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Abstract The beneficial effects of deep cryogenic treat-
ment (DCT) at temperatures close to —180 °C on certain
mechanical properties of steels are well known, although
the metallurgical base mechanism of DCT still needs fur-
ther clarification. In this study, the thermal decomposition
of steel martensite (100Cr6) subjected to low-temperature
soaking over different periods (SDCT = 5 min at —180 °C,
LDCT = 24 h at —180 °C) is investigated by means of
differential scanning calorimetry and dilatometry. The
results were compared with those for the same conven-
tionally quenched and tempered steel. Isochronal annealing
experiments at different heating rates were performed, in
order to highlight the main tempering stages and to obtain
their relevant activation energies. DCT was clearly shown
to lower the Ea of the pre-precipitation process more
intensely than in the quenched steel. This result may
probably be ascribed to an increased dislocation density
and to the activation of the carbon segregation process in
larger amounts of martensite. The precipitation of transi-
tion carbides was also enhanced by the low-temperature
conditioning of martensite. As expected, DCT transformed
the retained austenite, so that the corresponding peaks
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almost disappeared from both the dilatometric and the DSC
patterns.

Introduction

Deep cryogenic treatment (DCT), consisting of soaking steel
parts at low temperature, is claimed to be an effective way of
improving the properties of industrial tools such as gears,
shafts, rolls, and dies used in the manufacturing industry [1].
Many authors have referred to the benefits of controlled
immersion in a cooling media [2—4]. Other mediums—brine,
alcohol/water mixtures—were used before the advent of
cryogenic processors, or cryoboxes, to enable controlled
cooling and soaking in liquid nitrogen (LN). In accordance
with the temperature, a distinction may be established
between cold treatments (CT) at temperatures of around
—80 °C and DCT at liquid nitrogen temperatures of around
(—190 °C) [5, 6].

On a case-by-case basis, improvements in wear resis-
tance, hardness and/or toughness were reported to occur
immediately after a short soaking time or after prolonged
(longer than 20 h) soaking [7]. In relation to wear resis-
tance, cryogenic treatment of metals is said to be effective
only in the presence of retained austenite after conventional
treatment. In this case, the material benefits from the
hardness increase were due to the austenite to martensite
transformation [8]. On the other hand, a big increase in
wear resistance was observed, even in the absence of
retained austenite, and the finer distribution of carbides has
been claimed to be the cause of this improvement [9].

According to the literature on cryo-treated steels, the
improvement of mechanical properties can most probably
be a consequence of the combined effect of retained
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austenite to martensite transformation and the finer sec-
ondary carbides precipitation during tempering. However,
some authors ascribe the main role to the conversion of
retained austenite into martensite while others ones placed
greater weight to the precipitation of fine carbides [10]. For
tool steels [11], different reasons have been found as
coarser cementite particles or delayed precipitation of
alloying element carbides.

Research on the convenience of DCT prior to or after
tempering has established that the mechanical properties
are improved to a greater extent, when the cryogenic
treatment is performed after quenching prior to tempering
[12]. One of the reasons [13] is the occurrence of irre-
versible phase transformations cited above, which inhibits
further transformation during cryogenic treatment. It has
recently been demonstrated [14] that sub-zero treatment
prior to tempering led to less increase in the volume frac-
tion of secondary carbide particles and that the wear
resistance ability of the studied steel was maximized by
heat treatment procedure in the following order: austeni-
tizing, quenching, DCT, and tempering.

Post-quench cooling at temperatures lower than Ms
quite clearly permits martensitic transformations to con-
tinue in steels, provided that the retained austenite has not
been excessively stabilized by prolonged exposure at room
temperature. This transformation causes an increase in
hardness accompanied by a general reduction in toughness.
In secondary hardening steels, such as tool steels for hot
and cold work and even high-speed steels, this transfor-
mation prompts a shift of the secondary hardness peak
toward lower temperature [15, 16].

