Driving Force and Thermal Activation in Martensite Kinetics
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A formal kinetics equation derived by the authors in previous work to provide a unified
description of martensite transformation is applied to martensite transformation curves
obtained with different iron-base alloys under different conditions. In previous work, our
formalism was shown to describe athermal as well as isothermal martensite transformation. In
this work, it is demonstrated that our unified formalism is able to describe isothermal martensite
transformation under depressurization, in the presence of a magnetic field and induced by
applied strain. We found that the values of the apparent activation energy fall roughly within an
order of magnitude and are compatible with the results reported in the literature. Other
important features of martensite transformations, such as, martensite embryos, autocatalysis,
and chemical driving force are also discussed. We suggest that our findings are qualitatively
compatible with the view that in a favorable environment, austenite can evolve into metastable
embryos that are promoted to nuclei, eventually. The embryo—nuclei transition could be

regulated by a small barrier overcome by thermal activation.
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I. INTRODUCTION

THE properties of engineering steels during produc-
tion, manufacturing, and use depend upon our ability to
exert microstructure control. Among other means,
martensite transformation has been proven especially
useful. However, martensite is not as trivial as the
previous sentence may convey. Although vintage abaci
and compilations have been replaced by modern data
bases, so did the complexity of issues emerging from the
development of new steels and steel usage, a scenario
that supports further delving fundamental aspects of
martensite particularly in steels.

Martensite in steels is typically heterogeneous and
autocatalytic. The reaction proceeds by the nucleation
of new units instead of growth of a few ones. Observa-
tion of plates in self-accommodating “‘zig-zag’ patterns
is common, as shown in Figure 1. The reaction kinetics
responds to mechanical stimuli, hydrostatic pressure,
and magnetic fields, as will be discussed in Sections IV
through VI.

The usefulness of classical homogeneous nucleation
concepts to martensite was questioned early as the
approach failed in providing a unified view of the
perceived characteristics of martensite kinetics. To cope
with the issues, it has been postulated that composi-
tionall! or structural martensite embryos!? be part of
the nucleation process. The second type of embryo has
been further developed. In the meantime, acknowledged
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crystallographic aspects of martensite pointed out that
the martensite-austenite interface should be semicoher-
ent.’) Extension of the concept to the realm of the
martensite nucleus yielded a nucleation barrier that
would not be overcome by thermal fluctuations alone.
This led to relocation of the critical barrier from
austenite—martensite to embryo—martensite. Single-
domain embryos with semicoherent interfaces were
assumed to propagate into martensite by punching out
dislocation loops to maintain semicoherence. The cal-
culated activation energy for this process is much less
than the overall nucleation barrier for a semicoherent
nucleus. A linear relationship between the activation
energy for nucleation and driving force is a character-
istic of the model.™¥

Later, Olson® proposed a reaction path comprising
the dissociation of an austenite defect into a bec fault
assembly driven by the available free energy. Propaga-
tion into martensite would become barrierless for a
negative fault energy. The process requires dislocation
motion (the partials bounding the fault); hence, it
depends on thermal activation that may lead to time-
dependent transformation. A linear relationship between
activation energy and driving force is also predicted.

Meyers!® considered dynamic aspects of the growth of
martensite. A nucleus should be formed in a highly
compressed state. Propagation of such nucleus generates
two coupled waves (longitudinal and transverse with
respect to the plate’s midplane). The longitudinal wave
generates the midrib and activates a transverse wave
that transforms austenite into martensite (thickening)
until it is overcome by attenuation. Transformation
strains imposed in the surrounding austenite in a
wavelike manner by the transverse wave and the
resultant debris are partially inherited by the martensite
plates, as corroborated by Shibata er al.l”?

Ghosh and Olson!® analyzed the mobility of the
martensite-austenite interface as the critical step in the
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Fig. 1-—Martensite plates in Fe-31.9 mass pct Ni-0.02 mass pct C
athermally transformed during cooling to 77 K.

heterogeneous barrierless nucleation of martensite
pursuing a propagation concept described by Magee.”!
Their computations indicate that the composition depen-
dence of the athermal frictional work for the martensite
interface is of the same form as that for slip deformation.
It is noteworthy that the model described the composi-
tional dependence of the martensite start temperature in
multicomponent alloys with an accuracy of +40 K.

