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Abstract The initial rate of martensite transformation in
Fe—Ni and Fe-Ni—Mn is described by the product of the
probability of a nucleation site existing in an austenite
grain times the probability of its propagation. The former
depends on driving force, the latter on defect mobility. The
onset of both athermal and isothermal martensite could be
modeled in a consistent way, which suggests that both
modes have common fundamentals.

Introduction

It is generally accepted that the onset of martensite trans-
formation results from the propagation of nucleation-
related defects, which exist in the austenite. Such defects
would have different potencies and would be scarce at the
M, temperature. However, their number increases with the
driving force (the negative of the chemical free energy
change) available for the reaction [1]. Martensite trans-
formation is heterogeneous not only in the sense that
nucleation takes place at preferred sites but also in the
sense that it does not occur simultaneously in every aus-
tenite grains. Cech and Turnbull [2] were first to report the
latter behavior, regarding martensite transformation in a
Fe—-30.2mass%Ni particulate of different particle sizes: ‘it
is the of particles undergoing
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transformation at a given temperature that varies with
particle size’. A similar remark applies to martensite
transformation in bulk polycrystalline material whether
isothermally or athermally transformed. The reaction is
first observed in a few clusters of partially transformed
austenite grains. Following this the reaction starts else-
where until it spreads over the whole polycrystal [3-7].

In this work, we consider the temperature dependence of
the number per unit volume of nucleation-related defects
characteristic of particulate Fe-30.2mass%Ni athermal
transformation, as basis to model the initial reaction rate of
isothermally transformed bulk Fe-23.2mass%Ni—2.8
mass%Mn. In both alloys, plate martensite is formed at
sub-zero temperatures.

Model development

Cohen and Olson [1] reviewed the data from Cech and
Turnbull [2] and concluded that 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, nz, available to
propagate down to temperature T

Py(T)=1- exp(fqng) (1)

where a T superscript means ‘at temperature 7.
Moreover, for a large ensemble of particles, Py(T) can
be equated to the volume fraction of material in partially
transformed particles, V§, the parameter used to describe
the extent of the spread of martensite transformation over
the austenite grains in a bulk polycrystalline material, thus,
Py(T) = VE. This is justified by the fact that one nucleation
event is enough to partially transform a particle; therefore,
in the absence of particle—particle interaction, V£ is directly
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related to n!. By considering V¢ to investigate the initial
nucleation rate we can avoid the complication of
autocatalysis.

The initial rate of an isothermal martensite reaction
dNy 0.002/dt, is commonly determined at 0.002 volume
fraction transformed

dN, 0.002 — iy exp <_ K;)

dr v kT )’
where v is the lattice frequency, n! the initial number of
nucleation sites per unit volume, and W; is the activation
energy for martensite nucleation, k is the Boltzmann con-
stant and T is the absolute temperature [8, 9].

We propose here that the initial reaction rate at tem-
perature 7, I, is given by the product of Pg the probability
of nucleation site availability times P} ,the probability that
an existing nucleation site may propagate

dn,
dr

(2)

=1, = PTPL. (3)
q
By similarity with Eq. 2 we consider P} to be thermally
activated, thus, P} = exp(—£&),where Ep is the activation
energy for propagation. Inserting P} and P} into Eq. 3
gives the initial rate of martensite reaction per unit grain
volume

I, = 2 [1 —exp(—gn!)]exp (— f—;) (4)

Athermal martensite transformation in particulated
Fe-30.2 % massNi

To obtain values of nf, we pursued Cohen and Olson [1]
and recovered data from Cech and Turnbull [2] by scan-
ning and digitizing their graphs. Non-conspicuous data
points were dismissed. The compiled data, typical of
athermal transformation in particulate Fe—30.2%massNi,
have been consolidated by reiteration to average out small
variations. The grain volume was calculated from the
particle diameter, D, by ¢ = nD*/6. Recalling that Py(T) =
V&, Eq. 1 can be rewritten as

1 1 T
ln<1_Pg) :ln<1 _va> = qn,.