The idea of low-temperature conditioning of virgin
martensite has been suggested [17] as the possible cause
for very fine carbides distribution in steels. It consists of the
formation of fresh martensite at low temperatures which is
accompanied by the plastic deformation. During this plastic
deformation, dislocation motion captures immobile carbon
atoms and the carbon clusters that form can serve as sites
for nucleation on fine #-carbide particles during subsequent
tempering. Changes in the tetragonality of the martensite
following cryogenic treatment have been studied as well as
the way that this process might affect the carbides that are
generated during tempering, depending on the number of
defects in the lattice, martensite morphology, and type of
alloying elements, among other factors [18]. Gavriljuk
et al. [19] have also explained the reasons for the low
tetragonality of fresh martensite, i.e., the capture of carbon
atoms, by gliding dislocations in the course of the plastic
deformation of martensite at low temperatures. Villa et al.
[20] noted that temperature conditioning also results in the
accommodation of transformation strain in martensite
below a critical temperature (140 K for 100Cr6 steel),
generating additional nucleation sites for the precipitation
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of transition carbides during tempering. In the same ref-
erence, it is also stated that during the austenite to mar-
tensite transformation at low temperature (above 140 K),
compressive strains built up in austenite and were found to
be retained also after tempering. In a second study [21],
the same authors proved that cryogenic treatment had no
effect on the tetragonality of martensite and it was con-
cluded that enhanced precipitation of transition carbides
was only possible for long isothermal holding at cryo-
genic temperatures.

Further studies [22-25] evidenced that cryogenic treat-
ment can facilitate the formation of carbon clustering,
increase carbide density during tempering, and obtain a
more homogeneous carbide distribution, thereby improving
the wear resistance of steels.

Then, the influence of DCT on the decomposition of
martensite under tempering appears clear as this kind of
treatment affects the processes involved in the stages of
tempering that could be identified as follows [26]:

Stage I-II: “pre-precipitation processes”; these stages
occur below 80 °C and involve carbon enrichments
(D) and the periodic arrangement of enrichments (II).
Stage III: precipitation of transition &/ carbides; this
stage occurs between 80 and 180 °C.

Stage IV: transformation of retained austenite (y) into
ferrite (o) and cementite (0), between 200 °C and 350 °C
(in [20] it was observed that the retained austenite
decomposed at lower temperatures compared to con-
ventionally quenched samples); this stage occurs in two
successive steps

Step 1: y = o + Y14 ¢ (expansion)

Step 2: 714 ¢ — o + 0 (contraction)

Stage V: conversion of transition carbides into cement-
ite; this stage occurs between 250 and 500 °C.

Mittemeijer and other authors conducted extensive
studies on the tempering behavior of carbon and carbon—
nitrogen martensite, using differential scanning calorimetry
DSC, dilatometry, and XRD analysis [20, 26-29]. The
different tempering stages can be clearly separated and
identified, particularly using nonisothermal annealing. The
proposed transformation mechanism is more complicated
in alloyed steels subjected to DCT (tool and high-speed
steels are typically subjected to DCT) because Cr, Mo, W,
and V complicate the thermal decomposition of martensite
and retained austenite during tempering: all transformation
stages are shifted to higher temperature, and precipitation
of complex alloy carbides is added (superimposed) to those
of cementite and iron transition carbides [30, 31].

In this study, the thermal decomposition of as-quenched
100Cr6 bearing steel subjected to different DCTs is ana-
lyzed. The influence of low temperature soaking (—196 °C
for 5 min and 24 h) on the tempering behavior is studied.
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Samples were rapidly cooled by immersion in LN imme-
diately after quenching, i.e., under conditions far from
current processing practice. According to previous state-
ment, this would reduce as much as possible any isothermal
decomposition of retained austenite. Similarly, the rela-
tively high heating rate to room temperature suppresses any
cluster formation and moves this pre-precipitation stage of
transformation during tempering, studied by differential
scanning calorimetry and dilatometry. A systematic
attempt was made to reduce the influence of secondary
factors (sample dimension, time interval between quench-
ing and tempering/DCT...), in order to obtain accurate
values.

Materials and methods

The 100Cr6 bearing steel used in this study contained
1.0 % C and 1.5 % Cr and minor alloying additions. It was
delivered in rounds of 4 mm diameter. Cylindrical samples
of 10 mm length were obtained for dilatometric measure-
ments, carried out using a Béhr dilatometer model 805A.
Each single sample was vacuum (10~* mbar) austenitized
at 840 °C for 15 min and quenched in pressurized nitrogen
atmosphere allowing a cooling rate of 25 °C s™', i.e., high
enough to obtain a full martensite microstructure. Two
DCTs were evaluated: a short one (SDCT), comprising
direct immersion of the steel in the liquid nitrogen and a
total soaking time of 5 min; and a long one (LDCT), with a
soaking time of 24 h. A simple as-quench sample (Q) was
used for comparing the results.

