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a b s t r a c t

We have monitored the isothermal transformation kinetics of the austenite phase into the martensite
phase in a metastable austenitic maraging steel by time-dependent magnetization measurements for
temperatures from 4 to 298 K and continuous applied magnetic fields up to 30 T. The transformation
kinetics is shown to be accelerated by several orders of magnitude when high magnetic fields are applied.
Analyzing the transformation rate as a function of magnetic field and temperature provides direct insight
eywords:
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araging steel

inetics
ucleation

into the martensite nucleation process.
© 2010 Elsevier B.V. All rights reserved.
agnetization measurements
igh magnetic field

. Introduction

Maraging steels are a modern class of high-strength steels that
how an isothermal martensitic phase transformation. The unusual
ime-dependent formation of martensite at a constant temperature
as first observed by Kurdjumov and Maksimova [1,2] in a Fe–Mn

lloy and has subsequently been reported for several other sys-
ems, such as Fe–Ni–Cr and Fe–Ni–Mn alloys [3,4]. In these systems
he martensite fraction strongly depends on both the holding time
nd the temperature below the martensitic transformation tem-
erature. In contrast, for the more common athermal martensitic
ransformations the martensite fraction is solely governed by the
owest temperature reached.

Several models have tried to reproduce the experimental C-
urve kinetics associated to the isothermal formation of martensite

5–7], but have so far not been able to unravel the martensite nucle-
tion mechanism in detail. Experimentally it was found that the
artensite formation is not only a function of time and tempera-

ure, but can also be induced by e.g. pulsed magnetic fields [8,9]. In
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the present paper we will show how continuous magnetic fields up
to 30 T were used to accelerate the isothermal transformation from
austenite to martensite and to in situ monitor the real-time kinet-
ics of the diffusionless martensite formation. Other studies recently
focussed on the influence of high magnetic fields on diffusional
solid-state phase transformations in steel [10–16].

2. Time-resolved magnetization measurements

We have performed time-resolved magnetization measure-
ments for temperatures from 4 to 298 K in continuous magnetic
fields up to 30 T. Fig. 1 summarizes our results at a fixed
temperature of 233 K. These experiments were performed
with an extraction magnetometer on samples of dimensions
0.5 mm × 3 mm × 3 mm. The composition of the studied metastable
austenitic maraging steel amounts to 12 Cr, 9 Ni, 4 Mo, 2 Cu, 1 Ti,
0.7 Al, 0.3 Mn, 0.3 Si, <0.01 C, N and balance Fe (in wt.%). For this
steel the formation of martensite is accompanied by an increase in
volume of �V/V ≈ 3%, illustrated by the surface modification shown
in the inset of Fig. 1.
During the martensitic transformation the paramagnetic
austenite phase � transforms progressively into the ferromag-
netic martensite phase �′. Additionally, a paramagnetic chi-phase
� (Fe36Cr12Mo10) [17] with a constant volume fraction of f� ≈ 5%
is present in the form of fine precipitates [18]. The transformation

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:N.H.vanDijk@tudelft.nl
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Fig. 1. Magnetization �0M versus time t of the metastable austenitic steel in applied
magnetic fields from 10 to 30 T at a fixed temperature of 233 K. The field is increased
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Fig. 2. Volume fraction of martensite f�′ as a function of the effective time teff at the
t a constant ramp rate of 10 T/min until the maximum selected field was reached.
n isothermal transformation is observed from the paramagnetic austenite phase

o the ferromagnetic martensite phase. The inset shows the surface modification
aused by stress relief of the transformed martensite plates [18].

esults in a strong increase of the sample magnetization M. For our
pecific multiphase material M can be described as a superposition
f its constituents’ magnetization:

= f�′ Ms,�′ + f���H + f���H (1)

here H is the applied magnetic field, Ms,�′ is the saturation magne-
ization of the newly formed martensite phase, �� is the magnetic
usceptibility of the transforming austenite phase, �� is the mag-
etic susceptibility of the stable chi-phase, and fi are the volume

ractions of the three phases with f�′ + f� + f� = 1. A comparison of
M/dH during the linear field ramps at the start and the end of the
xperiment allows for an independent determination of the para-
agnetic susceptibility of the transforming austenite phase and

he stable chi-phase. As no significant transformation is observed
or fields up to 15 T during the field ramp, the sample susceptibil-
ty amounts to dM/dH = f� �� + f� �� in this field range (��, �� and

s,�′ are field independent). At T = 233 K we find �� = 0.0035(1) and
� = 0.022(3). After removing the paramagnetic contribution, the
agnetization data can be transformed directly into the marten-

ite fraction f�′ by normalization with the saturation magnetization
f martensite. We have used the experimental room-temperature
alue of �0Ms,�′ = 1.48 T [18] and scaled its temperature depen-
ence according to the relative temperature dependence for pure

ron [19].
At the start of the magnetization measurements the magnetic

eld was increased at a constant sweep rate of 10 T/min until
he maximum field was reached. Part of the austenite phase was
lready transformed during this initial field ramp and therefore
he experimentally measured transformation time is not represen-
ative for the transformation time at the final constant magnetic

eld. However, since the time to transform a fixed fraction was

ound to drop exponentially with the applied magnetic field we
an remove the effect of this initial transformation by reasonably
upposing that the time constant for the transformation scales as
= �0 exp(−c�0H/T), where c = 89(2) K/T is an experimental value
set applied magnetic field for (a) different fields at T = 233 K, (b) different tempera-
tures T ≥ 213 K and (c) different temperatures T ≤ 213 K in an applied magnetic field
of �0H = 20 T. The effective time is obtained by a correction for the field increase at
the initial stage of the experiment and the solid lines are a fit to the data (see text).

for our system. In this case the effective transformation time at a
constant field H0 can be derived by scaling the time elapsed during
the initial magnetic field sweep by a factor [1 − exp(−x)] /x with
x = c�0H0/T (see Appendix A).
3. Austenite to martensite transformation kinetics

With this approach the sample magnetization can now be trans-
lated into the transformed martensite fraction as a function of the
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ig. 3. Time to form a constant martensite volume fraction for (a) the measurements
t a constant temperature of T = 233 K and variable applied magnetic fields and (b)
he measurements in a constant applied magnetic field of �0H = 20 T and variable
emperatures. The solid lines are a fit to the data (see text).

ffective transformation time (teff) at a constant applied magnetic
eld. As shown in Fig. 2, the transformation shows a cross-over
ehaviour for a fraction of about 25% and reaches a maximum,
eld independent, volume fraction of about 80%. Remarkably, the
ransformation rate increased by orders of magnitude when mag-
etic fields up to 30 T were applied, whereas the transformation
t T = 233 K (the temperature where the zero-field transformation
ate was reported to be maximized [4]) took about 2 months to
omplete in zero field [18], only a few minutes were required to
each a final martensite fraction of about 80% in a magnetic field of
0 T.

. Discussion

In Fig. 3a we have plotted the time to transform a volume frac-
ion of 10, 20, 40, 60 and 70% as a function of the magnetic field at a
emperature of T = 233 K. The field dependence of the transforma-
ion time to form a fixed martensite fraction is described by a single
xponential scaling factor (the experimental constant c) indicating
linear reduction in the energy barrier for nucleation �G* with

pplied magnetic field H.
In Fig. 3b we show the temperature dependence of the transfor-

ation time at a fixed magnetic field of 20 T. The observed C-shaped
urves can be described by two independent terms: the driving
orce for nucleation and a mobility term. As martensite growth is

xtremely fast, the kinetics for the isothermal formation of marten-
ite is purely controlled by the nucleation rate:

df�′

dt
= V�′

dN�′

dt
(2)
Fig. 4. Temperature at which a maximum transformation rate is observed Tnose (red
squares) and the activation energy Q (blue spheres) as a fraction of the martensite
volume fraction f�′ in an applied magnetic field of 20 T obtained from a fit to the
data (see text).