Figure 1 shows ln(# plotted against ¢ at the

indicated temperatures. Linear regression of the data
exhibits high correlation coefficients, R, as shown in
Table 1. Thus n! should not depend on the particle size,
and its value can be calculated from the slope of the
straight lines fitted to the data. Table 1 depicts these values
of n! which increase with increasing the reaction driving
force. Athermal martensite transformation starts when the

(5)
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Fig. 1 Volume fraction of partially transformed particles shown as a
function of particle volume and transformation temperature, data from
Cech and Turnbull [2]. Some best-fit straight lines are not shown to

avoid overloading the figure

Table 1 Regression results from Fig. 1 and values of n‘T

Temperature (K) AG (J event™b) (10721 nz (mm™3) R

233 1.990 8.73 - 10° 0.96
223 2.074 1.81 - 10° 0.98
213 2.157 267 - 10° 0.89
193 2317 5.90 - 10° 0.96
162 2.552 1.44 - 10* 0.94
123 2.820 278 - 10* 0.93

driving force, AG reaches a certain threshold indicated by
the M, temperature and, frequently, by a burst. As a
working hypothesis n! is assumed to increase with the
excess of driving force with respect to some threshold

driving force, AG,

n3 o AG — AGy, (6)

where AG is the driving force available for the
transformation. This proportionality may be expressed as
equality by introducing a pre-factor n¥ and dividing the
excess driving force by kT

0 <AG - AG0>

N s ™)

where 1Y stands for the value of n! when AG — AG,, = kT.
To check the concept, the data in Table 1 were plotted as
shown in Fig. 2. The values of AG were calculated after
Kaufman and Cohen [10].

A parametric least-square procedure was used to obtain
the values of AG, and of ”3 that allow best fit of the data
with Eq. 7. The values of these parameters are given in
Table 2. Inspection of Fig. 2 discloses a high correlation
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Fig. 2 Values of nlgraphed as per Eq. 7. The slope of this plot is
equal to nd

Table 2 Regression results from particulate data plotted in Fig. 2

7% (mm ) 5.5-10*
AGy(J event " 201072
R 0.99

fitting. Noteworthy, AGy is not far from AG at the highest
transformation temperature. As one might expect, the value
of n(v) obtained here, 5.54 - 10* mm73, is in agreement with
the value of ni, 10* mm_3, normally admitted.

Eq. 7 may be substituted for n! in Eq. 4

oo (52 )
(8)

Athigher temperatures, when the reaction is first detected,
(AG — AGy)/kT is small. Therefore, the bracketed term in
Eq. 8 simplifies (x =~ 1—e ™) yielding

AG — AG E
0 0 _Lp
I, = vn| (4“, ) exp( _kT>' 9)

Moreover, if Ep/kT is small (e.g. athermal mode of
transformation) the initial reaction rate will be much faster
and I, becomes

AG — AG
I, = [ /———). 1
(2050 (10)

In fact, it has been already suggested that the martensite
burst is a very fast isothermal reaction [11]. Notice that,
since I, = vn,, Eq. 7 is recovered. Returning to Eq. 8, at
lower temperatures, below the elbow of the C-curve, kT

and AG,:TAG" become large so that /, approaches

@ Springer

v Ep
I, =— —— ). 11
qexp( kT) (1)

Thus, a simple Arrhenius plot allows determining Ep.
Remarkably, Egs. 9-11 inferred from the analysis of
athermal martensite transformation in particulate Fe—
30.2mass%Ni, meet some results derived from
application of classical reaction rate theory to isothermal
martensite by Borgenstam and Hillert [12]. Nonetheless
they were obtained upon distinct hypothesis.

