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Abstract

A simple model for expressing the kinetics of deformation-
induced transformation of dispersed austenite has been
developed by following the defect dissociation model and
assuming an exponential distribution function of cumulative
structural defects. The model was applied to the
deformation-induced transformation of isolated austenitic
iron particles in the Cu-Fe single crystal and has predicted
transformation behavior and the smallest size of
transformable particles well. The model was also applied to
the transformation of retained austenite in the dual phase
steel. Transformation behavior in the early stage of



deformation and the significant contribution from the
stress-assisted nucleation have been well accounted.
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1. Introduction

Phase transformation of crystalline materials is generally
accompanied by transformation strains and a local change in
elastic constants. Deformation can affect the kinetics of
such phase transformations through both the thermodynamic
effect of stress and the production of new catalyzing defects

by plastic strain.

For martensitic transformation under an applied stress, a
remarkable increase in both uniform elongation and ultimate
tensile strength has been obtained! and this phenomenon is
called TRansformation Induced Plasticity, (TRIP). This
occurs not only in ferrous martensite but also in non-ferrous
materials such as Cu-Zn and Ti-Al-Co2, and has been
commonly utilized to improve mechanical properties of
austenitic stainless steels. Recently, it has been observed
that transformation plasticity can play an important role in
the deformation of materials with dispersed metastable
austenitic particles such as "dual phase" steels3.4 and
partially stabilized zirconia, and this provides a new

possibility for developing high strength materials.

The effect of deformation on martensitic nucleation kinetics

has been classified into two types according to the
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difference in mechanism through which the deformation
affects the nucleation. Heterogeneous nucleation on the same
sites responsible for transformation on cooling but assisted
by stress is termed stress-assisted, whereas nucleation on
new sites produced by plastic strain is termed strain-
induced>.

It has been well established that the essential mechanism of
heterogeneous martensitic nucleation is the same for both
stress-assisted and strain-induced cases®.7. The potency
distribution of nucleation sites controlling the
transformation under cooling has been derived by Cohen and
Olson8 based on the classical small-particle experiments of
Cech and Turnbull®. In the case of stress-assisted
nucleation, applied elastic stress assists the transformation
kinetics by modifying the effective thermodynamic potency
distribution of nucleation sites. Olson and Tsuzakil%.11 have
analyzed the effect of stress and the form of potency
distribution statistically by using the results of Cohen and
Olsond%. They successfully estimated the distribution and
predicted the transformation plasticity in composite
materials containing metastable dispersed austenite, and the

transformation yield locus for multi-axial stress.
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The kinetics of strain-induced nucleation in an uniform
austenite phase has been treated by Olson and Cohen’'2 by
assuming that shear-band intersections are the dominant
nucleation sites. They have derived an expression
theoretically relating the volume fraction of martensite to
plastic strain and obtained good agreement between their
model and the experimental results of Angel’3. However,
kinetics of strain-induced nucleation in dispersed austenite
particles has not been studied, although this can be very
important in the practical applications of transformation
plasticity to improve the ductility and toughness of high-

strength steels.

In this study, a simple model will be developed for the
deformation induced martensitic transformation of dispersed
austenite particles in model Cu-Fe alloys with special
emphasis on the strain-induced nucleation, assuming the
same type of potency distribution of nuclei as used in the
analysis of stress-assisted nucleation. The model will then
be applied to the more complex system of a "dual-phase"
steel to predict the martensitic transformation of retained

austenite particles induced by tensile deformation.
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2. Review of the Recent Models
As mentioned in the introduction, the effects of applied

stress on martensitic nucleation have been treated
quantitatively since Cohen and Olson® first introduced the
idea of simple defect dissociation model. In this section,
previous analysis on the kinetics of both stress-assisted and

strain-induced transformation will be briefly reviewed.

2-1.  Stress-assisted Nucleation

According to the general faulting mechanism14.15 by which
the major lattice change occurring in martensitic
transformations can be derived from an appropriate group of
dislocations, the total free energy of a martensitic embryo
can be separated into dislocation energy and fault energy,
with the fault energy y(n) per unit area in the defect plane

given by :

Y(n):nd[AgCh+ge1]+2'Ys
(1)

where vy, is the nucleus specific interfacial energy, d is the

close-packed interplanar spacing, and g is an elastic

coherency strain energy associated with distortions in the
nucleus interface plane. When Ag®h is greater in magnitude

than g, then the defect energy becomes smaller with

increasing thickness such that for some critical value of n,

16



v(n) may be zero or negative. Under these conditions, a group
of dislocations which can produce a defect of critical
thickness will become unstable and spontaneous nucleation
will occur. The size of the defect necessary to account for
spontaneous embryo formation can be obtained by regarding

the critical condition as y(n)=-ndW; where W, is the frictional

work of interfacial motion. This gives the condition :

2y/d

n="m
Ag +8 Wy

(2)

Based on this model, Cohen and Olson® derived theoretically a
cumulative structural defect potency distribution N,(n)
consistent with the Cech-Turnbull small particle

experiments in Fe-30at%Nil0 :

N, () = N exp (-on) (3)

where o is a constant distribution shape factor and N,° is the
total number density of nucleation sites of all potencies. The
form of this equation is typical of experimentally observed
distribution functions for sparsely distributed
nonequilibrium structural defects as encountered in fracture

and fatigue. Recent observations of nucleation at well-
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characterized low potency defects in small particles of ZrO,

ceramics'® have confirmed the generality of this equation.
The statistics of transformation behavior in the ZrO,
particles is found to conform to the same form of
distribution function as the Cech-Turnbull experiment.
Combining Eq.(2) and (3), a thermodynamic potency

distribution Nv(Ag) can be expressed as :