Dilatometry was performed immediately after quench-
ing and DCT, by heating the sample up to 500 °C at
heating rates of 5, 10, 15, and 20 °C min~!. As described in
[22], the data were mathematically averaged over time and
subsequently differentiated by temperature, in order to
define the different transformation peaks during tempering.
The activation energy was obtained for the precipitation of
n/e transition carbides, the decomposition of retained aus-
tenite, and the precipitation of cementite.

Differential scanning calorimetry was performed with a
Perkin Elmer DSC7 calorimeter in a protective atmosphere
of argon. The disk specimen (60 and 90 mg mass) was cut
from the cylindrical sample immediately after DCT. After
weighing, the sample was heated from 30 to 500 °C at a
heating rate of 5, 10, 15, and 20 °C min~". Pure aluminum
disks were used as the reference material. The baseline was
determined by carrying out a second scan at the same
heating rate. It was possible to determine the activation
energy at all tempering stages.

Both the dilatometric and the DSC tests were very rig-
orously time-scheduled, allowing no intermediate trans-
formations (room tempering) between quenching and the

Fig. 1 TEM image of undissolved cementite

DCTs. The time between DCT and the preparation of
samples for the DSC tests was also minimal. The amount of
retained austenite was determined by means of XRD ana-
lysis using Mo K-alpha radiation.

The Kissinger-like method was used to obtain the acti-
vation energy for the phase transformation occurring dur-
ing tempering, according to Eq. (1) [27].

2
()

$  RIy

+ constant, (1)

where R is the gas constant, Ty is the transformation
temperature corresponding to a certain fraction (f') of the
transformed phase, and ¢ is the heating rate in °C min~".
When In ((Tf/2)/<;’>) is plotted as a function of 1/Ty, the
slope of the straight line indicates a value for activation
energy. The correlation coefficient R was higher than 0.9 in
all cases; a high confidence level that adds to the reliability

of the results.

Results

The microstructure of the as-quenched steel consisted of a
primary martensite matrix and a small fraction of finely
dispersed undissolved cementite showing submicrometric
size (Fig. 1), which could not be determined by quantita-
tive metallographic techniques. The fine size of precipitates
did not allow their identification even by XRD analysis
(Fig. 2). By thermodynamic calculations carried out by
Thermo-Calc software, the amount of carbide has been
estimated close to 4.5 % vol. The calculated carbon content
in the parent austenite was 0.8 wt%, corresponding to an
Ms of 191 °C obtained by dilatometry. The post-quenching
amount of retained austenite (r.a.), determined by X-ray
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Fig. 2 X-Ray diffraction patterns for a Long Q + LDCT, b Short
0O + SDCT, and ¢ Q, as-quenched
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Fig. 3 DSC curve and derivative of relative length change curve of
as-quenched steel during isochronal annealing at a heating rate of
15 °C min™"

diffraction was about 7 % (Fig. 2a), is relatively low due to
the low austenitizing temperature used to quench the
samples. A small well-defined austenite reflection (22°)
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Fig. 4 a DSC curve and b derivative of relative length change, of
steel after Q (Quenching), Q 4+ SDCT, and Q + LDCT during
isochronal annealing at a heating rate of 15 °C min~!

was still present after the SDCT (Fig. 2b), while no more
traces were detected in LDCT (Fig. 2c¢), suggesting that the
austenite content fell below the threshold detection limit of
XRD (2 %).

Figure 3 shows the typical aspect of DSC (dashed line)
and dilatometric curves (continuous line) recorded for the
as-quenched steel. A good correspondence in the tempera-
tures between the peaks in DSC and dilatometry is evi-
denced. The DSC curve represents the heat evolution of the
sample subjected to tempering. When a change that involves
a significant heat release occurs, a peak appears in the DSC
curve. These peaks are associated to the different tempering
stages. The dilatometric curve reflects the changes in spe-
cific length, and the peaks in the derivative of the relative
length change allow the stages of tempering to be identified.

