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Investigation of martensite formation
in Fe based alloys during heating
from boiling nitrogen temperature
M. Villa, T. L. Christiansen, M. F. Hansen, M. A.J. Somers

The austenite-to-martensite transformation at temperatures below room temperature was investigated
in situ by magnetometry in Fe-N, Fe-Cr-C and Fe-Cr-Ni based alloys. After quenching to room temperature,
samples were immersed in boiling nitrogen and martensite formation was followed during subsequent heating
to room temperature. Different tests were performed with heating rates ranging from 0.5 K/min to 10 K/min.
For comparison a sample was up-quenched in water to verify whether martensite formation can be suppressed
at high heating rates. Thermally activated formation of martensite during heating was convincingly demonstrated
for all investigated materials by showing heating rate dependent transformation kinetics. Moreover,
magnetometry showed that the heating rate influences the fraction of martensite formed during the thermal treatment.
The activation energy for thermally activated martensite formation as quantified by a Kissinger-like method lies
in the range 11-18 kJ/mol and increases with the total fraction of interstitials in the alloy.

KEYWORDS: MARTENSITE - STEEL - CRYOGENIC TREATMENT - KINETICS OF TRANSFORMATIONS - MAGNETOMETRY

INTRODUCTION
Martensite formation is generally believed independent of time
(i.e. athermal) and is modelled according to such behaviour [1].This
approach is clearly visible in Time-Temperature-Transformation,
TTT [2], diagrams, where the temperature at which martensite
formation is observed upon cooling is represented by a horizontal
line at the martensite start temperature, Ms. Also the temperature
where martensite formation is completed upon further cooling,
the martensite finish temperature, Mf, is represented by a
horizontal line. Consequently, the transformation is presumed not
to depend on time and the martensite fraction to be governed by
the undercooling reached [3].
However, time-dependent, so-called isothermal, martensite
formation was reported as early as 1948 [4]. Several observations
followed and are listed in Ref. [5]. At temperatures above room
temperature, time-dependent martensite formation is generally
too fast to be measurable, while the phenomenon may be easily
observable at sub-zero Celsius temperatures [6].
At sub-zero Celsius temperatures, time-dependent martensite
formation can display C-shape transformation curves in TTT
diagrams (analogous to the classical diffusional transformations)
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[7-11]. C-shaped transformation curves in TTT diagrams arise from
the counteracting effects of (i) driving force for transformation,
which increases with undercooling, and (ii) thermal activation,
which is favored by a higher temperature [12].
Time-dependent martensite formation was reported for several
iron-based systems, among which Fe-C [13], Fe-N [14] and Fe-NiCr [15,16] model alloys as well as several steels [4,8,10,11,1729]. In steel, time-dependent martensite formation was
documented for high carbon steels [4,17-21], low carbon steels
[22] and stainless steels [8,10,11,23-29]. Despite the poor
understanding of the thermally activated mechanism responsible
for time-dependent martensite formation, the phenomenon has
for many years been industrially exploited in sub-zero Celsius
treating (cryogenic treatment) of, in particular, tool steels (see
Ref. [30]) but also stainless steel components [31,32].
Interestingly, time-dependence was rationalized as an intrinsic
characteristic of martensitic transformations in steel [3].
According to Ref. [3], the representation of martensite formation
in terms of horizontal lines in TTT diagrams is not correct and
martensite formation should always be represented in terms of
C-shaped transformation curves. Specifically, in Ref. [3] it was
suggested that two distinct transformation curves should be
reported, associated with the formation (i.e. nucleation and
growth) of slipped and twinned martensite.
The internal sub-structure of martensite in steel is characterized
by a high density of defects, i.e. dislocations (slipped martensite)
or twins (twinned martensite). The martensite substructure
plays a fundamental role in the kinetics of the transformation:
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slip is thermally activated [33,34], whereas twinning proceeds
athermally [33]. The martensite sub-structure is associated with
the morphology of martensite, which is classified as either lath
type or plate type [35,36]. Plate martensite is partially or fully
internally twinned [33,37-40], while lath martensite is fully
internally slipped [26,41,42]. Consistently, in plate martensite,
the twinned areas form instantaneously upon nucleation, while
the formation of the slipped regions is time dependent [43-45].
According to the theory of martensite nucleation in Ref. [46,47],
spontaneous nucleation of martensite firstly occurs either
athermally, when the critical driving force for transformation is
reached at the martensite start temperature, Ms, for the most
potent nucleation sites in the material, or after an incubation
time defined by the presence of an energy barrier, when the
critical driving force for transformation is not reached (i.e. above
Ms) [46,47]. The theory for martensite nucleation in Ref. [46,47]
applies to all nucleation sites (i.e., to all nucleation events after
the first one) and does not distinguish between martensites with
different sub-structures.
After the first nucleation event, martensite formation is
characterized by a strong form of autocatalysis, which consists of
the stress-assisted activation of pre-existing nucleation sites as
well as of the strain-induced formation of new nucleation sites
during the transformation process [48]. Autocatalytic nucleation
has a strong influence on the kinetics of transformation and
can yield the abrupt transformation of a part of the material in
an instantaneous event, a so-called burst [49]. Burst kinetics
is observed in systems characterized by the formation of plate
martensite.
The major implication of the rationalization in Ref. [3], which
indicates time-dependent martensite formation as an intrinsic
characteristic of steel, is the theoretical possibility to (at least
partially) suppress martensite formation during very fast cooling
so that the C-curve describing martensite formation is not crossed.
Subsequently, martensite formation can be promoted upon
isothermal holding at temperatures below Ms [30,45,51,52] as
well as upon (re)heating [13,24,26,30,45]. Consequently, timedependent martensite formation may have noteworthy, hitherto
unexploited, applications in heat treatment practice.
For example, in Refs. [22,51,52], it is shown that time-dependent
martensite formation may result in the possibility to tailor the
mechanical properties of steel products via thermal treatment
engineering. Also, time-dependent martensite formation may
facilitate improved performance of high carbon steel and
stainless steel parts by the development of tailored sub-zero
Celsius treatments (see Refs. [30,45]).
Furthermore, by following martensite formation during heating, it
is possible to measure the activation energy for time-dependent
martensite formation [24,26,53]. The activation energy for
martensite formation reflects the mechanism that governs
the transformation rate and its measurement may contribute
further to the understanding and, eventually, modelling of the
phenomenon.
Ref. [6] is a particularly extensive study of the activation energy
for isothermal martensite formation in iron based alloys and
is based on a comprehensive review of experimental data.
According to Ref. [6], two thermally activated mechanisms exist
that can control the rate of isothermal martensite formation. The
48