Kakeshita et al"'? brought up a unified rational-
ization of the time-dependent and time-independent
modes of martensite transformation, in which relevant
particles (atom, electron) must acquire a certain critical
energy to change the state from austenite to martensite.
The transition probability is given by a Boltzmann
factor with a free energy of activation determined by the
difference between the driving force to start martensite
and the difference in Gibbs free energy between mar-
tensite and austenite. However, transformation is only
observed when a cluster of excited particles exists in the
austenite. The volume of a cluster was estimated to be at
most 2 nm®. It is noteworthy that nucleation of multi-
domain units in iron alloys and steels!'* has been found
to be compatible with a nucleation barrier ﬁ of the
magnitude of the nucleation barrier estimated for
homogenous nucleation of single domain nuclei.””! More
recently, a phase field microelasticity model of hetero-
geneous martensite transformation!'*!'*! incorporated in
its construction this idea that in a favorable environ-
ment austenite may evolve into embryos. According to
this model, those embryos, made of stress accommo-
dating microdomains, could be either metastable or
unstable and propagate barrierless. The former embryos
demand thermal activation to propagate.

This brief summary highlights significant advances in
the understanding of fundamental aspects of martensite
kinetics. It is clear that, in spite of progress achieved in
the understanding of martensite, formal issues relating
to the different kinetic modes of martensite transforma-
tion are still relevant.['® 2"

In previous work,'?>” the present authors developed
a formal approach to discuss the kinetics of the
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initiation'"” and subsequent evolution~™ of martensite
transformation. The theory provides a unified descrip-
tion of martensite microstructure and transformation
curve and was successfully applied to both athermal and
isothermal martensite.

In the present work, we show that such a unified
description also applies to isothermal martensite trans-
formations in which austenite is subjected to depressur-
ization, magnetic field, or applied strain. Martensite
transformation by and large has been studied with focus
on certain alloys and experimental conditions. Specifi-
cally, we analyze data from transformation curves of
isothermal martensite induced in martensite iron-base
alloys by different means.

II. INITIATION OF MARTENSITIC
TRANSFORMATION

The small particle experiment of Cech and Turn-
bull®" demonstrated that austenite particles from the
same alloy start transforming at different temperatures,
stressing that nucleation sites are initially scarce and not
equipotent.

The probability that at least one nucleation site exists
in a particle of mean volume ¢ is exponentially related to
the number per unit volume of material of sites for
martensite nucleation available to propagate down to
temperature 7 1221

P,(T) =1—exp(—gn}) 1]

The value of P,(T) may be equated to the volume
fraction of material in partially transformed particles.
The values of n}, obtained by fitting the data from Cech
and Turnbull®” with Eq. [1], were shown to correlate
with the reaction driving force, AG, and the temperature
7" using the following expression:

AG — AG
o = (2 2

where n9 stands for the value of nl when

AG — AGy = kT. The product k7T was used in Eq. [2]
to homogenize units. The term AG is a critical value of
the chemical driving force for nucleation sites becoming
viable martensite embryos. In order to avoid possible
confusion, it is important to clarify that we denote the
driving force, which is defined as usual as minus the free
energy change of austenite to martensite transformation.
Therefore, the driving force is a positive quantity in
spontaneous transformations.

Equation [2] does not distinguish whether martensite
kinetics is time dependent. It is worth noting that the
value of n% can be influenced by thermomechanical
treatment, b%/ autocatalysis, or by an external field. The
values of nj determined by fitting the small particle
transformation data with Eq. [2] do not reflect the
counted nucleation sites but actual nucleation events;
that is, they relate to the conversion of embryos into
nuclei. Henceforth, the ratio 29-4% gjves the factor by

KT
which driving force and temperature influence the
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density of nuclei. If the conversion of embryos into
nuclei were thermally activated, the density of nuclei

AG AGn exp E/;

would be proportional to ) The expres-

sion is model dependent, although, formally, it fits the
framework of absolute rate theory applied to isothermal
martensite® as well as being in agreement with the
concepts described in References 10 through 12. Let ¢ be
the experimental variable, e.g., time or strain. The £-rate
of change of the number per unit volume of martensite
units isothermally formed at temperature 7 is formally
written as

dNy

dé
where V), is the martensite volume fraction and R: the
rate factor. If thermal activation is involved,

\J E
R: = Eexp (—ﬁ) [4]
where v is the lattice frequency, & is the time-rate of

change of &, and E, is an apparent activation energy.
Combining Eqgs. [2] through [4] gives

dNy o (AG — AG, E,
d—i_nV(—kT )(1 VV)éeXp( kT) [5]

AG—AGy
kT

nl(1— V)R 3]

Since the ratio increases with increasing
driving force beyond AG, or decreasing temperature, a
“C-curve behavior” can be described by Eq. [5]. This
has been demonstrated!"” by considering the initial rate
(at 0.002 fraction transformed) of isothermal martensite
(£=time) in Fe-23.2 mass pct Ni-2.8 mass pct Mn.*#
The values of the parameters in Eq. [5], obtained in
Reference 19, are repeated here for convenience:
nY = 3800 m >, AG, = 2.9-107! J-event™!, and E, =
7.5:1072! Jevent !