2ay/d

N (Ag)=Nlexpl =
v o8 v &P AgCh+gel+wf

(4)

When martensitic transformation occurs under an applied
stress as originally treated by Patel and Cohen'7, the total
volume free-energy change or "driving force" for
transformation should be the sum of a chemical term, Agch,
and a mechanical contribution, Ag®. The Ag®term is

orientation dependent and for a uniaxial stress, o, can be

expressed by :

Ag®= - %[yosin% cosa + € (1+c0s26) ]
(5)

where y, and ¢, are the transformation shear and normal
strains, 6 is the angle between the stress axis and the habit

normal, and o is the angle between the transformation shear

18



direction and the maximum shear stress direction resolved on

the habit. The value of Ag® is in the range from Ag®_. to

Ag®.x 0iven by :

1 2 2 1 2 2
Aggin=-7[-lc|,/yo+eo +080] and Aggm=-5[ |<s|,/yo+sz0 +0'80]
(6)

Olson and Tsuzakill.12 have calculated the mechanical driving
force distribution from this expression by changing 6 and « to
give certain values of Ag® and then obtained a modified
potency distribution of randomly oriented nucleation sites
under uniaxial tension and compression. Their results have
showed that in the stress-assisted regime, the effect of
applied stress was approximately one-third of that predicted
by the assumption that all operational nuclei have the
optimum orientation. In other words, the modified potency
distribution under an applied elastic stress can be estimated

by letting Ag®=Ag®.,,,/3. Therefore, the distribution is given
by :

2av/d

N (o) = N° ex
V( ) v p AgCh-}-(Ago-

max/3)+gel+wf

(7)
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Olson and Tsuzakil1.12 gave estimated values of some of the
parameters in the above equation as : «=0.84, y,=0.15 J/m2,

d=2x101"m, g, +w=6.1x107 J/m3 and N,’=2x1017" m-3,

2-2. Strain-induced Nucleation

A quantitative mode! for the sigmoidal transformation
behavior in steels with an uniform austenite phase has been
developed by Olson and Cohen. They assumed that shear-band
intersections constitute the primary strain-induced
nucleation sites and the volume fraction of shear bands are

related to plastic strain by an equation of the form :

- 1-exp(-oe) (8)

where the rate of shear band formation is determined by a

single dimensionless parameter. For an average shear band

volume vS?, the number of shear bands per unit volume N, 5P is
fsb/vsb,  The number of intersections N,! is assumed to be

related to N,S° by a simple power law :

I b .n
N. =K (N%)
v v (9)

where K is a geometric constant and n 2 2. The number of

martensitic units N, % of average volume V* is related to N,

20



by the probability p that an intersection will act as a

nucleation site :

dNY =p dN,
(10)

These assumptions lead to an expression for the volume
fraction of strain-induced martensite as a function of plastic
strain of the form :

al

v K

sb .n

(v)
(11)

fa,=1-exp[-[3{l-exp(-ae)}n] where B=p

This model accounted quite well for the sigmoidal
transformation behavior of an uniform austenite phase.
However, applicability of this model to austenite as a
dispersed phase seems to be questionable since this model
has simply assumed a Gaussian distribution of nucleation
site potency and assigned some adjustable parameters
instead of having taken into account the effects of an applied
stress and stability of austenite explicitly and obtaining the

form of the operative potency distribution.
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3. A Simple Model for Kinetics of Deformation-

Induced Transformation in  Di r Austenit

3-1. Potency Distribution in Dispersed Particles
under Deformation

In the stress-assisted region, the same type of potency
distribution developed by Olson and Tsuzakil!.12 can be
applied. The total number of nucleation sites of all potencies
may not be same since the nature of austenite phase is
completely different in the present case. The potency
distribution in the stress-assisted regime will be expressed

as .

2ay,/d

N (0)=Nexp| =
v v Ag’ +(Agl‘;M/3)+gel+wf

(12)

In the strain-induced regime, the potency distribution can be
treated in two different ways, namely to follow the same
way as in the analysis of an uniform austenite phase and
assume Gaussian distribution or to apply the same type of
exponential distribution as applied in stress-assisted
regime. However, as stated in the previous chapter, the
former way is not applicable for dispersed particles.

Therefore, the latter way will be followed.
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In the strain-induced regime, the mechanical contribution of
an applied stress Ag® has basically the same form as Eq.(5).
However, since new nucleation sites are created by plastic
strain in a certain direction in this regime, it is not
unreasonable to assume that those new nucleating defects
will have a preferred orientation which is very close to the
optimum one. That is, new defects are produced in such a
way that the work done by the applied stress is nearly
maximum for their orientation variant. This implies that the
potency distribution in the strain-induced region can be

approximated by using Ag®=Ag®.... Therefore, the distribution

is expressed by :