Figure 4 displays the DSC curves (Fig. 4a) and the
derivative of the relative length change (Fig. 4b) of the
samples after quenching and different DCTs on isochronal
annealing at 15 °C min~'. Similar results were also
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Table 1 Identification of the transformations occurring during the tempering of the as-quenched martensite (Q), further subjected to short

(Q + SDCT)and long (Q + LDCT) deep cryogenic treatment

DSC DSC DSC DIL DIL DIL
0 Q + SDCT Q + LDCT 0 Q + SDCT 0 + LDCT
STAGE I and II
I Carbon enrichments 89 °C 90 °C 95 °C
II Periodic arrangement ~ 77.8 KJ mol ™" 62.3 KJ mol™! 54.8 K mol™!
of enrichments
(25-100 °C)
STAGE III
&/n Precipitation 151 °C 152 °C 152 °C 147 °C 144 °C 141 °C
(80-180 °C) 92.2 K mol™! 92.7 KJ mol ™! 89.1 KJ mol ™' 98.8 KJ mol ™’ 91.8 KI mol™"  93.1 KJ mol™!
STAGE IV
yo>a+0 290 °C 291 °C 291 °C 281 °C - _
(200-350 °C) 1148 KImol™' 1258 KImol™' 1247 KImol™! 1344 KJmol™! _ -
STAGE V
oo+ 0 382 °C 385 °C 382 °C 347 °C _ _
(250-500 °C) _ 281.8 KImol™' 2359 KImol™' 1853 KImol™' _ _

obtained at 5, 10, and 20 °C min~". The stages I + II are
only evident in the DSC curves (there is no length change
involvement). The stage IV corresponding to the decom-
position of the retained austenite is clearly represented for
the as-quench sample in both techniques but for the sam-
ples submitted to DCT, the peak associated to this stage
appears only in the DSC curves. In the dilatometric curves,
the stage V overlaps with the second step of the stage IV
(both imply contraction) but in the DSC curves a soft peak
could be identified at this stage.

Figure 5 shows the percentage length change of two
isochronal annealing treatments, obtained by dilatometry.
The linear expansion coefficient of the Q sample is higher
than the coefficient of the cryogenic-treated samples. This
is due to the higher amount of retained austenite.

Table 1 resumes the activation energy values obtained
by differential calorimetry (DSC) and dilatometry (DIL).
As expected, the transformation peak temperatures slightly
rise by increasing the heating rate, ¢, and the temperature
that appears in the table corresponds to the mean temper-
ature recorded for the different rates. An empty box means
that the stage was not detected by the considered technique
with the exception of the energy of activation corre-
sponding to the stage V by DSC in which the result was not
reliable, i.e., the Adj. R-square of the energy of activation
calculated was less than 0.98.

The activation energies at different sources are sum-
marized in Table 2, although it has to be taken into account
that the steels used by different authors were not of iden-
tical composition.

@ Springer



8188

J Mater Sci (2014) 49:8183-8191

Table 2 Data of activation energies found in the literature

Stage 1

Clustering E =179 kJ mol™! [26] E = 81-94 kJ mol ™! E =81 kJ mol™! Diffusion of carbon in martensite:
[29] [33] 67-70 kJ mol ™! [34]

Stage 11

Segregation of carbon E = 83 kJ mol™' [26]

atoms to lattice defects
Stage I11

&/n Precipitation E = 126 kJ mol™'

dilatometric study [26] [32]
E =111 kJ mol™' DSC
study [26]
Stage IV
y Decomposition E = 132 kJ mol™" [26]
[29]
Stage V

Transformation of carbides E = 203 kJ mol ™! [26]

[29]

E = 103-120 kJ mol ™!

E = 135-156 kJ mol ™!

E = 163-212 kJ mol ™!

E =93.52kJI mol™' Pipe diffusion on iron:
[36] 134 kJ mol ™! [32]

Diffusion of C in y-Fe:
128 kJ mol ™' [38]

Volume diffusion of iron:
251 kJ mol ™" [33]

Discussion
I-II. Pre-precipitation processes

The heat evolution produced due to pre-precipitation pro-
cesses can be detected below 100 °C. Because of the low-
length change pertaining to these transformations, pre-
precipitation processes are not evidenced by dilatometry
(Fig. 4b) [29]. On the other hand, their exothermic con-
tribution is relatively more intense so that they are clearly
highlighted by calorimetric signal (Fig. 4a). It is believed
that this is enhanced by the processing conditions used in
this work, particularly the high heating rate to room tem-
perature that suppresses (hinders) possible clustering,
moving it during the first stages of tempering.

