content and a marked increase in both the weight percentage of ferrite and MC and M3C-
type carbides.

The statistical analysis of the weight fraction of the phases present was carried out
based on a single XRD analysis per condition. As no experimental replications were
performed, the main and interaction effects were estimated without calculation of the
standard error, and therefore, their statistical significance was not evaluated. The discussion
of results is based on the relative magnitude of the observed effects. Table 16 summarises
the estimated effects on the weight fractions of the different crystalline phases (wt.%) and on
the lattice parameter of tempered martensite (Å), as obtained from the experimental design.
To identify the factors with significant effects, a normal probability plot of standardised
effects was used. This graphical approach allows for the visual identification of those
effects that deviate from the expected pattern under a normally distributed noise model.
Figure 12 shows the Pareto charts and the normal probability plots, identifying the factors
with significant effects.

Table 16. Estimated effects on the proportions of crystalline phases (wt.%) and lattice parameter of
tempered martensite (Å).

Effect Austenite
(%)

Martensite
(%) MC (%) M6C (%) M3C (%) a (Å)

Mean 3.94 65.39 18.56 2.03 9.82 2.878
A 1.23 −2.40 −2.45 −1.26 4.41 0.003
B −2.17 1.21 −2.69 −0.49 3.64 0.001
C −7.88 9.87 −1.72 −0.26 −0.50 −0.003
D −4.48 3.24 −2.45 −0.22 3.42 −0.000

AB + CD 4.48 −3.06 3.61 0.37 −5.90 −0.001
AC + BD −1.23 1.10 0.64 0.15 −1.16 −0.001
AD + BC 2.16 −1.75 0.53 0.16 −1.59 −0.001

For the weight percentage of retained austenite, factor C (tempering temperature)
was found to have a significant effect, with a more pronounced reduction observed when
tempering was carried out at 560 ◦C. Likewise, tempering at this temperature led to an
increase in the weight percentage of ferrite. Additionally, the austenitising temperature
was the only factor with a significant effect on the lattice parameter of tempered martensite
(α-ferrite), which increased when this factor reached its high level (+1, 1180 ◦C). This could
be due to greater carbon dissolution prior to the martensitic transformation. It is worth
noting that these same factor levels (austenitising at 1180 ◦C and tempering at 560 ◦C) were
also associated with a significant increase in hardness. Furthermore, tempering at 560 ◦C
may promote a secondary hardening of tempered martensite (ferrite).
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(k) (l) 

Figure 12. Pareto charts and normal probability plots showing the factors and interactions with
significant effects on: (a,b) weight percentage of retained austenite; (c,d) weight percentage of
martensite; (e–j) weight percentage of the different types of detected carbides; (k,l) lattice parameter
of ferrite–martensite.
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None of the factors analysed had a significant effect on the formation of MC-type
carbides. However, factor A (austenitising temperature) showed a significant effect on
the amount of M6C carbides present in the microstructure. Although this type of carbide
appeared in minor quantities, lower austenitising temperatures (1020 ◦C, A = −1) promoted
a significant increase in their presence. Lower austenitising temperatures may enhance
their precipitation kinetics via nucleation and growth during austenite destabilisation. This
suggests that the ‘nose’ of the TTT curve for the precipitation of this type of carbide is
located closer to 1020 ◦C than to 1180 ◦C, thereby facilitating their nucleation and growth
during heat treatment at the lower austenitising temperature.

The interaction AB + CD showed a significant effect on the formation of M3C-type
carbides. To determine which of the confounded interactions was responsible for the
observed effect, the mean values of the M3C carbide content for each combination of coded
factor levels were graphically analysed. This analysis is shown in Figure 13. It was deduced
that when tempering was carried out at 500 ◦C (C = −1), three tempering cycles (D = +1)
were required to increase the amount of this type of carbide. It was also implicitly deduced
that austenite destabilisation at 1180 ◦C (A = +1) was favourable for increasing the content
of these carbides, regardless of the cooling medium employed. A comparison of the results
presented in Tables 5 and 15 reveals a substantial reduction in retained austenite content
following the tempering cycles, alongside a notable increase in the volume fraction of
M3C- and MC-type carbides—nearly doubling compared with the pre-tempering condition.
These findings suggest that the precipitation of both carbides during tempering may be a
general consequence of austenite destabilisation. The interaction analysis further indicates
that the formation of M3C carbides is particularly favoured under triple tempering cycles
at 500 ◦C. Similarly, austenitising at 1180 ◦C appears to promote the formation of both
M3C and MC carbides during tempering, although only the effect on M3C was found to
be statistically significant. By contrast, M6C carbides seem to form predominantly during
austenite destabilisation at elevated temperatures (e.g., during austenitising), and not
during the tempering stages, at least within the time–temperature window investigated in
this study.

  

Figure 13. Effect of the A × B and C × D interactions on the M3C-type carbide content. Significant
interactions are indicated.

Figure 14 presents a representative set of micrographs corresponding to different
heat treatment conditions. Specifically, Figure 14a–d shows the microstructure observed
in experiments 1, 4, 5, and 8, respectively. Figure 14e,f illustrates, for experiment 8, the
same analysis area observed by secondary electrons (SEI) and backscattered electrons (BEI),
enabling a comparison between the topographical and compositional contrast. In the BEI
image, two predominant contrast levels can be clearly distinguished among the carbides:
brighter carbides, with a higher average atomic number (Z), mainly associated with the
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presence of W and Mo, and darker ones, corresponding to lower Z values. The bright
(white) carbides were not observed before tempering treatments.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 14. Microstructure after heat treatment, with 2 tempering cycles. (a) Experiment 1—austenitised
at 1020 ◦C, air cooled, and tempered at 500 ◦C; (b) experiment 4—austenitised at 1180 ◦C, oil
quenched, and tempered at 500 ◦C; (c) experiment 5—austenitised at 1020 ◦C, air cooled, and
tempered at 560 ◦C; (d) experiment 8—austenitised at 1180 ◦C, oil quenched, and tempered at 560 ◦C;
(e) image corresponding to experiment 8 obtained using secondary electrons; (f) same area imaged
using backscattered electrons.