first mechanism yields an activation energy of about 7 kJ/mol
and governs austenite-to-martensite transformation in high alloy
steels forming martensite at sub-zero Celsius temperatures; the
second mechanism yields an activation energy of about 80 kJ/
mol and governs martensite formation in Fe-Ni and Fe-C systems
transforming well above room temperature.
According to Ref. [6], the first mechanism is associated with the
thermally activated movement of dislocations. This interpretation
is in agreement with previous works on the kinetics of isothermal
martensite formation reviewed in Ref. [5]. On the other hand,
the mechanism yielding an activation energy of about 80 kJ/
mol remained unrevealed. Ref. [6] suggests that martensite
formation in Fe-C and Fe-Ni systems may be triggered by the
time-dependent formation of bainite.
The aim of the present work is to further investigate the
generalities of thermally activated martensite formation in ironbased alloys at sub-zero Celsius temperatures and to investigate
the influence of the chemical composition on the activation
energy for isothermal martensite formation. Moreover, the work
aims to identify the optimal temperature interval wherein subzero Celsius treatment of steel components is performed.
MATERIALS AND METHOD
The investigation was performed for a series of alloys and
conditions. Table 1 reports the chemical compositions of
the chosen model alloys and steels. Starting conditions,
austenitization treatments and sample geometries are described
in Table 2, which also lists the morphology of the developing
martensite. Alloys were chosen to be representative of a large
number of commercial steels and ferrous-based systems.
Austenitization conditions were chosen such that the formation
of phases other than austenite and martensite is avoided; this
is necessary for a correct quantification of the martensite and
austenite fractions by magnetometry investigation.
After austenitization and quenching to room temperature,
samples were stored at room temperature and thereafter
subjected to the sub-zero Celsius investigation. Sub-zero Celsius
investigation was performed with a Lake Shore Cryotronics
7407 vibrating sample magnetometer equipped with a Janis
superTran-VP cryostat and consisted in the following:
1. the magnetization of the material after austenitization and
storage is measured at 20˚C applying a magnetic field of 0.3
Tesla; thereafter the sample is removed from the cryostat;
2. the cryostat chamber is partially filled with boiling nitrogen;
thereafter the sample is reinserted and quenched in boiling
nitrogen;
3. the magnetization of the material is measured at -190±5˚C
applying a magnetic field of 0.3 Tesla after complete
evaporation of the nitrogen;
4. the magnetization of the material is monitored during
controlled isochronal (constant rate) heating from -190±5˚C
to 20˚C applying a magnetic field of 0.3 Tesla.
For each alloy, a series of tests was performed (on distinct
samples) with heating rates ranging from 0.5 K/min to 10 K/min.
An additional test consisted in fast (re)heating of the material to
20˚C in water outside the cryostat chamber.
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Tab. 1 - Chemical composition (in wt-%) of the materials as determined with Energy Dispersive Spectroscopy.
The carbon content was measured with a LECO-CS230 Carbon analyser.
The nitrogen content was determined by X-Ray Diffraction [54].
Dashes indicate values that cannot be measured with the applied methods.
Alloys A and B are essentially Fe-N. Alloys C and D are Fe-Cr-C based. Alloys E and F are Fe-Cr-Ni based.
Alloy