It is noteworthy that the value of E, is similar in
magnitude to the activation energy ~4:1072' J-event ™
for the “growth of a martensite embryo” obtained by
Kurdjumov and Maximova.*>?* As already mentioned,
the value of n} can be influenced by thermomechanical
treatment, by autocatalysis, or by an external field. As a
matter of fact, the value of 1% obtained in Eq. [19] is
significantly distinct from the 10'* m > generally admit-
ted for the den51ty of initial available nucleation sites.

In a previous article,*” the present authors have
shown that an expression for nj, compatible with the
reaction condition, Egs. [2] and [5], could be applied to
describe the transformation curves of FeNiMn isother-
mally transformed as well as that of FeNiC athermally
transformed by quenching below M.

III. EVOLUTION OF MARTENSITIC
TRANSFORMATION

The model development required an analytical
description of the volume fraction transformed, V7, as
a function of the number per unit volume, Ny, of
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martensite units. The underlying assumption of the
analytical model advanced in Eq. [20] to convert num-
ber per unit volume into volume fraction transformed,
Vi, = ®(Ny), is that, factually, the diameter of a
martensite midplane is limited by the size of the
untransformed austenite volume where it forms. Thus,
the length of a newly formed midrib can be considered
an estimator of the mean free distance observed on a
polished section of a partially transformed material. As
a result, the number per unit volume of martensite
plates, Ny, dl’ld the area of martensite midplanes, Sy,
are related as'®

Ny =2o((Svn+Sv,)'=53,) 6]

where Sy, is the area per unit volume of internal
boundaries in the austenite. Equation [6] has no
adjustable parameters. For martensite plates with the
shape of slender oblate spheroids of aspect ratio «,*"

16 48N
V= ooin( 14" [7)
o nSV,y

The validation of this equation was accomplished as
described in Reference 20. However, Eq. [7] probably
does not work when the austenite grain size becomes
very small. In this case, the reaction pattern resembles
that observed with a particulate.”") Martensite units are
initially contained in a few clustered grains. Subse-
quently new clusters are formed elsewhere, spreading the
reaction throughout the material. This aspect of mar-
tensite transformation has been named ° spread "7 1t
has been shown that during spreading, it is realistic to
admit that the mean plate volume, v, remains con-
stant!® and V,, = ¥Ny can be used instead of Eq. [7].

Autocatalysis is foremost regarding the shape of a
martensite transformation curve. Actually, autocatalysis
is effective from the beginning of the reaction. During
spreading, autocatalysis can be operationally described
by a unitless parameter, as discussed elsewhere.*”
However, a more complex situation exists when the
martensite units form mainly between existing plates,
e.g., in partially-transformed coarse-grained austenite.
Autocatalysis under such “fill- 1n” condltlon has been
described as a volume effect,***! although, admit-
tedly,’**? the martensite-austenite interface should be
expected to have a role in that. The propagation of a
martensite plate introduces debris in the surround1 %
austenite, which interact with the thickening plate.®
Thus, the martensite-austenite interface must have an
effect on the availability of autocatalytic nucleation
sites. Assuming that autocatalysis is dominant,?” the
product a,.Sy,,, replaces Y in Eq. [2], giving us

AG — AG
”5 = aa(?SV,mv (T())

where a,. is an autocatalytic scale factor per unit area
of martensite-austenite interfaces, and Sy, is the
area per unit volume of martensite-austenite interfaces.
For slender oblate spheroids, Sy, = 2Sy,,(1 — Vy),

8]
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where the term 1 — V) accounts for plate-on-plate
impingement. Therefore, Eq. [8] becomes Sy ,,,,:

]

AG — AG
nYI;,ac = 2aa(?SV,m(1 - VV)( 0)

kT

Combining Egs. [5], [7], and [9] and recalling that AG
is nearly linear dependent on temperature in the range
relevant to martensite transformation in steels gives us
the following expression for the transformation curve:

9Imexp 2Ly
x dV
/ 160 (exp () — 1) "

AR

96""‘ ,AS is the entropy change, k is the

where 4 =

Boltzmann constant and T is the temperature at which
AG(T") = AGO

During “‘spread,” it should be apparent that the
importance of the initially available sites is not entirely
overwhelmed by autocatalysis. To account for that,
autocatalysis has been operationally described by a

unitless factor,””! &,.. Henceforth, Eq. [2] becomes
AG — AG
(S8

Making the approximation V' = vNy, the analog of
Eq. [10] during spreading is

/76”/’/ = AS/AS(Tk T>‘{exp (—> dé¢ [12]
(1="y) k T )¢ kT
where 45 = nYa’ v.
In the following sections, we rely on data that have
been published in referenced scientific journals. The
diversity in the data base, unavoidably, percolates our
analysis. However, to minimize variations from compi-
lation, the data scanned from the original publications
were digitized and consolidated by reiteration and by
averaging out small variations. Nonconspicuous data
points were ignored. Generally, the original data sources
used in this work do not report error bars. Experience
with quantitative stereological techniques suggests that
+10 pct relative error is not an unreasonable estimate of
errors associated with such measurements. Of course, in
some cases, one can obtain errors less than this, say,
+5 pct, but in many cases, errors can be larger, say,
+20 pct, particularly for quantities that are derived
from the ratio of two measured quantities. We believe
410 pct error in the absence of data is a reasonable
guide, and we inserted error bars corresponding to this
to all data obtained by stereological techniques or any
result from expressions that take a stereological quan-
tity, e.g., VV, as input. It is worthy of note that both our
calculated R* values and the visual inspection of our
graphs that follow suggest that the error might be less
than this estimate. A smaller error would highlight
the good fit of the models presented subsequently.
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Nonetheless, owing to the lack of available information
from the data sources, we decided to use what are
probably conservative error bars.

IV. DRIVING FORCE INDUCED
TRANSFORMATION

The driving force increases as the temperature
decreases. The martensite volume fraction obtained by
continuous cooling below the martensite start temper-
ature, M, results from athermal or anisothermal trans-
formation.*> However, Xie er al.*®! were able to induce
plate martensite formation at constant temperature in
Fe-21.5 mass pct Ni-0.95 mass pct C, a typical “ather-
mal alloy,” starting with single crystals cooled under
hydrostatic pressure to stabilize the austenite down to a
fixed temperature. Then, by releasing the pressure to
increase driving force, martensite was obtained at
constant temperature. The martensite volume fraction
as a function of pressure is reported in Reference 36. To
take into consideration the effect of hydrostatic pressure
on the density of nucleation sites at constant tempera-
ture, ignoring the effect of pressure on volume
change,"" Eq. [9] is recast:

IT - 11
n,T,H = 204cSym(l — Vy)epvm <TOT> (13]

where ¢ is the Bain strain, v,, is the molar volume, IT
stands for pressure, and Il 7 is the critical pressure for
transformation to start at temperature T. Furthermore,
repldcmg ¢ bgfél‘[ (pressure) in Eq. [10], df %, recall-
(i

ing that 4 = Sﬁ“‘, and integrating obtains’

In VV)

v 9mexp (3
In(Vy) =
100~ [ e 1

1 + 113
%) = ZP(I) [14]

dVy

== (n-nw -

where V., is the fraction transformed at Il ;. The
term E is defined by

=_ =0 E,
2 =— 1
2exo( -7 i
and Z, by
_ 96a4. (veRVm
Eo = —p < 5 ) [16]
nSy, \ RII

where Z is given in units of pressure’ and Z in units of
temperature x prc:‘:ssurc:‘:*2

The experimental data from Reference 36 were fitted
with Eq. [14], using E as a fitting parameter, as shown in
Figure 2. The slopes of the lines through the data points
(E values) are negative, because increasing driving force
is achieved by decreasing the pressure. Values of E in the
range 0.38 to 0.58 indicate cooperatlve plate arrange-
ments typlcal in bursting alloys.®”! The determination
coefficient (R?) is significantly higher than 0.90, as can be
observed in Table I, where a summary of the numerical
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Fig. 2—Martensite induced by a decrease in hydrostatic pressure.

Data from Xie erall® plotted after Eq.[14]. In(Vy)=
2 2
fV[ ] %dw/ and P(IT) = -y 7 — i +2H°'T (for details, see

q. [14)].