2ocys/d

(4]
Nv(s)=Nv(c)exp — .
Ag +Agmax + gel+Wf

(13)

where all parameters have the same meaning as defined in

the previous chapter except for N,°. However, it is not clear

that the same values of parameters can be applied in the
strain-induced regime. N,° in this case is the total number of

nucleating defects which will have been created after plastic

deformation to the strain e.
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If deformation exceeds the elastic limit of a material ,
nucleation sites will be activated by an applied stress and
created by plastic strains, simultaneously. The simplest
model of deformation-induced nucleation is to assume that
these mechanisms both contribute to the density of
nucleation sites, i.e., the effects from both are additive.
Then the change in the potency distribution of nucleation
sites during deformation will be expressed by a simple

equation as :

00 o]
N, =N, exp (-o,n,)+ N exp(-o,n )

(14)
where n, and n, are given by
2ay /d 2ay/d
n,=- oy and n =- =
Ag™ +(Agg, /3)+Ag, +W, Ag™ +Ag2  +g + W,
(15)

and N,'s and a's will have different values. It can be inferred

from the nature of strain-induced nucleation that the value

of N,° in a function of strain e.
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3-2. Kinetics of Deformation-Induced
Transformation

The kinetics of martensitic transformation by the faulting
mechanism has been treated by Cohen and Olsoné. If the
original nucleating defects are randomly distributed

throughout the volume, the probability p that an austenite
particle of volume Vp will contain at least one such defect

can be given by :

p=1-exp(-N, Vp)
(16)

where N, is the number density of nucleation sites per unit

volume. If sites occur only on the particle surface, a similar
function of surface area will be obtained. For a large number
of small particles, the fraction f of particles transformed to

martensite will be f=p. Therefore, f is given by :

f=1-exp[-Vp[ Nsocxp(-a0n0)+N3cxp(-oc1n1)]]

(17)

Then, the next step is to find the values of N,'s and a's to

define the model.
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4. Analysis of Transformation Behavior in__the

Cu-Fe System

Deformation in an aged Cu-Fe alloy which has y-iron particles
in a Cu matrix has been known to induce the martensitic
transformation in the iron particles. The transformation
behavior of the iron particles has been investigated by
several groups18,19,20,21,22 most extensively by Mori et
al.23.24 They prepared single crystals of a Cu-1.06wt%Fe
alloy having different average austenite particle size and
measured the fraction of transformed particles with respect
to several tensile strains. At present, their results are the
most comprehensive available for the study of deformation-
induced transformation, especially for strain-induced
nucleation kinetics, not only because of its completeness but
also due to the relative simplicity of the system compared
with steels containing a number of alloying elements.
Therefore, their results and some other results will be used

to analyze the transformation kinetics in the Cu-Fe system.

4-1. Review of the Data

Mori et al.25 prepared single crystals of Cu-1.06wt% alloy and
produced spherical austenitic iron particles with diameters
ranging from 10nm to 160nm by changing the time and
temperature of annealing. They carried out tensile tests at

several temperatures and measured the fraction f of
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particles transformed to martensite after plastic strain.
Their results are replotted in Fig.1. It is seen in the figure
that the fraction f increases rapidly with the particle size as
well as the amount of strain. The fraction also increases as
temperature decreases. These trends are in qualitative
agreement with the results obtained by Matsuura et al.. The
smallest size of the transformed particles decreases as the
amount of the strain increases, but it can be inferred that
there is a critical size below which martensitic
transformation will not occur even when the strain is large.
Fig.2 shows the change in the fraction transformed with
respect to the amount of true plastic strain in different
sizes of particles. The transformation behavior in this figure
clearly indicates the characteristic sigmoidal shape and
saturation under 100% transformation of strain-induced

nucleation.

The transformation behavior of dispersed austenite particles
in a Cu matrix was also studied by Matsuura et al.2! for
several Cu-Fe alloys including the same composition as used
by Mori?4. They also provided a set of data on the work

hardening behavior during deformation.
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4-2. Estimation of Parameters
First, we will determine the site of the nucleating defect

(surface or volume) from Fig.1. Eq.(11) can be modified as :

f=1-exp[ -kNv(d/2)"]
, and then

log[ k;I [10g(1/1-f)]]=n10g[£21-]

(18)

where d is the diameter of the austenite particles and k and n
are constants. The plot of log(log(1/1-f)) vs log(d/2)
distinguishes the volume or surface nucleation depending on
the value of n, that is, n=3 means volume nucleation and n=2
implies surface nucleation. Fig.3 shows the above log-log
plot for both 77k and 200k test data, in which data points
under f=0.1 are omitted because of uncertainty in
measurement. The values of n range from 2.7 to 3.3, thus
implying volume nucleation. Therefore, n is assumed to be 3

throughout this analysis.

The next step is to estimate the change in N, with
temperature and strain. This is done by fitting the data in
Fig.1 using Eq.(11). The results of curve fitting for

deformation at 77 and 200K are shown in Fig.4 and the values
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of N, at 77 and 200K from Mori et al., and 300K from

Matsuura et al. are tabulated below. It should be noted that

Eq.(11) can predict the transformation behavior surprisingly
well in spite of its simple form. Fig.5 plots the change in N,

with respect to true plastic strain in a semi-log plot,
showing a steep increase in N, with increasing strain, and

the existence of an apparent saturation level.
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Table1. Values of N,

temp.(k) tensile strain (%) N, (1/m3)
2 7.407x1013
5 6.071x1014
77 10 4.212x1015
15 7.454x1015
116 2.011x10"7
5 2.461x104
200 10 1.917x1015
15 3.105x1015
100 2.011x1017
22 3.554x1015
300 42 1.676x10186
64 2.728x1017
94 5.986x1017
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iron particles at 200K
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Fig.3-b Determination of the site for nucleation, i.e.,
volume nucleation or surface nucleation, in austenitic
iron particles at 200K
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Although the plot in Fig.5 implies a very smooth function for
each temperature, the potency distribution should be
expressed by EQq.(9) with unique values of a for stress-
assisted and strain-induced, respectively, regardless of the

temperature. The values of o, N,°, and N,° for different

nucleation mechanisms have been determined as follows.