Fe

N

C

Cr

Ni

Mn

Si

Mo

Cu

Al

A

Bal.

2.2

<0.01

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

B

Bal.

1.8

<0.01

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

C

Bal.

-

0.96

1.6

0.1

0.3

0.1

<0.1

0.2

<0.1

D

Bal.

-

0.38

17.0

2.1

0.5

0.5

0.1

0.4

0.2

E

Bal.

-

0.09

15.5

7.1

0.8

0.6

2.1

0.4

1.2

F

Bal.

-

0.08

17.2

7.0

0.6

0.5

<0.1

0.3

1.1

Tab. 2 - Starting conditions, sample geometries and austenitization treatments.
For the geometry: “D” and “SP” refer to disc and square plate, respectively; “Ø”, “d” and “t” refer to diameter,
diagonal of the square and thickness, respectively. For the austenitization: Ar refers to cooling in argon at an average cooling rate
of 20 K/min; alloys A and B were synthetized and austenitized in a single treatment applying controlled NH3 and H2 atmosphere.
All samples were cut in the starting condition (prior to austenitization).
Plate martensites (i.e. alloys A-D) are all of lenticular type (i.e. partially twinned - see Refs. [33,35]).
Alloy

Starting condition

Geometry [mm]

Austenitization / synthesis

Morphology

A

Armco® Fe

SP: d=3, t=0.025

650˚C, 30min, Water

Plate + Lath

B

Armco Fe

SP: d=3, t=0.025

650˚C, 30min, Water

Plate + Lath

C

AISI 52100, as rolled

D: Ø=3, t=0.7

1080˚C, 3min; Oil (80 ˚C), Air

Plate

D

AISI 431, carburized, homogenized

D: Ø=3, t=0.7

1180˚C, 5min, Ar

Plate + Lath

E

AISI 632, as rolled

SP: d=3, t=0.25

980˚C, 5min, Ar

Lath

F

AISI 631, annealed

SP: d=3, t=0.15

980˚C, 5min, Ar

Lath

®

The (molar) fraction of martensite in the samples, fa' , was
quantified versus temperature, T, and time, t, according to:
(1)

M(T,t) M1.5b
fa' =  ⋅ 
Msa' Msb (T)

where M is the magnetization of the sample under investigation,
Msa' is the magnetization at saturation of a fully transformed
specimen calculated according to Ref. [55], Msb is the
magnetization at saturation (measured at 0.3Tesla) of a reference
sample consisting of 100% martensite during measuring of the
baseline and M1.5b is the magnetization of the same reference
sample measured at room temperature applying a magnetic field
of 1.5 Tesla.
The following materials were used as references: Armco® Fe for
0.025 thick foils, AISI 431 as quenched for 0.7 mm thick samples,
AISI 631 as rolled for 0.15 mm and 0.25 mm thick samples.
Reference materials correspond to the starting condition for
alloys A, B, D and F - see Table 2.
Quantitative phase analysis presupposes that martensite is
the only ferromagnetic phase in the material (which is true for
the temperature interval of investigation in absence of phases
other than martensite and austenite [45]) and that a magnetic
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field of 0.3 Tesla is sufficient to approach magnetic saturation
in the material. This was verified to be the case by recording
hysteresis curves. At magnetic saturation and in the presence of
martensite as the only ferromagnetic phase in the material, the
magnetization of the material is proportional to the fraction of
martensite [56,57]. For a magnetic field of 0.3 Tesla, rather than
1.5 Tesla, the contribution of the magnetic field to the driving
force for martensite formation is negligible [33,47,58].
The activation energy for martensite formation is measured
from the temperatures, Tf' , corresponding to a fixed stage of
transformation, f´, measured for for a series of heating rates
[53]. The fixed stage of transformation was chosen on the basis
of the following criterion:
(2)