Table I. Analysis of Data from Driving Force-Induced
Martensite

IT, GPa-s™! 4.17:107* 2.50-1073
Temperature, K 160 96 147
=, GPa™? 346.8 149.7 296.9
o 0.38 0.49 0.58
R 0.94 0.99 0.97
E,. Jevent™ 4.33-107%! —
Ey, K-GPa ™2 4.24-10° —

parameters can be found. Unfortunately, not every data
set shown in Reference 36 was acquired under the same
rate of pressure release. Hence, only the E values from
transformation at 96 and 160 K with the rate of pressure
release of 4.17-10~* GPas~!, Figure 2, were used to
calculate E, and Zy. The aPparent activation energy so
obtained, E = 4331072 Jevent™!, compares with
that obtamed from isothermal martensite in FeNiMn
at atmospheric pressure, 19201 a5 well as Wlth the
8.24:1072" J-event ' reported by Pietikiinen®® with a
different model. This convergence of E, values will be
observed in other instances as well. From the value of
) = 4.2410° K-GPa %, we obtained a, = 1.8:10°%
m~2  For that, we used R = 83JK !'mol!,
¢g = 0.03, and v,, = 7.1'10°° m*> from Reference 38,
and S;, = 883 m™ ' estimated from the dimensions of the
crystals used in the experiment. It is worthy of note that
the value of a,. is much smaller than 1.4:10° m 2
obtained with FeNan isothermally transformed at
ambient pressure.*”) The reason for this is not straight-
forward. The magnitude of the hydrostatlc pressure used
in the experiments (1 5 GPa) is well above the atmo-
spheric pressure: 10~* GPa. Our estimate of S} did not
take internal boundaries into consideration. Notwith-
standing, it is apparent that thermal activation could also
be effective in martensite formed at temperatures
approaching the martensite start temperature. The
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existence of common fundamentals between time-depen-
dent and time-independent modes of martensite trans-
formation has been already pointed out in Reference 39.

V. TRANSFORMATION UNDER
MAGNETIC FIELD

The chemical driving force for martensite transforma-
tion in iron alloys is affected by magnetic field*”! and so
is the transformatlon curve The experiments described
by San Martin er al.*"! demonstrate the influence of an
external magnetic field on the time-dependent martensite
transformation in a Fe-12 mass pct Cr-9 mass pct Ni-4
mass pct Mo-2 mass pct Cu steel. However, the small
austenite grain size ~6 to 810 'mm reported in
Reference 41 permits assuming transformation under
spread. Since a magnetic field affects both AG and AG,,
the effect on their difference is null. Equation [12] can be
directly used to analyze their data after replacing & by
time, ¢, and noticing that % = 4. Integration between
times h and ¢ to avoid the comphcatlon of incubation
time gives us

Inag (V) = 1n(11‘4?;) —os(TW(i—1)  [17]

where g is defined by

os() = 4S2ST =T
0

E
T exp( k;) (18]
where 45 = nYa’,v.

The data from Fe-12 mass pct Cr-9 mass pct Ni-4
mass pct Mo-2 mass pct Cu heat treated and trans-
formed under field strengths of 2 and 4 T*! were fitted
(v = 10" s™" to Eq.[17], (Figure 3). The values of
os(T) from Table II were used in an Arrhenius plot (not
shown) to obtain the apparent activation energy, E
The term 7" was used as a fitting parameter, and
%5%0'5_[42] Similar values of 7°, 254 K at 2 T and

256 K at 4 T, yielded a determination coefficient (R?)

T T T

/mag( VV )
Se—o—
~

Temperature = 213 K
o0 2T experimental

2 T best-fit straight line 1
o 4 T experimental

— — 4T best- flt straight line

0.0 SR -
0.00 0.02 0.04 0.06 0.08

VA£x10' (S)

Fig. 3—Martensite transformation at 213 K under 2 and 4 T mag-
netic field. Data from San Martin et al™! plotted after Eq. [17],
Inag(Vv) =In=2 and At = 1—1,.
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Table II. Analysis of Data from Heat-Treated Fe-12 Mass

Pct Cr-9 Mass Pct Ni-4 Mass Pct Mo-2 Mass Pct Cu Steel
Field Strength, T 2 4
Temperature, K 213 233 253 213 233 253
os(T) x 10" 257 3.07 1.03 690 100 2.33
R’ 098 097 096 094 081 0.99
E,, J-event™ 3.5107% 4.5107%°
A4° 4.31077 3.8:107°

better than 0.90. The values of E, and 4° are shown in
the bottom of Table II.

