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Abstract

The kinetics of {557}, lath martensite formation in (wt
%) 17Cr-7Ni-1A1-0.09C and 15Cr-7Ni-2Mo-1Al1-0.08C
steels was assessed with magnetometry at sub-zero
Celsius temperatures. Samples were cooled to 77 K by
immersion in boiling nitrogen to suppress martensite
formation. Thereafter, thermally activated martensite
formation was monitored during: (i) isochronal (re)
heating at different heating rates; (ii) isothermal holding
at temperatures between 120 and 310 K. The activation
energy, Ea, of thermally activated martensite formation
was quantified from the results of both isochronal and
isothermal tests by applying a Kissinger-like method. In
addition, the isothermal data was interpreted applying the
approach presented by Borgenstam and Hillert. The
results of the independent quantification methods were
consistent and indicated an E, in the range 9-13 kJ
mol~!. Thereafter, the two methods were applied to
evaluate the data available in the literature. The overall
analysis showed that E, varies in the range 2-27 kJ
mol ™! and increases logarithmically with the total fraction
of interstitials in the steel.
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Introduction

The design of martensitic steels requires models to accu-
rately describe the kinetics of the austenite-to-martensite
transformation in this class of materials. In early work,
martensitic transformations were considered athermal,
meaning that the degree of transformation is determined
exclusively by the lowest temperature reached, independent
of time [1]. This approach has remained [2] and, in the large
majority of cases, allows a consistent description of the
transformation kinetics. Nevertheless, martensite formation
can also proceed isothermally or, rather, time-dependent,
particularly at sub-zero Celsius temperatures.

The first evidence of time-dependent martensite forma-
tion was reported in 1948 [3]. Extensive evidence followed
(see Refs. [4, 5]) and in the 1990s the isothermal behaviour
was brought to a rationalization as a common characteristic
of martensite formation in ferrous alloys [6]. This implies
that martensite formation in steel can be suppressed by
sufficiently fast cooling to a temperature where the trans-
formation proceeds (virtually) infinitely slowly. Consis-
tently, it was shown in several cases (see Refs. [4, 5, 7]) that
martensite formation can be partly suppressed by fast
cooling to temperatures T < 77 K, and the transformation
can continue on subsequent (re)heating. Also, the transfor-
mation can be fully suppressed, as firstly demonstrated in
1953 for Fe-Ni-Mn alloys [8], in 1960 for stainless steel [9]
and in 1990 for Fe-Ni alloys [10].

Conversely, the possibility to form martensite at tem-
peratures as low as 4 K was demonstrated already in 1950
[11] and is evidence that the transformation in the investi-
gated alloys is un-suppressible (i.e., intrinsically athermal).
Martensite formation at 4 K also indicates that the growth of
martensite units does not determine the overall rate of the
isothermal process. It was established as early as the 1930-
1950s [12—14] that the duration of an austenite-to-martensite
transformation event can be of the order of a small fraction
of a second and that the growth rate of the martensite units
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can be independent of temperature within a significantly
large temperature interval (i.e., growth is athermal) [14, 15].
Nevertheless, time-dependent growth of martensite has been
observed several times (see Ref. [16]).

To reconcile the above experimental observations, it has
been suggested that the martensite sub-structure controls the
kinetics of martensite formation [13, 17-19]: athermal
martensite is internally twinned and time-dependent marten-
site is internally slipped. This straightforward description is,
unfortunately, not consistent with all experiments. Slow
growth of martensite always involves slipped sub-structures;
however, slipped martensite can also grow instantaneously
[20, 21]. Furthermore, the transformation of austenite into
slipped martensite can be suppressed by fast cooling [22-24];
on the other hand, slipped martensite can form at4 K (see, for
example, Ref. [11]). Evidently, the kinetics of martensitic
transformations, the roles of nucleation and growth and the
significance of the martensite substructure are incompletely
understood.