Since the values of Nv tabulated above include contributions
from both stress-assisted and strain-induced nucleation,
they should be divided into two parts according to Eq.(9). For
stress-assisted nucleation in Fe-Ni alloys, Olson and Tsuzaki
have obtained the values of N, and o, as 2x10'7 (1/m3) and
0.84, respectively. If the same defect-potency distribution
applies for stress-assisted nucleation in Fe-alloys, the same

value of a, should be used in the present case, though N, *°

might have a different magnitude due to the difference in
alloy system and history. The value of N, , the total number
density of defects of all potencies without strain, is
obtained from the data of Matsuura et al21.. They used the
same Cu-Fe system with a wider range of Fe content and
measured the change in the fraction of austenite particles
transformed into martensite under deformation. One of their
results on a Cu-1.5wt%Fe alloy shows that martensitic
transformation takes place during cooling, though the amount

is very small and scattered. This is the only result available
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for the Cu-Fe system to estimate N,°°. From this, N,*° is

obtained as 3.5x10'4 (1/m3). Therefore, the stress-assisted

part of Eq(9) becomes :

14 3
N,=35x10"exp(-0.84n,)+N exp(-on ) (1/m’)

(19)
The change in the number density of sites due to the strain-

induced nucleation thus can be obtained by :

N, (strain-induced) =N exp (- o, n, ) = N, - 3.5 x 10" exp (- 0.84n,) (1/m’)

(20)

Fig.6 shows the change in N, (strain-induced) with respect to
true plastic strain in semi-log form. It is to be noted that
the rate of increase in nucleation sites is very large during
initial small plastic strains and then decreases, and the
number of sites seems to saturate at large plastic strains.
In order to obtain the values of N,° and a4, values of n,, i.e.,
number of atomic planes in a nucleating defect given by
Eq.(10), are required. In Eq.(10), v, and g, +Ww; are assumed to
be the same value as obtained by Olson and Tsuzaki, i.e., 0.15
J/m2 and 6.1x107 J/m3, respectively. d is taken to be
2.11x10-1% m, the close-packed interplanar spacing of pure

FCC iron, since y-particles in a Cu-matrix are considered to
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be pure. Agch for pure iron is given by the following equations

: for temperature from 1 to 300K,

Ag™ = - 5451752 - 7.4475 x 10° T2 + 1.2 x 107 T - 2.05434 x 107 T (I /mole)

(21)

for temperature from 300 to 1100K,

Ag™ = - 6108.64 + 3.4618 T + 7.472x 10° T2 -5.124 x 10° T° (I / mole )

(22)

Estimation of Ag® ., requires tensile stress-strain relations

during plastic straining at each deformation temperature.
Mori et al. do not give stress-strain relations for their
materials, while Matsuura et al. show relations for 3
different temperatures, 77, 200, and 300K and for two
different diameter of y-particle, 30 and 106nm, though those
relations are expressed in the form of shear stress-shear
strain curves. Since the Fe contents of the Cu-Fe alloys used
by Matsuura et al. are almost the same as that of Mori's
specimens and diameter of y-particle falls within the range
of Mori's experiments, it can be assumed that the specimens
of Mori's experiment have the same stress-strain relations
as those of Matsuura's specimens. Therefore, the tensile

stress-strain relationship is obtained by transforming shear
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stress and shear strain into tensile stress and strain, using
the relation given by Christian et al25.. The results are
shown in Fig.7 and Fig.8 for two alloys containing small and
large y-particles. From these figures, it is seen that the
differences in stress level and work hardening behavior are
consistent with those observed in the shear stress-strain
curves. The most important differences among them are the
lower yield stress of alloys having larger diameter particles,
implying that there is an effect of transformation induced

plasticity on work hardening behavior of these alloys. For
the purpose of estimation of Ag® .., stress-strain curves for

alloys containing small y-particles in Fig.7 are used. The

values of the transformation shear strain parallel to the
habit plane, v,, and the dilatational strain normal to the habit

plane, g, are assumed to be the same as those used by Olson-

Tsuzaki, 0.2 and 0.04 respectively.

The number of atomic planes in a nucleating defect obtained
using the above values ranges from 1.9 to 2.4. Such small
numbers of n for transformation in small particles has also

been observed in ceramic systems'’.
Fig.9 shows a plot of the change in the number density of

nucleation sites with n for estimating a, for strain-induced

nucleation. Using upper-bound values of log[Nv-Nv(stress)],
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a, has been determined as 3.88. Fig.10, which shows a set of

lines having a slope of -3.88 on the same plot as Fig.9, gives
a fairly good prediction of Nv(strain-induced). From this «,

and values of n, obtained before, Nv° for strain-induced

nucleation has been determined as represented in Table 2.