fa' BN + fa' RT–10K/min
f´ = 
2

were fa' BN is the fraction of martensite measured at -190±5˚C
upon quenching the material in boiling nitrogen and
fa' RT–10K/min is the fraction of martensite measured in the
material upon reheating to room temperature at a rate of 10 K/
min.
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RESULTS AND INTERPRETATION
The condition of the materials prior to sub-zero Celsius
investigation is presented in Fig. 1 and Table 3. Fig. 1 reports
fa' as measured by magnetometry during thermal treatment
as a function of temperature, T, for a heating rate of 3 K/min.

By means of example the influence of the heating rate on the
transformation curve is given for Alloy E only. Table 3 lists fa' at
different thermal steps and versus the most significant thermal
treatments.

Tab. 3 - Molar fraction of martensite, fa', measured by magnetometry versus thermal step / thermal treatment.
A-F refers to the alloy of investigation.
Thermal step / treatment

A

B

C

D

E

F

Prior to sub-zero Celsius

1%

32%

59%

3%

13%

7%

At -190˚C

35%

53%

79%

46%

13%

7%

After up-quenching in water

38%

62%

80%

50%

15%

12%

f'

41%

63%

82%

57%

53%

47%

After heating 0.5K/min

52%

77%

86%

73%

100%

93%

Table 3 and Fig. 1 show that magnetometry revealed the presence
of a certain fraction of martensite in all investigated materials
prior to sub-zero Celsius treatment. Consequently, none of the
sub-zero Celsius treatments deal with virgin austenite. This

condition appears representative of a large number of alloyed
commercial steels, where a certain fraction of austenite is
retained after cooling to room temperature.

Fig.1 - Molar fraction of martensite fa' versus temperature T plotted as a function of the heating rate Θ; labelling A to F refer to the
alloy of investigation. Dotted lines indicate unmonitored heating performed by up-quenching in water.
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Fig.1 shows that during sub-zero Celsius treatment, the
austenite-to-martensite transformation continues in all the
investigated alloys. Martensite formation is observed both during
cooling and during heating. Specifically, measurable martensite
formation upon quenching in boiling nitrogen occurs for the
alloys A-D, where plate martensite with lenticular morphology
forms. Martensite formation during subsequent (re)heating
from boiling nitrogen temperature is reported in all materials.
Evidently, in spite of differences in chemical composition, thermal
history and martensite morphology, martensite formation is (at
least partially) suppressed in all investigated systems upon fast
cooling to boiling nitrogen temperature.
On heating from boiling nitrogen temperature to room
temperature martensite formation occurs, irrespective of
whether lath or lenticular martensite formation is expected.
This is irreconcilable with an athermal mechanism and proves
that thermally activated martensite formation occurs in all

investigated alloys. As revealed for alloy E in Fig.1, and confirmed
for the other alloys (data not shown), the slower the heating
rate the lower is the temperature where the maximum rate for
martensite formation occurs during heating. Furthermore, the
slower the heating the higher is the martensite content reached
at 20°C. Clearly, data in Fig. 1 is consistent with the claim in Ref.
[3] that martensite formation is steel is always time-dependent.
The activation energy for thermally activated martensite formation
was investigated with a Kissinger-like analysis for a fixed stage
of transformation as defined by Eq.(2). For the theory on kinetics
analysis of phase transformations the reader is referred to Ref.
[53]. In Fig. 2a the activation energy for martensite formation is
determined from the slope (=EA/R where R is the gas constant)
of the straight line through the data in Fig. 2a [53].
The values of the activation energy measured for the investigated
alloys are presented versus the total interstitial (N or C) content
in the alloy in Fig. 2b.