Unfortunately, the values of aj,. and v are not known,
hindering calculation of 9, from 4.

VI. STRAIN-INDUCED MARTENSITE

In this section, we are concerned with martensite
formed during PldSUC deformation of some steels, e.g.,
stainless steels and high-strength low-alloy steels
(HSLA).[4®!

The details of the microstructure of strain-induced
martensite in stainless steel and HSLA are difficult to
quantify. The martensite units are very small and the
assumptlon of a constant mean martensite plate volume,
v, 1s acceptable 42150 that V) = ¥Ny can be used instead
of Eq. [7]. It is also generally accepted that deformation
debris include potential nucleation 51tes such as shear
band intersections.*>*"**) 4d hoc, nT, will be expressed
by the product N(e )% Where N(e) gives the strain
(¢) dependence of the density of the potential nucleation
sites (including the autocatalytic ones). Henceforth, it
can be shown that the following equation should
describe the strain-induced martensite transformation
curve, if thermal activation is effective:

EA jN“)"S

[19]

In 1-— VV1 VAG AGO
1-Vy f kT

where & is the strain rate and the other terms are as
defined previously. The integral in Eq. [19] may be
evaluated from (V' 1,6) to (Vy.e) to avoid the compli-
cation of the initial condition. The term ¢, is the strain at
which a meaningful volume fraction of martensite, V|,
1-Vy,

l/,/[/1
constant temperature allows fetching N(g). N(¢) = n.e"
fits purpose. The term n, is given in sites per unit
volume, and m is unitless.

Substitution into Eq. [19] yields

as a function of ¢ at

is obvious. Analyzing ln(

where

METALLURGICAL AND MATERIALS TRANSACTIONS A

[ o experimental, 77K
best-fit straight line
0.8 |- o experimental, 160K

" & " experimental, 285 K]
- - - - best-fit straight line
¢ experimental, 313 K]

— — best-fit straight line

Bl 4t |

- - - best-fit straight line

> o4 A -
~© B é /,,'§ T
¥ o
or A"
02} gs - g
5”7 L= .
s BT P
(o I e
0.0 .9 | | | | N
0.00 005 0.10 0.15 0.20 0.25 0.30 0.35
1(e)

Fig. 4—Strain-induced transformation in AISI 304,49 as described
by the model in Eq. [20]. The determination coefficient (R?) is 0.96
or better. Values of m are given in Table III. I,(Vy) = ln(l ';,'V‘) and

I(¢) = f: &"de (for details, see Eq. [20]).

Table IIl.  Average Composition of Ni-Cr Steels'**! in Mass
Percent: (a) Steel I from Angel™! and (2) Steel II
from Shin er al*

Steel C Si Mn Cr Ni Mo Ni, Mass Pct
I 0.135 044 044 1730 7.4 0.30 22.35
11 0.085 0.56 1.05 18.07 8.5 0.18 21.22

Table IV. Results from Fitting Equation [20] to Ni-Cr Steels

Steel 1144 Steel 114!

T,K o) m R TK o) m R’

85 27.67 0.5 097 77 4.87 0.5 097
203 933 0.5 098 206 4.12 0.5 099
243 1279 05 099 223 3.56 0.5 0.96

273 556 0.5 094 243 2.66 0.5 099
283 375 05 094 278 1.34 0.5 099
295 508 2 0.97 285 1.31 1 0.99

— — — — 301 0.53 1 0.99
— — — 313 0.46 2 0.98

Inspection of Figure 4 and Table IV indicates that
transformation data from the steels listed in Table I1I
can be described by Eq. [20], using m as the fitting
parameter. It is worth noting that m = 0 and increases
abruptly at high temperatures, as 7— T*. This could be
expected since generation of strain induced embryos
would be less favorable as AG — AG(, demanding more
mechanical stimulus.*”! Inspection of Table IV also
discloses that o,(7T) appears more affected than m upon
switching from steel I to steel II. These values of . (7)
from Table IV were used in an Arrhenius plot to fetch
thermal activation, by rearranging Eq. [21]:

kT o.(T _ E
In (E;‘ (_ )T) =In (énsv) - ﬁ [22]
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Table V. Other Model Parameters from Fitting
Equation [19] to Ni-Cr Steels

