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ABSTRACT
The transformation behaviour of retained austenite in steels is known to differ according
to chemical composition and other microstructural attributes. Earlier research indicated that
austenite in high-carbon steels transforms intomartensite only when the applied stress exceeds
a critical value, contrary to low-carbon steels where transformation occurs in the early stages
of deformation. Although transformation models have been proposed, most are optimised for
low-carbon steels. Here,weproposephysics-basedmodels applied tohigh-carbon steels to over-
come previous limitations. The models have fewer free parameters (4) compared to previous
approaches (6), exhibiting improvements in the numerical and physical interpretation of the
austenite transformation process. We envision the use of these models as tools for alloy design,
also highlighting their scientific and technological value.
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Introduction

The presence of retained austenite in steel has impli-
cations for its mechanical performance. For example,
while retained austenite is reported to enhance the
rolling contact fatigue life of bearings [1,2], excessive
amounts can compromise its dimensional stability [3].
The opposing effects of retained austenite and its impli-
cations for bearing steels have been reviewed by Sido-
roff et al. [3].

In a study on the mechanical stability of retained
austenite in carburised bearing steels, Bedekar et al.
[4] reported the onset of retained austenite transfor-
mation into martensite at a critical stress close to the
yield point; retained austenite remained stable in the
elastic deformation regime. Similar observations were
reported in through-hardened steels [5–7]. In contrast,
retained austenite in transformation-induced plasticity
(TRIP) steels transforms into martensite almost imme-
diately upon loading [8].

The mechanical stability (or kinematic stability) and
transformation kinetics of retained austenite have been
modelled in several investigations [4,7,9]. These stud-
ies employed crystal plasticity finite element models
informed by experimental measurements of the trans-
formed amounts of retained austenite.While microme-
chanical models can simulate the material response in
detail, their implementation is complex and requires
significant computational resources. Analytical models
are simpler to implement, although their dependence
on empirical data limits their range of applicability.

Haidemenopoulos et al. [10] developed an analyti-
cal model for calculating the critical stress required to
transform retained austenite into martensite in a low-
carbon steel; the model considers the effect of austen-
ite chemical composition, size, and stress state. The
critical stress is calculated to determine the Mσ

s tem-
perature, which is an indicator of retained austenite
mechanical stability. The application of this model has
been demonstrated for low-carbon TRIP [11], quench-
and-partition (QP) [12], and Fe-Ni-Co steels [13].
Therefore, it serves as a starting point in the present
work.

Models that describe the kinetics of deformation-
induced martensite transformation have been devel-
oped by previous authors [14–16]. Since these models
are fitted to experimental data that are primarily from
low-carbon steels, their direct application to high-
carbon steels may lead to poor predictions of the
transformation progress. This is because the effect of
increased carbon concentration on the factors control-
ling austenite stability is not considered.

For example, the critical driving force to initiate
martensite transformation increases with carbon con-
centration, which leads to the enhanced thermody-
namic stability of retained austenite. The effect of
carbon concentration also intrinsically affects the influ-
ence of austenite morphology [17] and the strength
of the martensite matrix [18], where the latter influ-
ences the degree of stress–strain partitioning between
austenite and martensite [19].
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Table 1. Chemical compositions of the quench-and-tempered bearing steels used for model development. The asterisk (∗) repre-
sents the initial carbon content before carburisation. Cγ is shown beside the carbon content, and iron forms the balance of the
respective compositions.