Fig 11 is a plot of natural log of N, with respect to true

plastic strain and indicates a very steep increase in N,°

toward a saturation level. It should be noted in this plot that
the strain dependence of N,’ can be expressed by only one

equation in spite of the difference in temperature. Taking

into account the existence of a certain saturation level, N,°

can be a function of the form :

N3(£)=N[1-exp('k€n)] (23)

where N, k, and n are constants and ¢ is the true plastic

strain. A best fit of the points on Fig.11 by this equation is
shown in Fig.12 with 5% of error on each point, resulting in
N=4.79x1029 (1/m3), k=46.0, and n=3.45, and the final form

becomes :

N3(£)=4.79x1020[ 1-exp(-46.083'45)] (1/m’)

(24)
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Table. 2 N,:N,(stress) and N’

Temp. (K) Plastic Strain  N,-N (stress) N, (1/m3)
0.02 9.198x1012 2.176x1016
0.049 5.422x1014 1.233x1018
0.095 4.813x101° 1.086x1019
0.14 7.454x1015 1.654x1019
0.772 2.011x1017 3.313x1020
0.049 1.884x10'4 7.317x10'7
0.095 1.859x101° 7.136x1018
0.14 3.047x1013 1.161x1019
0.691 2.011x10"7 6.141x1020
0.202 3.509x101° 4.231x1019
0.349 1.672x1016 1.046x1020
0.497 2.723x101'8 2.923x1020
0.665 5.981x1016 6.151x1020




44

40 - ’s o

[ e
[2
[=]
[=]
A

36 |

® 200K

In[Nv-Nv(stress)]

28 I

24 . 4
0.00 0.20 0.40 0.60 0.80 1.00

true plastic strain

Fig.6 Change in the number density of nucleation sites
created by plastic strain through strain-induced

nucleation

46



140
d=30nm

130

120
110 | 77K o L4
®

100

TS (MPa)
[ Js]
[ |

90

T
men

B O

H eO

|

w

8

ol

80

[ =]

70

rr-orCr—
|

60

50

0.0 0.1 0.2 0.3

Tenslle Strain

Fig.7 Tensile stress-strain relations of the Cu-Fe alloy
single crystal containing austenitic iron particles
having the average diameter of 30nm for several

temperatures

47



140

d=106nm
130

120 77K o

110

T
L J

100

TS (MPa)
a
L 4
N
o
o
F

90: °
80 | *

70 R

60
50

Tenslle Strain

Fig.8 Tensile stress-strain relations of the Cu-Fe alloy
single crystal containing austenitic iron particles
having the average diameter of 106nm for several
temperatures

48



44
40 |- + | ]

A
= Ao
N
2 36l & 8 -
w
¥ o
Z I’
> 32}

3
=]
28 | .
24 " [] 2 1 i L ' 1 1 1

Fig.9 Change in the number density of nucleation sites
with the number of atomic planes in a defect for the
strain-induced nucleation

49



44

40
2
g 36
5
>
N
A 7
5
28
24

slope=-3.88
- 

Fig.10 Determination of the distribution shape factor
for strain-induced nucleation, an absolute value of the
slope is the distribution shape factor

50



50
e
o . u
45 - -
— o¥
°> ®
<
f =
- o
)
40 |-
O [InNv° 77k
¢ InNv° 200k
{0 = |nNv° 300k
35 i 1 A [ i 1 1
0.00 0.20 0.40 0.60 0.80

true plastic strain

1.00

Fig.11 Change in the total number of nucleation sites

of all potencies with true plastic strain for strain-

induced nucleation

51



50
LK ]
a

45 +
3
Z
£

40 |

HO
35 i 1 A 1 i 1 1
0.00 0.20 0.40 0.60 0.80

true plastic straln

1.00

Fig.12 Prediction of the change in the total number of

nucleation sites of all potencies with true plastic

strain for strain-induced nucleation

52



The potency distribution when both stress-assisted and

strain-induced nucleation are operating is thus given by :

N, =3.52x 10" exp (-0.84 n ) + 4.79 x 10° [1 - exp (-46.0 83'45)] exp (-3.88 1)
(1/md)

(25)

Fig.13 compares the experimentally obtained values of N, for
three different temperatures with those predicted from the
above equation and shows that the potency distribution can

be predicted fairly well by the model developed here.

4-3. Prediction of Transformation Behavior

The transformation behavior of austenitic particles in a Cu-
matrix can then be predicted combining the above potency
distribution and Eq.(11). Fig.14 shows the relation between
fraction of transformed particles and diameter of particle at
77, 200, and 300K. Fig.15 shows the transformation behavior
of y-particles in terms of true plastic strain. In both
predictions, the model has a tendency to give more
transformation as the plastic strain increases, though it
provides good agreement in some cases. This tendency is

thought to be the result of the original scatter in N,'s and

uncertainties involved in the determination of N, ™.
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Application of the Model t "Dual-Phase"
Steel
"Dual phase" steels generally consist of about 80 vol.%
ferrite and the balance of a mixture of martensite and
retained austenite, and show a low yield strength, a high
initial strain-hardening rate, and a high uniform ductility
compared with steels having the same compositions but
different microstructures. Recently, retained austenite has
received increased attention as a source of dispersed phase

transformation plasticity.

Recent study by Sachdev2é has shown clearly the influence of
retained austenite on the deformation behavior of the dual
phase steels. He has analyzed the transformation behavior
and its effects quantitatively at several temperatures, thus
providing a good place for examining our simple model of

deformation-induced transformation.