Analysis of isothermal martensite transformation
in Fe-23.2mass % Ni-2.8mass % Mn

In the sequence, the C-curve of isothermal martensite
transformation in Fe—23.2mass%Ni—2.8mass%Mn will be
analyzed based upon Eq. 9. The data used for that purpose
were originally determined as described and tabulated by
Ghosh and Raghavan [9] The authors extensively
described and discussed their experimental methods and
conditions and that will not be repeated here for brevity.
We selected their tabulated results for 0% (annealed), 1%,
and 2% plastic deformed material, and elastic stressed
(60.8 MPa) comprising a broad range of temperature and
conditions. A plot of the transformation temperatures
against nucleation rate at V, = 0.002, dN, g 002/d?, yields
C-curves of the start of isothermal martensite transforma-
tion. A plot of C-curves from their data is shown in Fig. 3.
Substituting dN, g gpo/dt for I, in Eq. 9 yields

200 + E
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Fig. 3 Transformation temperature plotted against initial nucleation
rate of isothermal martensite, dN, gqp2/d?, in Fe-23.2mass%Ni—
2.8mass%Mn under elastic load and after different amounts of plastic
deformation, data from Ghosh and Raghavan [9]. C-curves are
apparent, except for the elastic deformation
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Fig. 4 Initial nucleation rate of isothermal martensite, dN, o go2/dt, in
Fe—23.2%massNi-2.8%massMn. Experimental data from Ghosh and
Raghavan [9] plotted against the values calculated by Eq. 12. The
solid line of slope equal to one is drawn as a reference line

Table 3 Regression parameters obtained by best-fitting Eq. 12 to
Ghosh and Raghavan’s [9] data for isothermal martensitic transfor-
mation in a Fe-23.2mass%Ni—2.8mass%Mn under elastic load and
after different amounts of plastic deformation

Pre-strain (%) O 1 2 Elastic

79 (mm~?) 38-107% 24.107° 50.-107"" 38-107%
AG (Jevent™) 29-107" 29.107?' 29.107%' 1.8.107%
Ep(Jevent™) 75.1072" 51-1072" 43.1072" 8.0.107*
R 0.93 0.98 0.99 0.96

A plot of their data is shown in Fig. 3

dN, 0.002 o[ AG — AGy Ep
- = —— . 12
dr AT )P\ T (12)

The least-squares procedure used to analyze the partic-
ulate data, Fig. 1, was applied also to the data from Ghosh
and Raghavan (see Fig. 3.). The experimental versus cal-
culated values of dN,gg/dt are shown in Fig. 4. The
parameters obtained are given in Table 3.

Temperature independent Ep values were obtained in all
cases. Actually, the values of Ep (4.3 — 8 - 10721y event_l)
are similar in magnitude to the activation energy
(~4 107" J event™") for the ‘growth of a martensite
embryo’ obtained by Kurdjumov and Maximova [12-14].
Therefore, propagation as used here and ‘embryo growth’
are equivalent expressions. However, these Ep values are
one order of magnitude less than the values of W (4.07 —
10.8 - 1072° J event™ ") reported by Ghosh and Raghavan
[9]. This can be ascribed to the fact that to calculate W in
Eq. 2 a temperature independent number of initially
available nucleation sites, n{,, was assumed.

In the framework now described, bearing the behavior of
Fe-30.2mass%Ni particulate, the number of sites initially
available to propagate the reaction, n!, is typical of the
reaction temperature.

The value of AG, in Table 3 is about the same as the
driving force at the highest reaction temperature and that
was not affected by plastic deformation. However, elastic
loading increased AG,, as expected, since it is known that
the austenite stability is decreased by an external (elastic)
stress [15]. The hindering effect of small plastic strain on
isothermal martensite, also observed in athermal martensite
[16], has been previously reported [9].

Concerning n?, it is not clear at present why so widely
different values are obtained for the athermal and the iso-
thermal modes of martensite transformation. Nonetheless,
the existence of common fundamentals between athermal
and isothermal modes of martensite transformation was
pointed out by Kakeshita et al. [17] supported by experi-
mental results pertaining to martensite transformation
under magnetic field and hydrostatic pressure.