The heat effect due to carbon enrichment (I) and the
periodic arrangement of enrichments (II) are both intensi-
fied after soaking in liquid nitrogen than after conventional
quenching of the samples, as confirmed by the stronger
heat release of SDCT and LDCT samples.

Examining the DSC curves in Fig. 4a, no marked differ-
ence is observed when comparing the samples kept for short
(SDCT) or long (LDCT) periods at low temperature, even
though a slightly higher heat release was shown after LDCT.
There were no significant changes in the temperature ranges
between cryogenically treated and untreated steel (Table 1).

The activation energy calculated for the quenched steel
(77.8 kJ mol™") is in good agreement with the values
reported in the literature (Table 2) and is compatible with
the migration of interstitially dissolved atoms to disloca-
tions in o martensite [34].

Although neither carbon atom clustering nor the segre-
gation of carbon atoms in lattice defects involves large-
scale changes, it was the atom clustering process that led to
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a minimum change in specific volumes, as the carbon
atoms remained dissolved in the iron matrix; hence, the
average lattice parameter and the volume remained unaf-
fected [14]. The absence of peaks in the dilatometric signal
supports clustering to be the dominant effect. In this sense,
activation energies of SDCT and LDCT (62.5 and
54.8 kJ mol ', respectively) lower than that of the Q sam-
ple (77.8 kJ mol ') evidence an apparent activation due to
the cryogenic treatment. These values provide numerical
evidence of the effect that DCT has on the tempered
martensite meaning a faster redistribution of interstials
toward lattice defects. According to previous findings, this
is promoted by the formation of martensite at cryogenic
temperatures which conditions existing martensite [20, 35].
A plausible explanation is the higher quantity of disloca-
tions introduced by DCT, which represent preferential sites
for the segregation of carbon or the capture of carbon
atoms following the generation of dislocations and dislo-
cation glide during the plastic deformation of the virgin
martensite, as it forms at low temperatures [17].

III. Precipitation of transition carbides

The precipitation of transition carbides occurred at around
150 °C and was associated with a pronounced heat release
(Fig. 4a) and length decrease (Fig. 4b) [29].

From dilatometric curves, where overlapping with pre-
precipitation processes is absent, an improved precipitation
of ¢/n carbides is evidenced after DCT. Indeed, the activation
energy values calculated for the as-quenched and cryogeni-
cally treated samples do not show significant differences,
meaning that the mechanism does not change. It is likely that
the stronger precipitation may be simply ascribed to the
higher fraction of martensite after DCT.
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In general, the values of the activation energy for the
tested specimens were lower than those previously pro-
posed by other authors for different steels. A calculated
value depending on the quantity of carbon and chromium is
given by the following formula [36]

E =754 +35.6 %« wt(%)C — 11.1 x wt(%)Cr KJ/mol.
(2)

So, the activation energy increases with an increase in
the carbon content of the martensite and decreases with an
increase in chromium content. This pattern is explained by
King and Glover [37] in terms of the tetragonality of the
martensite, which increases the value of the activation
energy because this last one is mainly associated with the
energy barrier opposing the passage of the carbon atoms
through the prohibited octahedral sites. The chromium is a
carbide-forming element; then, it is supposed to reduce the
thermodynamic activity coefficient of the dissolved carbon.
Applying the formulae to present steel, a value of activa-
tion energy of 94.9 kJ mol ' is obtained, confirming a very
good agreement with the experimental values (Table 1).
This activation energy lies between that for diffusion of C
in o-Fe and that for diffusion of iron along dislocations.

IV. Transformation of retained austenite

The decomposition of retained austenite into ferrite and
cementite causes a high heat evolution and a net length
increase (Fig. 4). An exothermic peak is observed in the
temperature range between 250 and 350 °C. The peak
intensity is lower for SDCT and LDCT, due to the pre-
liminary cryogenic transformation of austenite. However,
the decomposition of this phase starts before the DSC peak.
In [33], X-ray diffraction measurements demonstrated that
a decrease in the {200}, peak intensity, associated with an
increase of the lattice parameter, started at 150 °C (for FeC
steel), i.e., much before the main calorimetric peak at
270 °C. Similarly, for present steel in the as-quenched
state, the expansion associated to the formation of a
C-enriched austenite and ferrite (Step 1) starts at about
220 °C, while the peak is located at around 290 °C.