Fig.2 - a) Kissinger-like plot for different materials and austenitization conditions. Tm (i.e. Tf , see above) is the temperature
corresponding to the fraction transformed fa'; Θ is the heating rate. Axes include the temperature interval -175˚C to -50°C and the
cooling rate interval 0.1K/min to 100 K/min; b) Activation energy for martensite formation EA plotted versus the total content of
interstitials in the alloy C+N (% at.).
Fig. 2 shows that the activation energy for martensite formation
in the investigated systems ranges between 11 kJ/mol and 18 kJ/
mol. As reflected by Fig. 2b a linear correlation exists between
the interstitial content in the alloy and the activation energy for
thermally activated martensite formation. It is noted that this
conclusion presupposes that other factors, like the presence of
substitutional elements, the transformed fraction at the point
of measurement and the austenite grain size have a minor
influence on the measured value. This is not always the case
(see for example Refs. [26,28] for the influence of the fraction
transformed). Therefore, a more systematic analysis, which
decouples the influence of the different factors, will be the focus
of future activity. At present, it is anticipated that an increase of
the activation energy with increased interstitial content reflects
an interaction between the movement of dislocations and the
presence of interstitials, which can be anticipated considering
the displacement fields associated with line and point defects.
DISCUSSION
In the following, the transformation process is discussed in the
light of the theory for martensitic transformations in steel. The
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data in Fig.1 is interpreted in connection with the morphology
of martensite (see Table 2), and more specifically with the
martensite sub-structure.
In the light of Refs. [35,37-42], martensite is partially internally
twinned in alloys A-D while it is fully internally slipped in alloys
E and F.
During quenching in boiling nitrogen, the increment in driving
force for martensite formation promotes spontaneous athermal
nucleation of martensite [46,47], which occurs in several locations
in the samples as determined by the potency distribution of the
nucleation sites [48]. After nucleation, the martensite units
start to grow. Growth is either athermal or time dependent, as
determined by the martensite sub-structure - see above.
Athermal growth of the twinned areas, induces autocatalytic
nucleation of several martensite units in the surrounding austenite,
which are also internally twinned and which also grow (at least
partially) athermally, yielding instantaneous transformation of a
large part of material. On the other hand, thermally activated
growth of the slipped areas cannot occur upon fast cooling to a
temperature where the thermal energy is insufficient for thermal
activation, i.e., upon quenching the material to boiling nitrogen
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temperature. Consequently, autocatalytic nucleation is inhibited
and the reaction is frozen (see Refs. [24,25]).
It follows that spontaneous athermal nucleation of martensite
upon quenching in boiling nitrogen yields a measurable increase
of fa' when the martensite has plate morphology (alloys A-D),
while athermal nucleation of lath martensite upon quenching in
boiling nitrogen remains unrevealed by magnetometry (alloys E,
F). It is remarked that this interpretation implies that martensite
formation in alloys A-D cannot be fully suppressed upon cooling
to very low temperatures, irrespective of how fast the cooling
step is performed and the twinned martensite indeed forms
athermally.
During heating, the martensite with slipped sub-structure grows
by thermal activation. This applies for both lath martensite as
well as for lenticular martensite. As a matter of fact, it has been
demonstrated that for lenticular martensite the inner structure,
close to the midrib, is twinned, while slip becomes dominant
towards the rim [34]. Then it is suggested that the twinned
structure develops athermally on cooling while the actual lens
shape develops thermally activated by slip.
Martensite growth induces the autocatalytic formation of new
martensite nuclei, both laths (with internal slip) and plates (with
internal twins). The temperature where martensite formation is
firstly observed on heating depends on the heating rate and of
the chemical composition of the material. As a general trend,