Nig.
E, Jevent™' R*> T, K Mass Pct

D>

I 1.0-107% 1.5-1071° 2.5-1072!
o 421073 5107 221072

Steel &, s7! n,v

0.94 315 22.35
0.68 321 21.22

0.20 T T T T
o experimental 3.33-10%, 298 K
best-fit straight line
o experimental 3.33.10%, 423 K
0.15 | - — -best-fit straigth line
A experimental 3.33:10°, 298 K
"; | ¢ experimental 3.33.10°, 423 K
AN
=, 010 -
0.05 + E
s} = -
a---wT 77T
————— L
000 ==== : : :
0.0 0.1 0.2 0.3
/()

Fig. 5—HSLA steel datal® plotted after the model Eq. [20] with
high fitting determination coefficient. 7,(Vy) = ln(lli?;) and
I(e) = [; ¢"de (for details see Eq. [20]).

The plot of the data after Eq. [229 can be linearized by
fitting 7" and using AS/k =~ 0.5.%% The resulting E,
values support the conclusion that thermal activation is
also effective in strain induced martensite. Moreover,
the magnitude of the apparent activation energy values
listed in Table V compares with that obtained from the
initial rate of martensite transformation in FeNiMn!!las
well as with the value obtained in Section IV. Also, the
values of T° correlate with the austenite stability
estimated by the value of Nieq,[‘“’] as might be expected
(Table V). Unfortunately, the values of v are not known,
so the parameter n, cannot be discussed at this time.
Strain-induced martensite transformation in a
HSLA steel with martensite-austenite microstructure is
described by Mukherjee er al®*"!" Using the data
reported by Mukherjee et al., martensite volume frac-
tion was calculated considering an initial untransformed
austenite fraction of 0.2. The graphs in Figure 5 show
that Eq. [20], with m = 0 describes the data with high
determination coefficient. The slope of the fitted lines,
a(T) values in Table VI, shows that the temperature
and strain rate have opposite effects on o (7), as
expected in a thermally activated process. However,
with just one pair of values of ¢,(7) and two strain rates,
3.33-10 2 s ' and 3.33-10° s, it is not possible to use
correlation analysis to check thermal activation using an
Arrhenius plot. Notwithstanding that, by adjusting 7" in
Eq. [22], it was possible to obtain a similar activation
energy, £, = 5~L0*20 Jevent™!, from either data pair.
The values of 7" were 424 K at the higher strain rate
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Table VI. Strain Induced Transformation in HSLA
Steel*;’!! Parameters from Equation [20]

is”! T.K a7 m R
3.3310°° 298 0.53 0 0.81
3.33102 423 0.11 0 0.92
3.3310° 298 0.57 0 0.84
3.3310° 423 0.58 0 0.99

*Composition in mass pct: Fe-0.040C-0.49Si-1.48Mn- 0.96A1-0.10-
Mo-0.024Nb-0.0009S-0.0005N.

and 428 K at the lower strain rate. It is seen that T" is
not much affected by strain rate; however, the product
n,v varies from 1.4-107'2 to 1.2:107°, a factor of 10>, the
same ratio of the imposed strain rate, 3.33-107° and
3.33:10 2. A possible significant effect of the strain rate
on n, cannot be dismissed at this time. In fact, this is a
topic that deserves further investigation, because many
steels designed to benefit from strain-induced martensite
(TRIP steels) endure high strain-rate deformation in
processing or usage.

VII. DISCUSSION

In previous work, a unified model was presented for
the initiation""” and subsequent martensite transforma-
tion.””! These are described in Sections II and III,
respectively.

The main model results used in this work are Egs. [10]
and [12], which describe martensite transformation
when “fill in” or “‘spread” predominates, respectively.
Equations [10] and [12] are written as a function of a
progress variable ¢ In Guimardes and Rios,?” ¢ was
identified with temperature 7 for athermal martensite
transformation in a FeNiC alloy and with ¢ for
isothermal transformation in a FeMnNi alloy. In both
cases, martensite transformation could be successfully
described by the unified model (References 19 and 20
provide details).

In this work, we took the unified model a step further,
showing that the same formalism can also be success-
fully applied when isothermal martensite transformation
takes place under a magnetic field, ¢ = ¢, or is driven by
a decrease in hydrostatic pressure, £ = II, or is induced
by applied strain, ¢ = &. In each case, a good agreement
was obtained between the model equations and exper-
imental data with a reasonably high coefficient of
determination, R>. This can be seen from the results
depicted in Figures 2 through 5. A summary of numer-
ical results for all data can be found and is summarized
in Tables I through VI.