Summary and conclusions

In summary, by considering the temperature dependence of
the density of preferred nucleation sites for the initial
nucleation of martensite n/ we could describe the onset of
martensite transformation either in athermal or isothermal
mode in a consistent way. The importance of thermal
activation in martensite transformation becomes prominent
at low temperatures (high driving force) under ordinary
conditions. The magnitude of the apparent activation
energy obtained supports the concept that propagation
depends upon defect mobility [12].

Acknowledgements One of the authors (P. R. RIOS) is grateful to
Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico,
CNPq, and to Fundagdo de Amparo a Pesquisa do Estado do Rio de
Janeiro, FAPERIJ, for financial support. Thanks are due to Chris
Hoffman (RMC Inc.) for his valuable assistance with the
bibliography.

References

. Cohen M, Olson GB (1976) Suppl Trans JIM 17:93

. Cech RE, Turnbull D (1956) Trans AIME 206:124

. Brook R, Entwisle AR (1965) J Iron Steel Inst 203:905

. Raghavan V (1969) Acta Metall 17:1299. doi:10.1016/0001-

6160(69)90145-X

5. Guimardes JRC, Gomes JC (1978) Acta Metall 26:1591. doi:
10.1016/0001-6160(78)90068-8

6. Ghosh G (1988) Mater Sci Eng A 101:213. doi:10.1016/0025-
5416(88)90809-9

7. Rios PR, Guimardes JRC (2007) Scr Mater 57:1105. doi:

10.1016/j.scriptamat.2007.08.019

NN =

@ Springer


http://dx.doi.org/10.1016/0001-6160(69)90145-X
http://dx.doi.org/10.1016/0001-6160(69)90145-X
http://dx.doi.org/10.1016/0001-6160(78)90068-8
http://dx.doi.org/10.1016/0025-5416(88)90809-9
http://dx.doi.org/10.1016/0025-5416(88)90809-9
http://dx.doi.org/10.1016/j.scriptamat.2007.08.019

5210 J Mater Sci (2008) 43:5206-5210
8. Shih CH, Averbach BL, Cohen M (1955) Trans AIME 203:183 13. Kurdjumov GV, Maximova OP (1948) Dokl Akad Nauk SSSR
9. Ghosh G, Raghavan V (1986) Mater Sci Eng A 80:65. doi: 61:83

10.1016/0025-5416(86)90303-4 14. Kurdjumov GV, Maximova OP (1950) Dokl Akad Nauk SSSR
10. Kaufman L, Cohen M (1958) Prog Met Phys 7:165. doi:10.1016/ 73:95

0502-8205(58)90005-4 15. Patel JR, Cohen M (1953) Acta Metall 1:531. doi:10.1016/0001-
11. Entwisle AR, Feeney JA (1969) In: Nicholson RB (ed) The 6160(53)90083-2

Mechanism of phase transformations in crystalline solids, Insti- 16. Gooch TG, West DRF (1967) J Iron Steel Inst 205:555

tute of Metals, London, pp 156-161 17. Kakeshita T, Katsuyama J, Fukuda T, Saburi T (2001) Mater Sci
12. Borgenstam A, Hillert M (1997) Acta Mater 45:651. doi:10.1016/ Eng A 312:219. doi:10.1016/S0921-5093(00)01878-5

S1359-6454(96)00186-3

@ Springer


http://dx.doi.org/10.1016/0025-5416(86)90303-4
http://dx.doi.org/10.1016/0502-8205(58)90005-4
http://dx.doi.org/10.1016/0502-8205(58)90005-4
http://dx.doi.org/10.1016/S1359-6454(96)00186-3
http://dx.doi.org/10.1016/S1359-6454(96)00186-3
http://dx.doi.org/10.1016/0001-6160(53)90083-2
http://dx.doi.org/10.1016/0001-6160(53)90083-2
http://dx.doi.org/10.1016/S0921-5093(00)01878-5

	Initial nucleation kinetics of martensite transformation
	Abstract
	Introduction
	Model development
	Athermal martensite transformation in particulated Fe-30.2%massNi
	Analysis of isothermal martensite transformation �in Fe-23.2mass%Ni-2.8mass%Mn
	Summary and conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