Following Huizing and Klostermann [25], we recently
suggested that the products of martensitic transformations in
steel should be classified into two groups [26]:

i. Schiebung, S, martensite corresponds to internally
slipped {557}, lath martensite and to the internally
slipped product growing on {225}, plate and {259},
lenticular martensites. S martensite is suppressible and
cannot form at an observable rate at temperatures
approaching absolute zero. The growth of § martensite
can be time dependent.

ii. Umklapp, U, martensite corresponds to twinned
{31015}, thin plate martensite, to the twinned parts of
the {225}, plate and {259}, lenticular martensites, as
well as to internally slipped strain induced and {112},
martensites. U martensite is un-suppressible and can
form at 4 K. The growth of U martensite is
instantaneous.

Additionally, we suggested that the existing kinetics
models, which typically describe the kinetics of martensite
formation in steel as nucleation-controlled (i.e., implicitly
assuming instantaneous growth) and define nucleation as
un-suppressible upon reaching a certain critical driving force
for transformation, AG¢ (see Ref. [4]), apply to U martensite,
but cannot describe the kinetics of S martensite formation.
For the latter case, a different approach appears necessary.

An alternative approach to describe the kinetics of
isothermal martensite formation was presented by Borgen-
stam and Hillert [27]. They focused on the evolution of the
transformation rate versus temperature and described the
transformation rate in terms of chemical reaction rate theory
as the product of the normalized chemical driving force,
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AG/RT, and the probability for growth, exp(—E4/RT),
where AG is the chemical driving force for martensite for-
mation, R is the gas constant, T is the temperature and Ey4 is
the activation energy for the formation of isothermal
martensite. This approach can be considered to describe the
kinetics of S martensite formation because it (i) does not
require a priori assumptions on the rate-determining mech-
anism and (ii) indicates that, provided that cooling is suffi-
ciently fast, martensite formation can be suppressed.
However, modelling of the kinetics of transformation
requires information on Ej.

Following Borgenstam and Hillert, E4 is determined from
the slope of the straight line obtained by plotting isothermal
data in terms of —1/T versus In(¢(M,;/T — 1)), where T, t,
and My; are the temperature of isothermal holding, the time
for obtaining a low fraction, say <0.05, of martensite, and
the maximum temperature at which martensite formation can
progress isothermally, respectively. Unfortunately, this
quantification method can be applied only in a very limited
number of cases, where marked isothermal behaviour is
obtained, which makes it suitable only for the case of
Fe-Ni-Mn and Fe-Ni-Cr alloys transforming isothermally at
sub-zero Celsius temperatures.

In recent work [26], E4 was determined by applying a
Kissinger-like approach (see Ref. [28]). In a Kissinger-like
analysis, E, is determined either from the time lapse to a
fixed degree of transformation in a series of isothermal tests
at various holding temperatures or from the evolution of the
temperature at which a certain transformed fraction is
reached in a series of isochronal experiments at various
heating/cooling rates. Kissinger-like methods are less robust
than the approach by Borgenstam and Hillert because they
do not take AG into account. Practically, this would imply a
systematic underestimation of E4. The effect is more pro-
nounced for data acquired close to equilibrium conditions
(i.e., at temperatures close to M,). An advantage of a
Kissinger-like method is that it can be applied for isochronal
conditions, thus allowing determination of E4 in all systems
where martensite formation can be, at least partially, sup-
pressed upon fast cooling to a sufficiently low temperature.
Consistently, in Ref. [26], various Fe-based alloys and
commercial steel grades, developing {557},, {225},, and
{259}, martensites, were cooled to 77 K by immersion in
boiling nitrogen. The transformation was then followed
during subsequent isochronal (re)heating and E4 was
determined from the slope of the straight line obtained by
plotting ln(sz, /) versus 1/Ty, where Ty is the temperature
corresponding to a fixed stage of transformation, f’, and ¢ is
the heating rate.

In relation to the results of these analyses, Borgenstam
and Hillert [27] suggested that small variations of chemical
composition do not significantly affect the kinetics of the
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transformation. Under this assumption, isothermal data col-
lected for Fe-Ni-Mn and Fe—Cr-Ni alloys with comparable
total contents of substitutional atoms, but different levels of
interstitial purity, were grouped together. For both series of
alloys, their analysis yielded an approximate value of
E,=7k] mol !, On the other hand, the Kissinger-like
method applied to a broad range of alloys [26] indicated that
E, increased with the fraction of interstitial atoms and ran-
ges from 8 to 27 kJ mol~'. Extrapolation of this data set to
low interstitial contents showed striking compatibility with
the results obtained according to the approach of Borgen-
stam and Hillert. The present work aims to validate the two
analyses and to obtain reliable information on E, for future
modelling of the transformation kinetics. The following two
steps were taken to arrive at this validation.