5-1. Review of the Data

Sachdev made samples from a production coil of a vanadium
containing dual phase steel whose chemical composition,
production history, and mechanical properties are listed in
Table 3. Samples were tensile tested at a nominal strain

rate of 103 s at temperatures between 220 and 460K.
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Retained austenite contents were determined by X-ray
diffraction after straining at test temperatures from 295 to
400K. The change in the fraction of retained austenite
transformed into martensite and the volume fraction of
martensite in the steel are shown in Figs. 16 and 17,

respectively.

Table 3. Properties of the dual phase steel

Chemical composition (wt.%)

C 0.12
N 0.007
Mn 1.44
Si 0.50
\' 0.061

Annealing condition

4 min. at 788 °C, then forced air cooling

Mechanical properties

Yield Strength 367 MPa
Ultimate Tensile Strength 639 MPa
Uniform elongation 23 %
Total elongation 32 %
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The fraction of retained austenite transformed increases
with increasing plastic strain but shows a somewhat
different behavior from the Cu-Fe alloys, partly due to the
difference in stability of austenite and partly due to a

greater contribution from stress-assisted nucleation.

In order to apply the model, the role of these factors must be

estimated quantitatively.

5-2. Estimation of Parameters

5-2-1. Estimation of average volume of retained
austenite and stress-strain relations

In order to calculate the constants in Eq.(9) to express the
potency distribution in the retained austenite, the following
quantities are to be estimated; that is, the average particle

volume for estimation of N,and the stress-strain relations

for estimation of the mechanical driving force.

The average volume of retained austenite is necessary to
obtain the experimental values of site density and to predict
the transformation behavior. This has been estimated from
transmission electron micrograph of the same material as
that of Sachdev's experiment. The retained austenite
observed2’ has a lath-like shape and a very thin thickness

compared with its length and width, which is consistent with
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the observation of Rigsbee et al.# and Furukawa et al..
Assuming the shape of the observed austenite as an oblate

spheroid, the average volume has been estimated as
V=1 .76x10°13 m3,

Tensile stress-strain relations have been given by Sachdev
for the same materials used to measure the transformation
behavior. Within the small plastic strain region in which the
retained austenite transformed, the tensile stress has been
assumed to have a linear relation with tensile strain. These

equations are given as :

TS (MPa)=36.7e+ 3535 (295K), TS(MPa)=49.6¢e+340.3 (345K)
TS (MPa)=55.6¢e + 3325 (375K), TS (MPa)=584¢+320.3 (400K)

(26)

5-2-2. Estimation of effects of alloying
elements on stability of retained austenite

Most alloying elements except for Co and Al stabilize
austenite. Thus, chemical composition of the retained
austenite is very important in order to estimate the
contribution of stabilizing effects to the overall driving

force of martensitic transformation.

5-2-2-1. Chemical effects

Austenite stabilizing elements, such as Ni, Mn, C, and Cu,

lower the T, temperature, where free energies of austenite
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and martensite are equal, thus chemically stabilize
austenite. In other words, C and Mn increase the energy
barrier to start martensitic transformation. C and Mn have
higher solubility in austenite than in ferrite and are
considered to be enriched in the austenite phase even after a
short time of intercritical annealing because austenite can
nucleate and grow on cementite particles which have high Mn
and C contents. Therefore,.it is quite difficult to estimate
the chemical composition of retained austenite because
austenite is not in equilibrium with the surrounding ferrite
during a short time of intercritical annealing and following
relatively fast cooling to room temperature. However, some
data have been obtained from equilibrium thermodynamics
and scanning transmission electron microscope analysis. The

Mn content has been obtained by STEM analysis as 2 wt%?28.

The paraequilibrium phase diagram obtained by
thermodynamic analysis28.29 shows that the equilibrium
carbon content in the retained austenite is approximately 0.5
wt% provided that there is no redistribution of Mn between
ferrite and austenite during the intercritical annealing. The
true equilibrium phase diagram with Mn redistribution29.30
indicates that the carbon content is about 0.52 wt% when the

Mn content is about 2 wt%. Therefore, after taking into
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account the non-equilibrium state of annealing, the carbon

content can be assumed to be 0.5 wt% as an upper limit.

The method for estimating the Si and V contents in the
retained austenite is not available at the present time.
Hence, the same amount of Si and V as in the original alloy is
assumed to exist in the retained austenite.

The chemical composition thus defined then permits an
estimate of the chemical free energy difference between
austenite and martensite from the data bank of Thermocalc

and the result is

Ag™=-5290 + 6543 T (J/mole) 27)
5-2-2-2. Mechanical effects

Alloying elements such as C, Mn, Cr, and Ni which have a
significant solid solution hardening effect on the mechanical
properties of austenite will increase the resistance against
shear deformation, thus retarding the overall transformation
kinetics. This so-c‘alled mechanical stabilization will
increase the amount of the frictional work of interfacial
motion, W,. In the present alloy, both carbon and manganese
segregate in the austenite phase and produce solid-solution
hardening. Therefore, contributions from these elements

should be included in the calculation of the potency
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distribution. Si also has a strong solution-hardening effect.
However, data available are so small that the effect is

neglected in the present study.