The unified model is a formal or phenomenological
model. Therefore, even though its parameters are related
to the physics of the transformation, no specific mech-
anisms were assumed. As a consequence, the values of
the parameters obtained by fitting such diverse mar-
tensitic transformations may reflect different underlying
mechanisms. Thus, large differences in one parameter
from one reaction to another might indicate a significant
change in underlying mechanism. By contrast, the lack
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of such a difference, or the fact that the difference is
relatively small, might well mean that the underlying
mechanism might be the same for the alloys analyzed.

Two key features of martensite transformations,
autocatalysis and activation energy, were taken into
consideration by the model and a specific parameter was
assigned to each of them. Namely, a,. or «,. for
autocatalysis and E, for activation energy.

By factoring the kinetic equation into an athermal
(driving force dependent) factor, AGETAGO, and a thermal
activation factor expressed by the Boltzmann factor, we
obtained values of apparent activation energy, E,,
within an order of magnitude. These E, values are
compatible with previous results of the activation energy
for martensite nucleation found in the literature. This
finding strongly suggests that a similar barrier regulates
martensite transformation induced by different means in
the various alloys at constant temperature. Moreover,
the small values of E, imply a barrier smaller than the
classical barrier for a single-domain nucleus. It is a
contention that the similar E, values express qualitative
agreement with the view that martensite nucleation
comprises an austenite defect that catalyzes embryo
formation.®* > The embryo—nuclei transition occurs
barrierless or could be regulated by a small barrier
overcome by thermal activation.'"* Moreover, the small
values of £, imply a smaller barrier than that calculated
for the classical barrier of a single-domain nucleus. The
ratio % inferred from the small particle data®®" is
consistent with a time-independent generation of em-
bryos.

Comparing the values of the autocatalytic parameter
obtained for the diverse martensitic transformations
studied here, it can be seen that they differ by several
orders of magnitude. However, lack of experimental
data (number per unit volume of martensite units and
area of martensite-austenite interfaces) hindered further
analysis of the microstructural and geometrical aspects
of this topic. For instance, in certain cases, one has
spread in another fill in predominates. Also, the plate
size may vary or not depending of the transformation,
and therefore not be directly comparable. It is not
unreasonable that such large differences might be
compounded by different patterns of transformation
strain accommodation in the austenite. Miyamoto
et al®™ have shown that the accommodation of the
shape strain of an isolated martensite plate in the
austenite depends on the morphology of the martensite
unit, namely, plate, lath, or thin plate. It is plausible that
accommodation is also influenced by the plate arrange-
ment, which in turn is affected by the austenite grain size
and fraction transformed. Moreover, since the genera-
tion of autocatalytic sites is expected to relate to the
propagation of the martensite-austenite interface, the
dynamics of the motion of the austenite-martensite
interface is relevant, as discussed by Grujici and
Olson.”¥ Drag effects from phonon and electron as
well as from the interaction of the interface with
obstacles in the austenite may not be identical in all
alloys. Also, we assumed v = 103 s7!, although the

effective frequency of nucleation attempts may be
less. 3337
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VIII. CONCLUSIONS

1. By factoring the martensite reaction rate into an
athermal factor (driving force dependent, inferred
from small FeNi particles transformed by quench-
ing) and a thermally activated factor expressed by
the Boltzmann factor, a formal kinetic model was
developed to describe martensite transformation in
Fe-base alloys.

2. The formal theory proposed by the present
authors'”?" to describe the martensite transforma-
tion curves allows a unified description of martensite
transformation kinetics in iron alloys. Martensite
transformations, including athermal, isothermal, iso-
thermal induced by depressurization, magnetic field,
and applied strain, could all be described within the
framework of the proposed formalism.

3. The values of the activation energy, E,, obtained for
every constant temperature reaction analyzed here
fall roughly within an order of magnitude and are
compatible with the results found in the literature.
We could not find that E, follows any obvious com-
position dependence. These results support the con-
tention that E, refers not to a classical nucleation
barrier, but to some step along the reaction path.

4. Moreover, the phenomenological analysis suggested
that the driving force due to chemical and non-
chemical factors may affect the intensity of nucle-
ation events.

5. These findings are qualitatively compatible with the
view that in a favorable environment, austenite
evolves into embryos that, eventually, are promoted
to nuclei, that propagate into a full martensite unit.
The embryo—nuclei transition may be barrierless
or regulated by a small barrier overcome by
thermal activation.
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