martensite formation occurring during heating appears more
prominent in the temperature interval -180˚C to -50˚C.
Upon approaching room temperature, martensite formation
stops. Evidently, thermal energy alone cannot promote martensite
formation until completion, as a certain level of undercooling,
i.e. an additional driving force, is required for continued
transformation. More specifically, a sufficient undercooling is
required for continued growth-induced/assisted autocatalytic
nucleation of martensite [46,47]. Consequently, the slower the
heating, the more martensite forms in the material during the
thermal treatment.
The simultaneous interplay of thermal energy and driving force
for transformation implies that an optimal temperature exists,
wherein sub-zero Celsius treatments are optimally performed.
The optimal temperature for sub-zero Celsius treatment is a
function of chemical composition, which determines the driving
force for transformation and which has an influence on the
activation energy for thermally activated martensite formation,
thus on transformed fraction.
At present, a general prescription for optimal sub-zero Celsius
treatment of steel components is highly non-trivial. On the other
hand, it appears clear that long isothermal treating at boiling
nitrogen temperature is ineffective to promote martensite
formation in steel, independently of the chemical composition.
Higher temperatures, in the range -180˚C to -50˚C should be
applied.
CONCLUSIONS
A series of iron-based alloys has been investigated during heating
from boiling nitrogen temperature. In all materials, martensite
formation during heating is demonstrated by magnetometry.
Martensite formation during heating is thermally activated, as
demonstrated by a heating rate dependent transformation curve.
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The activation energy for martensite formation is measured in the
range 11-18 kJ/mol and it is observed to be linearly dependent
on the fraction of interstitial atoms in the material.
Martensite formation is interpreted in terms of athermal
nucleation of martensite followed by growth. Growth is
athermal or thermally activated as determined by the martensite
sub-structure and promotes the autocatalytic nucleation of
martensite.
A general prescription for sub-zero Celsius treatment of steel
parts was not obtained, but it is assessed that boiling nitrogen
temperature is likely to be too low for effective formation of
martensite isothermally. An effective temperature interval is
suggested to be -180˚C to -50˚C for the present alloys.
ACKNOWLEDGEMENTS
This work was supported by the Danish Council for Independent
Research (G.R. grant: DFF-4005-00223) and Siemens Wind
Power GmbH.
REFERENCES
[1]
D.P. Koistinen, R.E. Marburger, “A general equation prescribing the extent of the austenite-martensite transformation in pure iron-carbon alloys and plain carbon
steels”, Acta Metall., 1959, 7:1, 59-60
[2]
G.F.V. Voort, “Atlas of Time-Temperature Diagrams for
Irons and Steels”, ASM International, 1991, Materials
Park, OH
[3]
J.-C. Zhao, M.R. Notis, “Continuous cooling transformation kinetics versus isothermal transformation kinetics of
steels: a phenomenological rationalization of experimental observations”, Mater. Sci. Eng., 1995, R15:4/5, 135207
[4]
G.V. Kurdjumov, O.P. Maksimova, “Kinetics of austeniteto-martensite transformation at low temperature”,Dokl.
Akad, Nauk SSSR, 1948, 61:83, 2187
[5]
N.N. Thadhani, M.A. Meyers, “Kinetics of isothermal martensitic transformation”, Progress in Mater. Sci., 1986,
30:1, 1:37
[6]
A. Borgenstam, M. Hillert: “Activation energy for isothermal martensite in ferrous alloys”, Acta Mater., 1997,
45:2, 651-662
[7]
C.H. Shih, “Some characteristics of isothermal martensitic transformation”, J. of metals, 1955, 7:1, 183-187
[8]
J.-O Nilsson, A.H. Stigenberg, M. Holmquist, “Isothermal
formation of martensite in a 12Cr-9Ni-4Mo maraging
stainless-steel”, Scri. Metal. Mater., 1995, 33:9, 13671373
[9]
J.H. Lee, J. Choi, T. Fukuda, T. Kakeshita, “TTT diagram
of martensitic transformation under magnetic field in a
Ni45Co5Mn36.5In13.5 (at.%) alloy”, J. All. Com. 2013,
577S, 380-382
[10] J.H. Lee, T. Fukuda, T. Kakeshita, “Isothermal Martensitic
Transformation in Sensitized SUS304 Austenitic Stainless
Steel at Cryogenic Temperature”, Mater. Trans., 2009,
50:3, 473- 478
[11] Y. Imai, M. Izumiyama, K. Sasaki, “Isothermal Martensitic
Transformation in Fe-Ni-Cr Alloy”, Science Reports of the
Research Institutes, 1966, 18:1, 39-48
La Metallurgia Italiana - n. 10 2015