Firstly, a new series of experiments was conducted on
(wt%) 17Cr-7Ni-1Al1-0.09C (17-7 PH) and 15Cr-7Ni-2Mo-
1A1-0.08C (15-7 PH) stainless steels, wherein {557}, lath
martensite (i.e., interpreted as pure S martensite) develops at
sub-zero Celsius temperatures. The experiments included
both isothermal and isochronal tests, and the two sets of data
were used to assess E4 according to the approach presented
by Borgenstam and Hillert and the Kissinger-like methods
for isothermal and isochronal analysis (cf. Ref. [28]),
respectively. This part of the work aimed at exploring the
importance of the systematic underestimation of E, by
Kissinger-like methods.

Secondly, isothermal data considered in Ref. [27] were
re-evaluated. As suggested in Ref. [26], E4 varies with the
logarithm of the interstitial content. Consequently, small
variations in low purity level can significantly affect the
kinetics of the transformation. To verify this, each data set in
Ref. [27] was re-evaluated independently. Additionally, it is
noted that the analysis in Ref. [27] did not distinguish
between {557}, {225}, and {112}, martensites, which
cannot be reconciled with our interpretation of § martensite.
Data referring to {112}, martensite were excluded in the

present analysis.

Materials and Methods

The materials chosen for investigation were steels of types
17-7 PH (17Cr-7Ni-1.A1-0.08C) and 15-7 PH (15Cr-7Ni-
2Mo-1AI-009C). In these alloys, the kinetics of the trans-
formation can be adjusted at convenience by varying the
austenitization conditions, and martensite formation on
cooling can be fully suppressed [9]. Samples were @ 3 mm
disks with a thickness of 0.15 pm (17-7 PH) and 0.25 pm
(15-7 PH) thick, supplied by Goodfellow Inc. in as-rolled
(17-7 PH) and annealed (15-7 PH) condition, respectively.
Samples were electro-plated with a layer of pure Ni (approx.
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0.5 um thick) prior to austenitization in order to prevent
preferential formation of martensite at the free surface.
Austenitization was performed in a continuous Ar flow and
consisted in heating at an average rate of 1 K s™' to the
austenitization temperature, followed by 180 s austenitiza-
tion at temperature and cooling to room temperature at an
average rate of 0.7 K s™'. The austenitization temperatures
chosen were 1253 K (980 °C) for PH 15-7 and 1283 K
(1010 °C) for PH 17-7. In both cases, the microstructure of
the material upon cooling to room temperature consisted of
austenite and a minor (3—-5%) presence of delta ferrite situ-
ated at the austenite grain boundaries.

The formation of martensite was followed applying
magnetometry. Details on the experimental setup as well as
on the quantification procedure were given elsewhere [26,
29, 30]. Two types of tests were performed: isothermal and
isochronal. In order to attain identical starting conditions for
the isochronal and isothermal data sets, the samples were
first cooled to 77 K in the vibrating sample magnetometer
before investigation.

Results and Discussion

From Isothermal and Isochronal Transformation
Curves to Sub-zero Celsius Transformation
Diagrams

Examples of the experimentally obtained transformation
curves for 17-7 PH are presented in Fig. 1. Isothermal data
in Fig. la indicates that martensite formation is time
dependent in the investigated temperature interval, 120-
270 K. The highest transformation rate was observed at
195 K. The lowest fraction of martensite forms at 270 K,
where less than 0.2% martensite is obtained after 76 ks
isothermal holding. Isochronal data in Fig. 1b shows that
martensite forms during continuous heating starting from
77 K. For the highest heating rate of 0.833 Ks' (ie.,
50 K min~ "), the transformation barely starts and the pro-
cess stops at approx. 272 K with only 1.5% martensite
formed. This temperature is interpreted as M. For the
slowest applied heating rate of 0.00167 K s™' (i.e., 0.1 K
min "), the transformation starts at approx. 110 K and sat-
urates at M; at a maximum value of 74.5% fraction of
martensite, f. In the case of PH 15-7 (not shown), the
investigated temperature interval was 130-310 K, the
highest transformation rate was observed at 230 K and M,;
equalled 315 K.