Table 17 summarises the results of chemical analyses carried out using Energy-
Dispersive X-ray Spectroscopy (EDX) on some of these carbides. Spectrum 4 from
Figure 14b also reveals the localised presence of MnS inclusions. The EDX spectra confirm
the existence of at least two distinct compositional families among both the bright and grey
carbides observed in the SEM images. Among the bright carbides, some particles display
high concentrations of W and Mo along with moderate amounts of Co and Fe (e.g., spectra
5, 7 and 9), whereas others exhibit lower Co and Fe contents (e.g., spectrum 1), indicating a
lower average atomic number. These compositional variations support the presence of both
M6C and M3C carbides. Similarly, the grey carbides reveal two distinguishable groups:
Vanadium-rich MC carbides (e.g., spectra 3 and 8), and others with higher Fe content and
no detectable Mo or W (e.g., spectrum 6), attributed to M3C-type carbides. This diversity
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in composition and backscattered electron contrast is consistent with the XRD results and
confirms the coexistence of multiple carbide phases in the microstructure.

Table 17. Semiquantitative EDX analysis of the carbides shown in Figure 14 (atomic%).

Spectrum C V Cr Fe Co Mo W S Mn Most Likely
Phase

1 Rem. -- -- 7.8 -- 4.7 3.0 -- -- M3C
2 Rem. -- 2.7 32.0 5.9 5.3 3.2 -- -- M3C
3 Rem. 12.1 2.0 2.6 -- 4.3 2.1 -- -- MC
4 Rem. -- -- 24.8 -- -- -- 39.0 36.2 MnS
5 Rem. -- -- 13.8 2.6 6.4 4.2 -- -- M6C
6 Rem. 2.8 -- 26.1 4.2 -- -- -- -- M3C
7 Rem. -- -- 11.7 2.6 6.6 4.1 -- -- M6C
8 Rem. 14.4 -- 3.3 -- 4.8 2.1 -- -- MC
9 Rem. -- 2.1 14.6 2.5 9.2 5.7 -- -- M6C

Finally, it should be noted that in the micrographs corresponding to experiments 1
and 4 (Figure 14a,b), the presence of retained austenite is visible, apparently more abun-
dant in the sample from experiment 4. However, this phase is not distinguishable in the
micrographs from experiments 5 and 8 (Figure 14c,d).

It is worth noting that, when comparing these results with those presented in Table 4,
the EDX analyses reveal certain changes in the chemical composition of the carbides
following tempering at 500 and 560 ◦C. Although the general morphology and distribution
of the particles remain unchanged, local variations in composition were observed, which
are consistent with thermally activated diffusion phenomena, such as partial dissolution,
local enrichment, or depletion, as well as with possible secondary hardening processes.
The latter may be associated with the precipitation of nanometric carbides rich in Mo, W,
and Cr, which are commonly observed in highly alloyed tool steels.

4. Conclusions
This study has systematically evaluated the effect of multiple heat treatment parame-

ters on the microstructure and mechanical performance of Vanadis 60 steel using a fractional
factorial design of experiments. The main conclusions are summarised as follows:

• Vickers hardness increased significantly when austenitisation was carried out at
1180 ◦C, followed by oil quenching and tempering at 560 ◦C. This thermal sequence
promotes the dissolution of carbon and alloying elements into austenite, enhancing
the tetragonality of martensite and favouring secondary hardening during tempering.
It also reduces the amount of retained austenite.

• A statistically significant interaction was identified between the austenitisation tem-
perature and the number of tempering cycles. Three temperings were sufficient to
compensate for the reduced hardness associated with lower austenitisation temperatures.

• Flexural strength increased after austenitisation at 1020 ◦C, followed by air cooling,
and tempering at 560 ◦C. This condition promotes the development of a bainitic
microstructure and a lower tetragonality of martensite. A marked reduction in the
retained austenite content was also observed as a result of the tempering temperature.
Ductility, assessed via the maximum deflection, was significantly enhanced under
bainitic microstructures. Moreover, tempering at 560 ◦C proved effective in mitigating
the embrittling effect of oil quenching, contributing to a balanced mechanical behaviour.

• XRD analysis confirmed that tempering at 560 ◦C reduced the retained austenite and
promoted martensite stabilisation, in line with the observed increase in hardness. The
analysis of lattice parameters showed that austenitisation at 1180 ◦C increased the
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unit cell parameter of tempered martensite, due to greater dissolution of carbon and
alloying elements and the higher cooling rate.

• Thermal analysis allowed the identification of the characteristic transformation tem-
peratures for Vanadis 60 steel: austenitisation at 860 ◦C, formation of upper bainite at
390 ◦C by air cooling, and the onset of martensitic transformation at 280−300 ◦C.

Overall, the use of a factorial design has enabled a statistically rigorous correlation
between mechanical properties and microstructure, the latter being derived from thermal
processing. The results provide a practical guidance for tailoring heat treatment routes
depending on whether hardness, strength, or ductility is prioritised in service. This method-
ological approach also demonstrates the potential of a statistical design to optimise heat
treatments in highly alloyed tool steels.
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