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Abstract Microstructural observation and high-resolution
dilatometry were employed to investigate kinetics of
martensitic transformation in high Cr ferritic creep-resis-
tant steel upon different quenching/cooling rates. By
incorporating the classical athermal nucleation and
impingement correction, a non-instantaneous growth
model for martensitic transformation has been developed.
The developed model describes austenite/martensite inter-
face mobility during martensite growth. The growth rate of
martensite is found to be varied from 1 x 107° to
3 x 107° m/s. The low interface mobility suggests that it
is not appropriate to presume the instantaneous growth
behavior of martensite. Moreover, based on the proposed
model, nucleation rate of martensite under different cool-
ing rates is found to be nearly the same, while the growth
rate of martensite is promoted by increasing the cooling
rate.

1 Introduction

High Cr ferritic creep-resistant steels have been the
important structural materials for elevated temperature
application in fossil-fired power plants, due to their good
high-temperature endurance, creep resistance properties,
excellent heat conductivity, low thermal expansion coeffi-
cient and high performance—cost ratio [1-4]. In addition,
considering their outstanding resistance to radiation-
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induced void swelling and irradiation embrittlement, the
reduced activation high Cr ferritic steels have also been
chosen as the potential candidate materials for test blanket
modules (TBMs) of International Thermonuclear Experi-
mental Reactor (ITER) [5-7].

Since phase-transformation behaviors of steels have a
significant effect on the final microstructure attained, the
transformation from austenite to martensite in steels has
received considerable attention over the years [8]. As the
predominant microstructure of high Cr ferritic creep-re-
sistant steels, martensite formed during continuous cooling
after austenization has also been studied extensively
[9-12]. However, the model for nucleation and growth of
martensite in high Cr ferritic steels is rarely mentioned.

The classical martensitic transformation theory suggests
that kinetics of martensitic transformation depends solely
on nucleation, since the growth of a martensitic crystal
usually occurs rapidly. Koistinen and Marburger [13]
proposed an empirical equation (named K-M equation)
which describes the volume fraction of residual austenite as
a function of temperature below the martensite-start tem-
perature. Magee [14] found that the K-M equation could be
derived theoretically from basic principles, based on the
assumption that martensitic growth is approximately
instantaneous. Actually, many experimental results indi-
cate that the growth rate of martensite can be varied in the
range from hundreds of m/s to several pm/s [8, 15-18].
Therefore, the assumption of instantaneous growth of
martensite may not be appropriate in some cases.

Aimed at investigating the austenite/martensite interface
mobility during martensitic growth, the influence of cool-
ing rate on the kinetics of martensitic transformation in
high Cr ferritic creep-resistant steel was studied by
microstructural observation and dilatometric analysis. On
the basis of the kinetics characteristics of martensitic
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transformation, a non-instantaneous growth model for
martensitic transformation, incorporating the classic
athermal nucleation and impingement correction, was
developed.

2 Experiment

The chemical composition of the modified high Cr ferritic
steel used in this work is given in Table 1. The steel was
melted in a vacuum induction furnace into an ingot of
100 kg. Then, it was hot rolled followed by air cooling, and
normalized at 1050 °C. In order to assure a homogenous
temperature within the dilatometric specimen, the samples
were machined into cylindrical samples with a length of
(down to) 4 mm and a diameter of 5 mm for dilatometric
measurement.

A Bihr DIL 805A/D high-resolution differential
dilatometer was used to record the length changes in the
samples during heat treatment. The resolution can be up to
about £0.02 pm. To assure a constant temperature during
rapid cooling, the initial length of the used dilatometric
specimens was limited to about 4 mm. Two additional
thermocouples were spot welded at the end, and the surface
of the dilatometric specimen, respectively. The difference
in temperature between the values registered by these two
thermocouples is less than 2 °C during cooling with a
cooling rate of 100 °C/s (6000 °C/min). The samples were
heated to 1100 °C for 10 min and then cooled to room
temperature at different cooling rates (2000, 4000 and
6000 °C/min). The volume fractions of phases were cal-
culated by applying the lever rule, according to the recor-
ded relative length changes by dilatometric measurement.
The detail calculation for lever rule can be referred to [19].

After the dilatometric measurement, the samples were
mounted, polished and etched in a solution of hydrochloric
acid and ferric chloride. The microstructures were exam-
ined by C-35A OLYMPUS Optical Microscope (OM) and
JEM-100CX II Transmission Electron Microscopy (TEM).
For the TEM observation, small disks (3 mm diameter,
0.3 mm thick) were cut out of the samples and then ground
to a final thickness of 0.1 mm using successively finer
grades of SiC paper to remove equal amounts of material
from both sides of the disks. Disks were electro-polished to
electron transparency using an electrolytic double-jet
technique. As an electrolyte, a mixed solution of 95 vol%
acetic acid and 5 vol% perchloric acid was used.