Trattamenti termici
[12]
[13]

[14]
[15]
[16]

[17]
[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]
[26]
[27]

D.V. Ragone, “Thermodynamics of Materials - Volume II”
(Mit Series in Mater. Sci. Eng.), John Wiley & Sons Ltd.,
1995, MA
L. Cheng, C.M. Brakman, B.M. Korevaar, E.J. Mittemeijer,
“The Tempering of Iron-Carbon Martensite; Dilatometric
and Calorimetric Analysis”, Metall. Mater. Trans., 1988,
19A, 2415-2426
T. Koyano, “Isothermal martensitic transformation of
γ-FeN in a magnetic field”, Mater. Trans. 2003, 44:12,
2541-2544
S.A. Kulin, G.R. Speich, “Isothermal martensite formation
in an iron-chromium-nickel alloy”, J. of Metals, 1952,
4.3, 258-263
T. Kakeshita, Y. Sato, T. Saburi, K. Shimizu, Y. Matsuoka,
K. Kindo, S. Endo, “Effects of static magnetic field and
hydrostatic pressure on the isothermal martensitic transformation in an Fe-Ni-Cr alloy”, Mater. Trans. JIM, 1999,
40:2, 107-111
Stojko, A., M.F. Hansen, J. Slycke, M.A.J. Somers, “Isothermal Martensite Formation at Sub-Zero Temperatures”, J.
of ASTM International, 2011, 8:4, 1-9
S. V. Grachev, O. V. Zhuikov, V. P. Gvozdovskii, E. S. Matsneva, D. I. Vichuzhanin, “Structure and properties of
high-carbon steel cast pellets”, Mater. Sci. and Heat
treatment, 2011, 53, 57-60
V.G. Gavriljuk, V.A. Sirosh, YU.N. Petrov, A.I. Tyshchenko,
W. Theisen, A. Kortmann, “Carbide Precipitation During
Tempering of a Tool Steel Subjected to Deep Cryogenic
Treatment”, Metall. Mater. Trans. A, 2014, 45, 24532465
M. Villa, M.F. Hansen, K. Pantleon, M.A.J. Somers, “In
situ investigation of martensite formation in AISI 52100
bearing steel at sub-zero Celsius temperature” Proceedings of the 2nd Mediterranean conference on heat treatment and surface engineering, Dubrovnik, Croatia; 2013
M. Villa, K. Pantleon, M.A.J. Somers, “Evolution of
compressive strains in retained austenite during subzero Celsius martensite formation and tempering”, Acta
Mater. 2014, 65, 383-392
D. Kim, J.G. Speer, B.C. De Cooman, “Isothermal transformation of a CMnSi Steel Below the Ms Temperature”,
Metall. Mater. Trans. A, 2011, 42, 1575-1585
R.P. Reed, “The spontaneous martensitic transformations
in 18%Cr, 8%Ni steel”, Acta Metall., 1962, 10, 865-867
M. Villa, M.F. Hansen, K. Pantleon, M.A.J. Somers, “Thermally activated growth of lath martensite in Fe-Ni-Cr-Al
stainless steel”, Mater. Sci. Technol., 2015, 31:1, 115122
M. Villa, K. Pantleon, M. Reich, O.Kessler, M.A.J. Somers,
“Kinetics of anomalous multi-step formation of lath martensite in steel”, Acta Mater., 2014, 80, 468-477
M. Villa, M.F. Hansen, K. Pantleon, M.A.J. Somers,
“Anomalous kinetics of lath martensite formation in
stainless steel”, Mater. Sci. Technol., in print
H.W. King, L.E. Peacocke, B. Emeneau, “Low temperature
isothermal martensitic decomposition in AISI 321 and
347 stainless steels”, 5th Spring Meeting of the Metallurgical Society of AIME - 1973

La Metallurgia Italiana - n. 10 2015

[28]

[29]

[30]

[31]
[32]
[33]
[34]
[35]

[36]
[37]
[38]
[39]
[40]

[41]
[42]
[43]
[44]
[45]

D. San Martin, N. H. van Dijk, E. Jiménez-Melero, E. Kampert, U. Zeitler and S. van der Zwaag, “Real-time martensitic transformation kinetics in maraging steel under
high magnetic fields”, Mater. Sci. Eng. A, 2010, A527,
5241-5245
T.D. Kubyshkina, L.M. Pevzner, Ya. M. Potak, “The martensitic transformation in stainless steels of the austeniticmartensitic class”, Metallov. i Term. Obrabotka, 1960,
8:2, 9-17.
A. Stojko, “The effect of cryogenic treatment on structural and phase transformations in iron-carbon martensite”,
PhD thesis, The technical University of Denmark, 2006,
Kgs. Lyngby, Denmark
D.C. Ludwigson, A.M. Hall, “The Physical Metallurgy of
Precipitation-Hardenable Stainless Steel”, Battelle Mem.
Inst., Columbus, OH
C.J. Slunder, A.F. Hoenie, A.M. Hall, “Thermal and Mechanical Treatment for Precipitation-Hardening Stainless
Steel”, 1967, NASA, Washington, D.C..
Z. Nishiyama, “Martensitic transformation”, Academic
Press, 1978, New York
Shibata, T. Murakami, S. Morito, T. Furuhara, T. Maki, “The
origin of midrib in lenticular martensite”, Mater Trans.,
2008, 49:6, 1242-1248.
P.G. McDougall, C.M. Wayman, “Crystallography and
Morphology of Ferrous Martensite” in G.B. Olson, W.S.
Owen, “Martensite”, ASM International, 1992, Columbus, OH
G. Krauss, A.R. Marder, “Morphology of martensite in
iron alloys”, Metal. Trans., 1971, 2:9, 2343-2357
T. Maki, C.M. Wayman, “Substructure of ausformed
austenite in Fe-Ni and Fe-Ni-C alloys”, Metall. Trans. A,
1976, 7:9, 1511-1518
H.Y. Lee, H.W. Yen, H.T. Chang, J.R. Yang, “Substructures
of martensite in Fe-1C-17Cr stainless steel”, Scripta
Mater., 2010, 62, 670-673
M. Unemoto, K. Minoda, I. Tamura, “Some characteristics
of the substructure of lenticular martensite in Fe-Ni-C alloys”, Metallography, 1982, 15, 177-191
A. Shibata, S. Morito, T. Furuhara, T. Maki, “Substructures
of lenticular martensites with different martensite start
temperatures in ferrous alloys”, Acta Mater., 2009, 57:2,
483-492
K. Wakasa, C.M. Wayman, “The morphology and crystallography of ferrous lath martensite. Studies of Fe-20%Ni5%Mn”, Acta Metall., 1981, 29:6, 991-1001
S. Morito, X. Huang, T. Furuhara, T. Maki, N. Hansen, “The
morphology and crystallography of lath martensite in alloy steels”, Acta Mater., 2006, 54, 5323-5331
R.L. Patterson, C.M. Wayman, “The crystallography of
ferrous martensites”, Acta metallurgica, 1966, Vols. 14,
pp. 347-369
H.Y. Lee, H.W. Yen, H.T. Chang, J.R. Yang, “Substructures
of martensite in Fe-1C-17Cr stainless steel”, Scr. Mater.,
2010, 62, 670-673
M. Villa, “Isothermal martensite formation”, PhD thesis,
Technical University of Denmark, 2013, Kgs. Lyngby, Denmark
53