The composition dependence of W, can be obtained from
available data for the composition dependence of the
transformation critical driving force in alloys.
Using the regular solution approximation, the molar free
energies of the bcc phases in binary Fe-X and ternary Fe-X-Y
alloys are given by :

8% = Xg, 8p, + Xy 8y + Xp, Xy Qry + R T (xp, In X, + x5 In x3)

a_ o O a_ o a _a o 0~ a L0 o
8 =Xp, 8p + Xx 8x + Xy 8y + Xp, Xy Qp & + Xp. X5, Q

Fe "X "“FeX e Y " "FeY

a o o o o o o o o

+ Xy Xy Wyy + RT (X, In Xp + xy In xy + Xy, Inxy)
(28)

where X%

free energy of pure bcc phase of i, W%,y is an interaction

is a mole fraction of i in the bcc phase,g%; is the

parameter between X and Y in the bcc phase which is
generally negligible, and Q% is an interaction parameter

between Fe and the alloying element X. The same equations

with superscript y express free energies of the fcc phase in

the binary and ternary systems. Then the free energy

difference between two phases is given by :
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Y0 _ oo -0 Yo
AgT™" =X Agp. T + Xy Mgy + X, Xy AQEY

AT =X, AgR T + Xy Agy T + Xy AgYTT + Xg, Xy AQp T + X Xy AQg

(29)

Ishida and Nishizawa3? measured the stability of austenite in
Fe-Ni-X ternary systems and determined interaction
parameters and Ms temperatures, using Kaufman's data3!.
Based on their results for Ms temperatures and Kaufman's

latest thermodynamic data32, the effect of manganese can be
obtained as a difference in the values of Ag">* at X,=0 at

Xmn=Xmn in austenite. The terms of the above equation for Fe-

Ni-Mn alloys are given by :

AgY® = - (6108.64-3.4618 T-7.472x 10° T* + 51254 x 10°T°) (I /mole)
g% = - (- 3932.96 - 41086 x 10° T + 4.8534 x 10° T° - 1.410 x 10° T*)
AgI2% = - (1087.84 +4.9371 x 10° T* - 3.1966 x 10° T )

AQI% — - (-5648.4+6.1923x 107 T2 + 8.4517x 107 T')

AQID% — - (-24894.8 +2.5815x 10° T7)

and the results for the driving force at Ms are shown in
Fig.18. According to Labusch33 who treated solid-solution

hardening statistically, the critical shear stress to move a

69



dislocation through a random array of obstacles in the glide
plane is proportional to the two-thirds power of the
concentration of alloying element. Therefore, as a rough

approximation of the effect of Mn on W, AW, can be expressed

in terms of the two-thirds power of Mn content :

3 23
AW, \ay = 1:893x 10" Xy (J/mole) 31)

For the effect of carbon, the change in Ms temperature with
respect to C content, the free-energy change of pure C and
the interaction parameter are required for estimation. Ms
data are given by Howard34 in a graphical form.
Thermodynamic data are given by Taylor35 based on Kaufman

et al.36 and Saunders et al.37 as follows :

A% = (1-x.) (-6108.64 +3.4618 T +7.472x 10° T - 5.1254x 10° T°)
+ 8368 x_
#%o(1-xg) (59412 - 34.894 T + 60668 x, - 8.745 x. T)
+ (106670 - 0.1393 T*) (x, (0.4 - x. )/ 0.16)°

(32)

The results for Ag(Ms) are plotted in Fig.19, and AW, can be

expressed as :
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4,273
AWf(C)= 1.310x 10 XC (J/ mole) (33)

Using these equations, the contribution from manganese and

carbon have been estimated to be about 1200 J/mole, with
Xun=0.0204 and X=0.023.
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5-2-3. Contribution of stress-assisted nucleation
As seen from Fig.16, the transformation of retained austenite
is fairly fast in a small strain region compared to the
behavior in the Cu-Fe system. It is also to be noted that the
initial increase in f seems not to be sigmoidal but rather
resembles to a power-law curve. In other words, the slope is
very steep initially and decrease with strain. These facts
imply some contribution from stress-assisted

transformation at the very beginning.

Two effects are expected from stress-assisted
transformation. One is the transformational strain. The
strain measured from a tensile test includes the
transformational strain produced by the martensitic
transformation itself and the slip strain generated by the
applied stress. If this transformational strain is large, then
it will affect the plot of f vs. strain in such a way that the
plot shifts to the smaller strains and the potency
distribution due to strain-induced nucleation should be

estimated by only using the slip strain.
The other effect is that stress-assisted transformation will

generate a certain amount of martensite during elastic

deformation so that f is not zero at zero plastic strain.
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Hence, it might be more reasonable to regard the f in Fig.16

to start from a nonzero value at zero plastic strain.

Transformational strain can be estimated from the
observation of Olson and Azrin38 that the volume fraction of

martensite will initially have a linear relationship with

transformational strain below the M.,° temperature, i.e.,

f“'=ke

v transformation ( 3 4)

where k is a constant. They have obtained the value of k=20.

Using this value to determine the maximum of &, ,ctormation

for the dual phase steel, and using the relation as

8plastic = 8transformation + 8slip (3 5)

values of &;,nstormation N@VE been estimated ranging from

0.0002 to 0.0028. These values are relatively small
compared with the slip strain and so they are considered to
have a minor effect on overall transformation behavior.

Therefore, the transformational strains can be neglected.

The largest amount of initial transformation within the

elastic region can be roughly estimated by using the value of
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strain at the elastic limit obtained from the stress-strain
curve at 295K and the above equation as f,%'=0.022,

corresponding to f=0.25. This implies a different value of
N, from the value obtained in the Cu-Fe system. This value

will be estimated in the next section.