3 Microstructural observation and dilatometric
measurement results

The optical micrographs of the high Cr ferritic steel sam-
ples upon different cooling rates are presented in Fig. 1. It
can be seen that the microstructures of all samples show the
typical morphology of martensitic laths. In addition, there
is a small amount of d-ferrite (about 4 % in volume) in the
samples, exhibiting irregular white blocks in the micro-
graphs. The formation of d-ferrite is related to the high
content of ferrite stabilizers such as Cr and W. Figure 2
shows the TEM images of the specimens. The effect of
cooling rate on the width of martensitic laths inconspicu-
ous, or says width of martensitic laths is almost constant in
spite of the cooling rate.

The dependency of calculated martensitic transforma-
tion fraction, f, on transformation time of the samples under
different cooling rates, is shown in Fig. 3, all exhibiting the
smooth S-shaped curve. In our previous study, it has been
recognized that relatively low cooling rate may cause the
splitting phenomenon of martensitic transformation in high
Cr ferritic steel, leading to an inflection point in the phase
fraction curves of samples. This is relevant to the con-
centration gradient caused by the consumption of alloying
elements in M3C formation at low cooling rate, while high
cooling rate could retard the precipitation of M;C particles
[20, 21]. Thus, here high cooling rates are adopted, to avoid
the influence of M3C precipitation on the kinetics of
martensite transformation. Moreover, this could also avoid
the influence of diffusion of interstitial atoms such as C or
N on martensite transformation if possible, since the
starting temperature for martensitic transformation, M, is
relatively high in high Cr ferritic steel (all above 380 °C;
see Table 2).

Nevertheless, it should be pointed out that high cooling
rate would bring out the high interior stress, which would
affect the kinetics of martensitic transformation. It is well
known that the martensitic transformation is accompanied
by volume expansion of the samples. Thus, it can be
deduced that the martensitic transformation would bring a
compressive stress to the samples. Our recent research
reveals that the applied uniaxial compressive stress acts a
remarkable effect on the kinetics of martensitic transfor-
mation [22]. It was found that the driving force for the
martensitic transformation decreases with increasing
applied uniaxial compressive stress, which is below the
yield limits of the high-temperature austenite phase. In
other words, minor compressive stress would hinder the

Table 1 Chemical composition

of the experimental high Cr Element € St Mn

Cr

Mo W \ Nb N Co B Ti Al

ferritic steel (in wt%)

Content 0.05 0.21

044 9.81

043 173 022 0.07 0.02 1.41 0.0045 <0.01 0.014
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Fig. 1 Optical micrographs of
the modified high Cr ferritic
steel samples upon different
cooling rates: a 2000 °C/min;
b 4000 °C/min; ¢ 6000 °C/min

Fig. 2 TEM images of the modified high Cr ferritic steel samples upon different cooling rates: a 2000 °C/min; b 4000 °C/min; ¢ 6000 °C/min
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Fig. 3 Martensitic fraction, f, as measured and as fitted by the phase-
transformation model (see text) as a function of the transformation
temperature for the martensitic transformation of the high Cr ferritic
steel samples upon different cooling rates: a 2000 °C/min; b 4000 °C/
min; ¢ 6000 °C/min

process of martensitic transformation. Higher cooling rate
brings out higher internal stress and thus aggravates this
blocking effect. In our previous work, it was also con-
firmed that the increase of the cooling rate results in
increase of temperature range for martensitic transforma-
tion [17].

@ Springer

Table 2 Starting temperature for martensitic transformation, M, and
finishing temperature for martensitic transformation, My, determined
from the dilatometric measurements

Cooling rate (°C/min) M, (°C) M; (°C)
2000 383 277
4000 388 261
6000 395 250

4 Non-instantaneous growth model for martensitic
transformation

The classical Koistinen—-Marburger equation mentioned
above has often been used to describe the progress of
martensitic transformation upon continuous cooling [13]:

f=1—exp(=f(M, = T)) (1)

where f is the martensitic fraction, T is absolute tempera-
ture, M; is the starting temperature of martensitic trans-
formation and f§ is a rate constant dependent on the
composition of steel, approximately equaling to 0.011 in
steels. This model is based on the assumption of athermal
nucleation and instantaneous growth, so that the trans-
formed fraction of martensite only lies on the degree of
undercooling, independent of the applied cooling rate
[23, 24]. Magee [14] proposed that the K-M equation can
be derived from the hypothesis that nucleation rate dN/dT
is proportional to the increase in driving force AG'~* due
to the temperature decrease. Thus, the rate constant f§ can
be expressed as [14]:
_d(AG)

P=Vo——aq—

where V is the average volume of martensite unit, AG
is the difference of martensite and austenite in Gibbs free
energy per unit volume, and ¢ is a constant expressing the
proportionality between the increase in driving force and
the consequent increase in density of activated nucleation
sites. @ only depends on the chemical composition,
austenitizing conditions and applied stress [23, 26]. How-
ever, instantaneous growth of crystal seems not reasonable
in some sense, no matter how fast the growth rate is.
Besides, the kinetics feature that transformed fraction is
independent of reaction time may not hold for some
materials, at least for the experimental steel employed in
this work.