AlldatafromFig. 1forPH 17-7 and the data for PH 15-7 are
presented in Fig. 2a, b, respectively. The isothermal data are
represented by the data arranged along horizontal lines, while
the isochronal data are arranged along the curves with
increasing slope. Interconnecting points of equal transformed
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Fig. 1 Fraction of martensite Af formed in 17-7 PH during a isothermal holding at various temperatures and b isochronal heating from 80 K at

various heating rates. The legend refers to a the temperature of isothermal holding in K and b the rate of isochronal heating in K min—
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Fig. 2 Superposition of TTT (full colour) and CHT (faint colour) transformation diagrams for: a 17-7 PH stainless steel austenitized at 1283 K
(1010 °C) and b 15-7 PH stainless steel austenitized at 1253 K (980 °C)

fraction provide Time-Temperature-Transformation (TTT)
and Continuous-Heating-Transformation (CHT) diagrams.
Analogous to Continuous-Cooling-Transformation, (CCT)
diagrams, where the transformation lines are shifted to a lower
temperature as compared to the corresponding TTT diagrams,
the transformation lines fora CHT diagram are shifted to higher
temperature as compared to the lines for the corresponding
TTT diagrams. In the following, the experimental data were
used to quantify Ey4.

Assessment of Activation Energy for Martensite
Formation

Following the analysis introduced by Borgenstam and Hil-
lert [27], isothermal data in Fig. 2 are presented as —1/T
versus In(¢#(My;/T — 1)) in Fig. 3. At a transformed fraction
of 0.4%, there is good correspondence between data for PH
17-7 (open symbol) and PH 15-5 (closed symbols). For the
higher transformed fractions, the slope of the low tempera-
ture asymptote, which is used to quantify Ey4, is of compa-
rable magnitude for the two steels and remains virtually

unchanged during transformation. This indicates that the
rate-determining step for time-dependent martensite forma-
tion in the two materials is comparable and remains largely
unaltered during the transformation. Differences in absolute
kinetics are ascribed to the effect of the microstructure on the
evolution of the phase fraction versus time. The activation
energy, E4, was evaluated from the slopes of the low tem-
perature asymptotes. To secure a sufficiently robust analysis,
only data acquired at temperatures equal or lower than the
maximum transformation rate were considered. The analysis
was performed for every increase in f by 0.001 and yielded
E, within the ranges 9.8-14 kJ mol™' and 8.6-15.3 kJ
mol™! (mean values 11.3 kJ mol™! and 12.9 kJ mol™") for
PH 17-7 and PH 15-7, respectively.

The same data sets were used to estimate E4 according to
Kissinger-like isothermal method [28], where E,4 is evalu-
ated from the slope of the straight line obtained by 1/T
versus In(#). Additionally, isochronal analysis was per-
formed as previously reported [26] using the second data
set. Isothermal analysis yielded 7.4—12 kJ mol™' and 7.7-
13 kJ mol ! (mean values 9.1 kJ mol ' and 10 kJ mol )
for PH 17-7 and PH 15-7, respectively; isochronal analysis
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Fig. 3 Isothermal data presented in Fig. 2 according to the analysis
proposed by Borgenstam and Hillert [27]. Open symbols connected by
dashed lines and full symbols connected by dotted lines refer to PH
15-7 and PH 15-7 steels, respectively. In this present form, data are
used to quantify E, from the slope of the low temperature asymptote
(schematically presented for 0.4% fraction transformed)

yielded E4 within the ranges 7.1-11.9 kJ mol™" and 9.9—
12.7 kJ mol ™' (mean values 9.8 kJ mol™! and 11.5kJ
mol™") for PH 17-7 and PH 15-7, respectively. Evidently,
isothermal and isochronal analyses yield consistent results.
Moreover, there is a fair agreement between the results of the
Kissinger-like methods and the Borgenstam-Hillert method.
As anticipated, the self-consistent (and driving force omit-
ting) Kissinger-like methods yield systematically lower
values, albeit negligible within experimental accuracy. The
trend is that the Kissinger analysis of the isochronal data set
yields activation energy values in between those obtained
with the Borgenstam-Hillert analysis and the Kissinger-like
analysis of the isothermal data set.