Memorie
[46]

[47]
[48]
[49]
[50]
[51]

[52]

54

T. Kakeshita, K. Kuroiwa, K. Shimizu, T. Ikeda, A. Yamagishi, M. Date, “A New Model Explainable for Both the
Athermal and Isothermal Natures of martensitic Transformation in Fe-Ni-Mn Alloys”, Mat. Trans. JIM, 1993, 34:5,
423-428
Kakeshita, T.; Saburi, T., “Kinetics of martensitic transformation in some ferrous and non-ferrous alloys”, Phil.
Magazine, 2000, 80:2, 171-181
G.B. Olson, M. Cohen, “A perspective on martensitic nucleation”, Ann. Rev. Mater. Sci., 1981, 11,1-30
R. Brook, A.R. Entwisle, “Kinetics of burst transformation
to martensite”, J. of the Iron and Steel Inst., 1965, 203:9,
905-912
K. Ullakko, M. Nieminen, J. Pietikainen,“Prevention of
martensitic transformation during rapid cooling”, Mater.
Sci. Forum, 1991, 56, 225-228
D. Kim, S-J Lee, B.C. De Cooman, “Microstructure of Low
C steel isothermally transformed in the Ms to Mf temperature range”, Metall. and Mater. Trans. A, 2012, 43,
4967-4983
G.V. Korotushenko, V.I. Grigorkin, Metall. i Termicheskaya
Obrabotka Metallov., “Mechanical properties of nickel
steels with isothermal and athermal Martensite”, 1,
1974, 41-46

[53]
[54]

[55]
[56]

[57]

[58]

E.J. Mittemeijer, “Review Analysis of the kinetics of phase
transformation”, J. Mater. Sci., 1992, 27, 3977-3987
L. Cheng, A. Bottger, Th.H. Keijser, E.J. Mittemeijer, “Lattice parameters of iron-carbon and iron-nitrogen martensites and austenites”, Scr. Metall. Mater., 24, 1990,
509-514
P. Merinov, S. Entin, B. Beketov, A. Runov, “The magnetic
testing of the ferrite content of austenitic stainless steel
weld metal”, NDT Int., 11:1, 9-14
L. Zhao, N.H. van Dijk, E. Bruck, J. Sietsma, S. van der
Zwaag, “Magnetic and X-ray diffraction measurements
for the determination of retained austenite in TRIP
steels”, Mater. Sci. Eng., 2001, 313A:1-2, 145-152
A. Bojack, L. Zhao, P.F. Morris, J. Sietsma, “In-situ determination of austenite and martensite formation in
13Cr6Ni2Mo supermartensitic stainless steel”, Mater.
Charact., 71, 2012, 77-86
T. Kakeshita, T. Saburi, K. Shimizu, “Effects of hydrostatic pressure and magnetic field on martensitic transformations”, Mater. Sci. Eng. A, 273-275, 1999, 21-39

La Metallurgia Italiana - n. 10 2015