The simultaneous precipitation of cementite from aus-
tenite (length decrease) overlaps the expansion of the
previous step, as shown by dilatometry (Fig.5) and
spreads over a wider temperature range compared to the
pure iron/carbon systems. A similar behavior was also
reported by Morra for the same steel [29]. It can be
observed that the DSC peaks did not disappear after DCT,
which was proved to provide the almost complete trans-
formation of this phase. Correspondingly, only a slight
length increase in the dilatometric curves of cryo-treated
samples is present.

The activation energy value obtained by DSC for the
decomposition of retained austenite in the as-quenched
specimens was around 114.8 kJ mol™" and slightly higher
values (approximately 125 kJ mol™") were observed for
SDCT and LDCT in agreement with the activation energy
value for the diffusion of C in y-Fe 129 kJ mol ™!, obtained
by graphical interpolation from Fig. 9 in Reference 38 in
which it is shown how the energy of activation decreases,
when the percentage of carbon increases.

In the case of dilatometry, the peak can be regarded as
an average apparent value of two transformation steps
(expansion and contraction). The value of 134.4 kJ mol !
was obtained for a peak temperature of 281 °C (average
temperature of 191 °C for DSC).

The difference between peak temperatures and the
change of instrument to obtain the results can explain the
discrepancy of activation energy values for Q (Table 1) by
DSC and dilatometry and supports that any reasonable
comparison between O and SDCT/LDCT is possible con-
sidering DSC only. In this sense, the decomposition of
austenite in SDCT and LDCT samples showed higher
activation energy than in the as-quenched steel. The com-
pression generated in austenite during DCT [20] could be
the reason for its higher stability.

V. Precipitation of cementite

The phase transformation, highlighted by a discrete heat
release between 350 and 450 °C (Fig. 4a), is associated
with the precipitation of cementite from &/ carbides, car-
bon segregated in dislocations and carbon in solid solution
within martensite [39]. It is likely that this last contribution
will account for a minor extent only, since the degree of
martensite tetragonality was shown to reach unit value at
temperature much lower than that for the precipitation of
cementite [40]. The process is accompanied by a large
length decrease, occurring after the precipitation of
cementite from austenite decomposition, and exhibits a
strong overlap with this latter process (Fig. 4b).

The activation energy values, respectively, 235.9 and
281.8 kJ mol ™", could only be accurately measured in the
SDCT and LDCT samples. These values are similar to the
activation energy value of 251 kJ mol™" for the volume
diffusion of iron. The peaks are at a temperature of about
385 °C. The value obtained by dilatometry for the Q sam-
ple is much lower (185.3 kJ mol™"). According to litera-
ture data, the effective activation energy lies between the
value of pipe diffusion of iron (134 kJ mol™") and the
value of volume diffusion of iron (251 kJ mol ™). Finally,
the calculated activation energies suggest a slower pre-
cipitation in deep cryogenically treated steel. This is rather
curious, in view of the faster precipitation kinetics of
transition carbides after low temperature soaking seems to
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confirm a higher thermal stability of these particles com-
pared to the quenched steel. Nevertheless, this result would
need further investigations.

Conclusions

The tempering behavior of 100Cr6 bearing steel was
studied in the as-quenched state and after further DCT by
direct immersion in liquid nitrogen for a short (5 min,
SDCT) and long (24 h, LDCT) soaking time. Differential
scanning calorimetry and dilatometry were employed.

Pre-precipitation stage, involving carbon enrichments
and the periodic arrangement of enrichments (clustering),
is enhanced by DCT and the lower activation energy
highlighted a faster redistribution of C. The activation
energy decreased when increasing DCT holding time.
According to the available literature, this evidence could be
ascribed to the conditioning of martensite at cryogenic
temperature, i.e., the introduction of a high density of
dislocations which are preferential sites for segregation and
clustering.

An enhanced carbide precipitation has been evidenced
after DCT, while the activation energy measured was
similar to that of the as-quenched steel.

Retained austenite was almost completely eliminated by
SDCT. A longer soaking at cryogenic temperature (LDCT)
caused further transformation, supporting the formation of
thermally activated martensite. The decomposition of
austenite in SDCT and LDCT samples showed higher
activation energy than in the as-quenched steel, compatible
with its higher stability due to compressive stresses.
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