Adopting the classic model for athermal nucleation
developed by Magee [14], nucleation rate dN/dT is con-
trolled by the chemical energy difference of martensite and
austenite:

(2)

y—o
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dN d(AG—*
— = 90—( ) (3)
dr dr

For the relatively narrow temperature window (e.g., in the

.. . a(aG—")
temperature span of martensitic transformation), dr

can be considered as a constant independence on cooling
rate [14, 26]. Therefore, it can be deduced that % is also a

constant. Consequently, by integrating Eq. (3), the
martensitic nucleus density at temperature 7, N(7), is given
as:

d(AG”"H“/) M, —-T)= e M, —-T 4
S M- =T @)
where M; is the martensite starting temperature.

It is well known that the growth rate of martensite is
very high (possibly to hundreds of meters per second).
Hence, many classic martensitic transformation models is
based on the assumption that martensitic growth is
approximately instantaneous [14, 23, 27-33]. Fisher-Hol-
lomon—Turnbull model [27] tactfully proposed that the
firstly generated martensite sub-grain (namely lath or plate)
partitions an initially fully austenite grain. Martensitic sub-
grain size gradually decreases, since the volume of parti-
tioned austenite grain gets smaller as the transformation
progress. Obviously, this model cannot be applicable to the
presented experimental results, since the martensitic lath
width is approximately uniform (see Fig. 2). As mentioned
above, Magee model [14] based on the classic K-M
equation builds the assumption of athermal nucleation and
equal grain size, which is more qualified with the present
work. Guimaraes et al. [32] modeled lath martensite
transformation  considering autocatalytic nature of
martensite, which is also based on the assumption of
instantaneous growth of martensite.

In the previous work, the authors have investigated the
kinetics of martensite formation in Fe—Al alloys and found
that the velocity of austenite/martensite interface during
martensitic transformation is about 2 x 10~* m/s, which is
much lower than thatin a variety of materials [ 17]. Further, in
multi-composition alloys (such as high Cr ferritic steel used
in this project), various types of undissolved or precipitated
second particles (as M»3Cg, MX and M5C [34]) would hinder
mobility of martensitic interfaces and thus decrease growth
rate of martensite. Therefore, the growth rate of martensite
should not be ignored in the presented work. Nonetheless,
length of martensitic lath is far greater than width of that, so
the assumptions are reasonable that the lengthening rate of
martensitic lath is instantaneous, and the thickening rate of
that is equal everywhere. Based on this approximation, the
lath is certainly cylindrical in shape, and the volume of one
martensitic lath V), at T can be expressed as:

N(T)=¢

1 T
Vyp = - nl? / vdT (5)
4 T,

where L is the average length of martensitic lath, 7, and T
are the starting temperature and finishing temperature for
lath growth, respectively, v is the average thickening rate of
martensitic lath. Consequently, the extended volume of
martensite V° is given as:

T
dN(T)
Ve = Vi VydT
[ v

Ms
T le T

= V——nL2</ vdT)dT 6
e dT 4 T ‘ (6)

where V) is total volume of sample.

The extended volume V° must be corrected, considered
“hard” impingement of the randomly distributed growing
particles [35, 36], and the real transformed fraction f can be
obtained as:

B Ve 1dN _, 2
f=1 exp( Vo) =1 exp( S dT nL v(Ms —T) )
(7)

The average length of martensitic lath L can hardly be
determined by TEM images, so the value of 10 pm is
estimated according to Ref. [37]. Besides, value of nucle-
ation rate dN/dT is difficult to be experimentally obtained.
Nevertheless, it can be calculated by Eq. (4):

dN  N(M;) (8)
dT M, — M;

where N(My) is the martensitic nucleus density at temper-
ature My, namely martensitic lath density. Thus, it is easily
obtained as:

1

(Me) =< ©)
where V is the average volume of martensitic lath.
According to Eq. (5), V can be expressed as:
V= law

=-7

4

where W is the width of martensitic lath, which is deter-
mined by TEM images (see Table 3). Thus, value of
martensitic lath density N(My) and nucleation rate dN/dT
can be determined (see Table 3). N(My) is slightly
increased with increasing of the cooling rate, due to the
decrease in width of martensitic lath. In addition, dN/dT
basically remains the same regardless of the cooling rate.