5-3. Prediction of Transformation Behavior
The transformation behavior has been estimated by assigning

appropriate values to the free-energy change of

transformation and the total number of nucleation sites N,*°
because of uncertainties in estimating the chemical
composition and stabilizing effects. Non-linear curve fitting
was applied to obtain the set of above values giving the best
fit at each temperature, where the mechanical driving force
was estimated from the above stress-strain relations and
plastic strains. Then, the free energy changes at several
temperatures so obtained were compared with the values

from Thermocalc.

Fig.20 shows the best fit of experimental data and the
resulting values of AgCh+g +w; and N,°. The initial behavior

at different temperatures is fairly well predicted, although

discrepancies become larger as the strain increases. Eq.(9)

becomes :
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N, = 4.0x 10" exp (-0.84 ny) + 4.79 x 10° [ 1-exp (-46.0 %) ] exp (-3.88 1)
(1/m3)

(36)

Fig.21 compares two quantities, Agh+g,+w; and Ag®" obtained
from Thermocalc. Lines in the figure are linear regressions
of both data in terms of absolute temperature. The
differences in absolute values are substantial but the slopes
are nearly the same. It is to be noted that the
transformational entropy changes estimated from two

methods showed good agreement.
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Fig.20 Best fit of the deformation-induced

transformation behavior of retained austenite with true
plastic strain, using the model and estimating N, and

DG=QCh+ge|+Wf.
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6. Discussion

6-1. On the Model

A question arises concerning the model develop here as to
whether two different distributions of nucleation-site
potencies are reasonable. This will be justified by
considering a deformation-induced martensitic

transformation in a ceramic system.

Chen et al.'” studied the statistics of stress-assisted
martensitic nucleation in ceramics containing zirconia and
obtained the change in density of nucleating defects with
respect to the excess driving force of transformation. Using
the data given by them, values of N, and number of atomic
planes in a nucleation site have been estimated and plotted in
Fig.22. From this figure, N,”” and a have been obtained as
1.39x10'8 (1/m3) and 1.94, respectively. These values imply
different distributions of nucleation-site potencies in
different systems. In addition to this, taking into account
the different mechanism of nucleation, it can be said that
stress-assisted and strain-induced nucleation could have

different potency distributions.

In order to express the potency distribution for the strain-

induced transformation, the large strain dependence of the
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total number of nucleation sites of all potencies Nv° has been
introduced. This might be attributed to the heterogeneity of

slip reported by Fujita et al.39,

6-2. On the Cu-Fe System
6-2-1. Effect of stress-assisted transformation

The transformation curves for the Cu-Fe alloy is typical of
strain-induced nucleation, that is, sigmoidal f vs e curves in
the temperature range from 77 to 300K. The number of
atomic planes in a nucleating defect has been estimated to be
very small. These facts indicate that the austenite in Cu-Fe
system is fairly stable in the temperature range studied.
Therefore, the effect of stress-assisted nucleation on
overall transformation behavior is considered to be very
small. The transformational strain will also be very small

because of the very small volume fraction of Fe in the alloy.

6-2-2. Prediction of the smallest size of
transformed particles

Mori et al. have reported that there is a critical particle size
below which strain-induced nucleation will not occur no
matter how much a particle is strained. This critical size
can be predicted from the model developed here by simply

assuming a resolution limit of transformation :
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1/3
3 1
dcritica1=2[ 4nN, ln[ 1-f]] (m)
(37)

Assuming two different resolution limits, f=0.01 and f=0.05,
the critical particle size is plotted in Fig.23. The good
agreement seen in Fig.23 (b) supports the validity of the

model.
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Fig.22 Determinaion of the distribution shape factor
for stress-assisted nucleation in the zirconia-
containing ceramics
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6-3. On the Dual-Phase Steel
The difference between Ag®M+g,+w; and Ag®" from Thermocalc

observed in Fig.21 is considered to result from the
uncertainties in the estimation of both Agc" and w; terms.
Since the chemical composition of retained austenite has not
been well established except for the actually measured Mn
content, some errors may be introduced in both term. Among

those errors, it can be said from the equation expressing the
effect of carbon on w; that the error due to carbon content

might be the largest. Absolute values of both Ag®" and Aw;

will increase as the carbon content increases and this will

result in increasing difference between Ag®M+g,+w; and Ageh.

The amount of other elements like Si and N may also

introduce some error in the above quantities.

The discrepancy observed in large strain region in Fig.20 may

indicate a limitation of this simple model.
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7. Conclusions

The kinetics of deformation-induced transformation of
dispersed austenite has been studied. A simple model
expressing the transformation behavior has been developed
based on a previous model for stress-assisted nucleation and
assumptions that nuclei have a preferred orientation in
strain-induced nucleation. From this study, following
conclusions have been drawn :

(1). The mechanical driving force appears to take the
maximum value in strain-induced nucleation, different from
stress-assisted nucleation.

(2). The potency distribution may have different forms, i.e.,
different «'s in different materials and in different
nucleation mechanisms.

(3). The simple model can express the transformation
behavior of dispersed austenite in a Cu-Fe single crystal and
can predict the change in the smallest size of transformable
particles as a function of strain and temperature.

(4). In the case of deformation-induced transformation of
retained austenite in a dual-phase steel, the model can
account for the contribution of stress-assisted nucleation in
the early stage of deformation, but there is increasing

discrepancy in the large-strain region.
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(5). This discrepancy can be attributed to the simple
assumption concerning both the form of the potency

distribution for strain-induced nucleation and the form of the

total potency distribution.
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