where V�′ is the average volume of the martensite plates and
dN�′ /dt is the nucleation rate of the martensite plates. The
nucleation rate is controlled by two competing exponential con-
tributions:

dN�′

dt
= N0� exp

(
−�G∗(T, H)

RT

)
exp

(
− Q

RT

)
(3)

The first exponential term is the driving force for the nucle-
ation with �G* referring to the energy barrier for nucleation and
the second exponential term is a mobility term with Q the acti-
vation energy. The driving force causes a strong acceleration at
lower temperatures, while the mobility term causes a deceleration,
resulting in the characteristic C-curve for the isothermal martensite
transformation kinetics. The prefactor N0 is the concentration of
potential nucleation sites and � is the attempt frequency. The main
aim of this study is to probe the transformation kinetics directly
over a wide range of temperatures and applied magnetic fields
and thereby characterizing the energy barrier for the nucleation of
martensite �G*. The energy barrier for nucleation can generally be
expressed as �G∗ = �

�gn
v

∝
∣∣T0(H) − T

∣∣−n
, where � is a constant and

�gv ∝
∣∣T0(H) − T

∣∣ is the energy gain (per unit volume) of the nucle-
ating phase, which scales with the undercooling with respect to the
field-dependent transformation temperature T0(H) [20]. The effec-
tive driving force for nucleation �gv = �gchem

v + �gstrain
v + �gmag

v
is controlled by the difference in chemical potential between both
phases �gchem

� , the strain energy �gstrain
� associated with the vol-

ume difference between the austenite and the martensite phase
(�V/V ≈ 3%) and, in the presence of an applied magnetic field, the
change in magnetic energy �gmag

� .
A fitting of the temperature dependence of the transformation

times at 20 T reveals that n = 2 for our system. It is interest-
ing to note that an index of n = 4 is predicted by the classical
nucleation theory for martensite plate nucleation [20–22]. This pre-
diction has never been confirmed experimentally and is clearly
contradicted by our present experiments. The fitted martensitic
transformation temperature amounts to T0 = 411(24) K in a field
of 20 T (dT0/d�0H = 1.7(1) K/T), with a corresponding value of
�G*|1 − T/T0(H)|2 = 1.9(1) kJ/mol. At a temperature of T = 233 K the
energy barrier for nucleation �G* is found to be reduced from

15 kJ/mol in zero field to 10 kJ/mol in a field of 20 T as a result of the
increase in T0 from 377 K in zero field to 411 K in a field of 20 T. Using
the estimated zero field chemical driving force of Vm�gchem

v ≈
−3.1 kJ/mol at T = 233 K (with Vmd�gchem

� /dT ≈ 6.5 J/mol K) [18]
we find Vm�gstrain

� ≈ 2.2 kJ/mol for the strain energy. In an applied
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agnetic field the magnetic energy amounts to Vm�gmag
� /�0H =

VmMs,�′ ≈ −8.44 J/mol T, where Vm = 6.8 × 10−6 m3/mol is the
olar volume and Ms,�′ the saturation magnetization of the
artensite phase.
As shown in Fig. 4 the activation energy Q is found to range from

to 10 kJ/mol, depending on the fraction transformed. This varia-
ion in Q is also reflected in the temperature Tnose for which the

aximum transformation rate is observed. The obtained values for
are small compared to the activation energy for the movement of

ndividual atoms in austenite (284 kJ/mol) [23], but in good agree-
ent with previous studies on similar austenitic steels [24], which

roposed that the movement of dislocations is the rate limiting
tep for martensite nucleation at low temperatures. The experi-
ental observation that Q depends on the fraction transformed in

his system indicates that the mobility of dislocations, required for
he nucleation of martensite plates, is affected significantly by the
ransformation strain accumulating in the untransformed austenite

atrix.
The overall transformation kinetics of this system is well

escribed by:

df�′

dt
= (f0 − f�′ )2

�
∝ (f0 − f�′ )2 exp

(
−Q (f�′ )