As discussed above, dN/dT only depends on d(Ag:i )

(10)

and ¢

[see Eq. (3)], both of which depends on the chemical
composition of martials and/or austenitizing conditions,

@ Springer
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Table 3 Kinetic parameters of . S } _ 3 13 )

the modified high Cr ferritic Cooling rate (°C/min) W (m) NMp) (m™") dN/AT (°C™ 'm™”) v (m/s)

steel samples upon different 2000 3.0 x 1077 142 x 10'8 1.34 x 10' 124 x 107

cooling rates 7 8 16 _6
4000 2.8 x 10 1.62 x 10 1.28 x 10 1.99 x 10
6000 2.6 x 1077 1.88 x 10" 1.30 x 10'° 249 x 10°°

independent of cooling rate. Hence, the calculated values
of dN/dT are consistent with the presented model well.

Combining Egs. (7), (8), (9) and (10), the fraction of
martensite f can be expressed as:

1 v(M—T)

= 1 — —
f P\ T 2w(m, — M)

(11)

It is found that the fraction of martensite f is irrelevant to
the lath length L, which is due to the infinite growth rate of
martensite along the lath length assumed in the presented
model.

By fitting experimental data to the model, the thickening
rate of martensitic lath, v, can be obtained, as listed in
Table 3. Figure 3 displays the dependencies of the exper-
imental f and the fitted f on temperature. The experimental
results are in well agreement with the predicted values of
the model. As can be seen from Table 3, the growth rate of
martensite, v, is accelerated by increase in cooling rate. It
implies that martensitic transformation is promoted as the
cooling rate increases, since the nucleation rate dN/dT is
independent of the cooling rate. Comparing with our pre-
vious results, the growth rate of martensite in this work is
two orders of magnitude smaller than that in Fe-1.0 %Al
(at.) alloy [17]. This inconsistency can be explained as
follows: (1) High strength of the modified high Cr ferritic
steel employed in this experiment hinders the interface
mobility for the shear-dominated martensitic transforma-
tion (the yield strength of this steel developed by our group
is high to near 800 MPa at room temperature [38]); (2) the
value of lengthening rate of martensitic lath is assumed as
infinite, leading to the underestimation of the real velocity.
Even so, the fitted values of v have the definite reliability of
physical realness, which are compatible with those
observed for pure iron (~3x 107° m/s") [39] and Cu—Al-
Ni alloy (about 107° to 102 m/s) [40]. Furthermore, the
interface velocity for the massive y(austenite) — o(ferrite)
transformation as measured in pure Fe [41], Fe-2.96 % at.
Ni [42], Fe-2.26 % at. Mn, and Fe-1.79 % at. Co [43] has
been determined as in the range from 1.0 x 107° to
4.5 x 107° m/s, obviously approaching to the value for

' Some claimed that so slow interface velocity may be due to the
presence of carbon impurity (~0.03 wt%), and the measured value
must be characteristic for the massive transformation in ultra-low
carbon Fe-based alloy. Recent result also indicates that interface
velocities with a martensitic nature in pure iron could reach values in
the range of 200-700 m/s [18].

@ Springer

martensitic transformation in this work. The interface-
controlled JIMAK model has been developed to describe
the kinetics of massive transformation. In the interface-
controlled IMAK model, y/a interface velocity is essential
to y — o transformation, of course unable to be considered
as infinity. Similarly, it can be recognized that the growth
rate of martensite (at least in the high Cr ferritic steels
employed in this project) should not be regarded as infinity,
and both the nucleation and growth for martensite would
take effect on the course of transformation.

5 Conclusions

Kinetics of martensitic transformation in the high Cr fer-
ritic creep-resistant steel upon various cooling rates was
investigated by microstructural observation and high-res-
olution dilatometric measurements. A non-instantaneous
growth model for martensitic transformation has been
developed. Based on the experimental results and model
analysis, it can be concluded as follows:

1. The proposed non-instantaneous growth model well
describes the characteristics of athermal nucleation and
non-instantaneous growth of martensite. The growth
rate of martensite is found to be varied from 1 x 107°
to 3 x 107® m/s. The so low mobility velocity of
martensitic interface may be ascribed to the high
strength of high Cr ferritic steel, and the assumption of
infinite lengthening rate of martensitic lath.

2. Nucleation rate of martensite remains nearly the same
irrespective of different cooling rates, which is com-
patible with the classic K-M equation and Magee
model.

3. The growth rate of martensite can be accelerated by
increasing cooling rate. Martensitic transformation
would be promoted with the increase in cooling rate,
since the nucleation rate is independent of the cooling
rate.
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