In the following, isothermal data from the literature for
Fe-Ni-Mn and Fe—Cr-Ni and previously used in Ref. [27] are
revisited to determine E4 according to the Borgenstam-
Hillert method and the Kissinger-like method. The analysis
considered only those alloys developing {55 7}~/ and
{225}, martensites and was performed for individual com-
positions to verify the dependence on interstitial content.
Only data sets consisting of at least 3 data points at and below
the maximum transformation temperature were taken into
account, provided that a linear regression coefficient better
than 0.8 was obtained. The results are presented in Fig. 4
along with the values obtained for PH 17-7 and PH 15-7 as
described above and compared with the data in Ref. [26].

Again, a systematic underestimation of E, for the
Kissinger-like method is found as compared to the
Borgenstam-Hillert analysis. Clearly, the data is consistent
with those for the PH steels investigated in this work.
A trend is observed that the activation energy increases with
interstitial content for the data in Refs. [31-35], which
remained unobserved in the evaluation in Ref. [27]. In
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Fig. 4 Activation energy, E4, for time-dependent martensite formation
as a function of the total atomic fraction of interstitials in the alloy/steel,
C + N. Full symbols refer to data obtained based on the method
presented by Borgenstam and Hillert. Isothermal data: Refs. [32, 33]
extracted at 1 and 5% Af from the reported Figs.; Ref. [31], extracted at
1 and 5% from Fig. 1 present tabulated at 0.2%; Ref. [34], extracted at
20% f from Fig. 2; Ref. [35], data at 1% f extracted from the presented
figure. Isochronal data were reported in previous work by the present
authors [26]. The data is presented such that the error bars in E4 are
given as the minimum, maximum and average values taking into
account the standard error of the estimate for linear regression. Dashed
line represent linear fit of data obtained by Kissinger-like methods

comparison with an assessment of the dependence of the
activation energy on interstitial content obtained for a broad
range of iron-based alloys and steels in Ref. [26] (and earlier
in Ref. [7]), excellent correspondence is obtained and the
trend of decreasing activation energy with logarithmic low-
ering of the interstitial content is confirmed (cf. Fig. 4).
A rough quantitative relationship can be obtained by linear
fit of data. Recognizing that the data in Ref. [26] rely on a
Kissinger-like analysis of isochronal data, the linear fit in
Fig. 4 was restricted to this type of analysis, yielding:

(1)

where C + N represents the total content of C and N atoms
in at. fraction. In line with the above-mentioned omission of
the driving force in Kissinger-like analyses, this equation is
likely to represent an underestimation.

The strong dependence of the activation energy on the
interstitial content would be consistent with solid-solution
strengthening of austenite and with the idea by Ghosh and
Olson [36] that the interaction of solute atoms with the ther-
mally assisted motion of the martensitic interface rate control
the isothermal process. At present it is not clear whether Ex
would eventually reach zero for a sufficiently low interstitial
content, or whether the formation of S martensite is intrinsi-
cally time-dependent. In perspective, to fully understand the
nature of martensitic transformation in steel, work should be
initiated to address this fundamental question.

Ex = (27.0 £ 1.9) + (7.0 + 0.8) - Log(C + N)



18
Conclusions

The time-dependent formation of martensite in (wt%)
17Cr-7Ni-1A1-0.09C and 15Cr-7Ni-2Mo-1AI-0.08C steels
can be fully suppressed by immersion in boiling nitrogen. The
transformation kinetics were studied in isothermal tests and
isochronal heating experiments and yielded TTT and CHT
(continuous heating transformation) diagrams for martensite
formation in the sub-zero Celsius temperature regime.

The activation energy of time-dependent martensite for-
mation was determined by applying the Borgenstam-Hillert
and Kissinger-like methods for isothermal and isochronal
analysis. The two approaches yield consistent results and
indicated that the activation energy in these steels is 9-
13 kJ mol ™.

The present data were combined with a large number of
partly re-interpreted literature data and establishes a loga-
rithmic dependence on the total fraction of interstitials in the
Fe-based alloys/steels, suggesting that solution strengthening
determines the rate of isothermal martensite formation at
sub-zero Celsius temperature.
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