RT

)
(4)

here f0 ≈ 80% is the maximum transformable fraction and � =
1/V�′ N0�) exp((�G∗ + Q )/RT) is the time constant of the system
at f�′ = 0). This model results from a linear scaling of the number
f potential nucleation sites N0 ∝ f0 − f�′ and the average volume of
he martensite plates V�′ ∝ f0 − f�′ with the untransformed phase
raction. The maximum achievable fraction of 80% is probably
aused by strain accumulation in the untransformed austenite that
ffectively reduces �gv for a progressive transformation. As shown
n Fig. 2, the data are well represented by the model when Q is
ssumed to increase linearly with the fraction transformed until
fraction of 25% is reached, while for higher fractions a constant

alue is found. Finally, it is interesting to note that no significant
exture was observed for the martensite plates when the samples
ere transformed in high magnetic fields.

. Conclusions

In summary, we have monitored the isothermal transforma-
ion kinetics of the austenite phase into the martensite phase in
metastable austenitic maraging steel by time-dependent mag-

etization measurements for temperatures from 4 to 298 K and
ontinuous applied magnetic fields up to 30 T. The main conclusions
re:

. Exploiting that the ferromagnetic martensite phase is formed
from the paramagnetic austenite phase enabled us to monitor
the time dependence of the martensite fraction. A careful analy-
sis of the data allowed us to access a wide range of transformation
times from 0.1 to 104 s.

. The transformation kinetics is shown to be accelerated by several
orders of magnitude when high magnetic fields are applied.

. The temperature dependence of the transformation kinetics
allowed us to establish the temperature dependence of the

energy barrier for martensite nucleation.

. The activation energy for the mobility of dislocations was found
to gradually increase as the transformation proceeds. This indi-
cates a clear link between the dislocation mobility and the
evolving microstructure. [
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Appendix A. Appendix

As indicated in Eq. (4) the transformation kinetics is controlled
by a time constant �. This time constant depends on both the tem-
perature T and the applied magnetic field �0H:

� = �0 exp
(

−c
�0H

T

)
(A1)

In the isothermal transformation measurements we have
applied a linear increase in field until the maximum field
�0H0 is reached. For high magnetic fields (�0H > 15 T) a signif-
icant fraction is transformed during the time the field is still
increasing.

As the fraction transformed is controlled by the scaled time
t/�, the isothermal transformation kinetics at constant field can be
obtained when we replace the measured transformation time at
varying field t by an effective time at constant field teff. A time inte-
gration of 1/� performed for the time to reach the maximum field
�0H0 during the linear field ramp (�t) is therefore equivalent to a
time integration of 1/� performed for an effective transformation
time at constant field (�teff):∫ �t

0

dt

�
(

H = t
�t H0

) =
∫ �teff

0

dt

� (H = H0)
(A2)

The integral for the actual time (linearly increasing field)∫ �t

0

dt

�
(

H = t
�t H0

) = 1
�0

∫ �t

0

exp
(

c
�0H0

T

t

�t

)
dt

= �t

�0

exp
(

c�0H0/T
)

− 1(
c�0H0/T

) (A3)

corresponds to the integral for the effective time (constant field)∫ �teff

0

dt

�(H = H0)
= 1

�0

∫ �teff

0

exp
(

c
�0H0

T

)
dt

= �teff

�0
exp

(
c

�0H0

T

)
(A4)

A comparison leads to an expression for the effective transfor-
mation time:

�teff

�t
= [1 − exp(−c�0H0/T)]

c�0H0/T
(A5)
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