Chemical composition / wt-%

Steel C Mn Si Cr Ni Mo P S Cu Al

8620 [4] 0.2∗ (0.987) 1.43 0.32 0.74 0.28 0.09
4320 [4] 0.2∗ (0.994) 0.78 0.33 0.64 1.6 0.22
3310 [4] 0.1∗ (0.799) 0.45 0.26 1.51 3.39 0.06
A485-M1 [5] 1.0 (0.813) 1.09 0.6 1.06 0.11 0.013 0.012
52100-QT [6] 1.005 (0.800) 0.32 0.27 1.46 0.1 0.19 0.024

The aim of this work was to develop equations that
model the critical stress and progress of deformation-
induced martensite transformation in high-carbon
steels. The equation developed by Haidemenopoulos
et al. [10] was adapted to calculate the critical stress for
martensite transformation in high-carbon steels. The
critical stress was employed in an equation that cal-
culates the transformed amount of retained austenite
with applied stress. Both equations were validated with
experimental data from bearing steels. A parametric
analysis was conducted to study the limits of the criti-
cal stress equation, followed by examples illustrating the
application of both equations in alloy design.

Material information

The equations were developed based on the experi-
mental data for bearing steels reported in [4–7]. The
chemical compositions of the bearing steels are shown
in Table 1. The steels are labelled according to their
original designations, and the heat treatments for these
steels (known as ‘quench-and-tempered steels’ here-
after) are described in the respective works [4–7]. Their
microstructures consist of martensite, retained austen-
ite, and unreported amounts of carbide. The amount of
carbides in the samples was noted to be small. Hence,
carbides are not considered in the following calcula-
tions.

The carbon content in retained austenite (Cγ ) before
mechanical loading is shown beside the nominal car-
bon content of the respective steels. Cγ is normally
estimated from equations relating the lattice parameter
of retained austenite, aγ , to the chemical composition.
It is acknowledged that the Cγ could be affected by the
effects of auto-tempering and accommodation stress
induced by martensitic transformation on aγ . How-
ever, measurements of the actual Cγ were not reported
in the respective works [4–7], nor the cooling rates to
determine possible auto-tempering effects. Given such
limitations in the information, Cγ is estimated from
composition-dependent lattice parameter equations.

Since the equations for evaluating Cγ are different
in the respectively noted works, Cγ is derived based
on the following expression to ensure consistency in
calculations [6]:

aγ = 3.556 + 0.0453xC + 0.00095xMn + 0.056xAl

+ 0.0006xCr + 0.0015xCu − 0.0002xNi, (1)

where aγ is the measured austenite lattice parameter in
Å and xi is the concentration of the alloying element in
wt-%. The value for Cγ is derived from xC (i.e. Cγ =
xC) and the concentrations of the other elements follow
the bulk composition.

In the work of Foster et al. [6], the originalCγ for the
52100-QT steel was reported to be 0.593 wt-%C, which
is much lower than expected. The Cγ for a 52100 steel
has been reported to be 0.86 wt-%C [20] after undergo-
ing heat treatment similar to the method employed by
Foster et al. [6]. Therefore, the Cγ of 52100-QT steel in
Table 1 is taken as 0.8 wt-%C for calculation purposes.
It is also noted that the Cγ calculated for other steels
mentioned in this work (including those in Tables 1 and
6) is close to the values quoted in the respective works
[4–7].

Description of the critical stress model

Derivation of the critical stressmodel

Referring to the work of Haidemenopoulos et al. [10],
the derivation of the critical stressmodel is presented in
this section. The modifications made to adapt the orig-
inal model [10] to high-carbon steels are presented in
subsequent sections.

In stress-assisted martensite nucleation, the marten-
site nucleates at pre-existing sites within the parent
austenite grain, which are the same nucleation sites
where transformation under quenching occurs [21,22].
The applied stress influences the transformation kinet-
ics by changing the potency distribution of these nucle-
ation sites. This distribution can be described by a
model of heterogeneous martensitic nucleation devel-
oped by Olson and Cohen [23,24].

The potency of a martensitic nucleation site, n, is
represented by the thickness of the nucleus (in terms
of the number of crystal planes) that is derived from
the disassociation of existing defects. The critical n at a
given thermodynamic driving force per unit volume is
[10]:

n = − 2 · γs/ρ
�GChem + EStr + WF

, (2)

where γs is the nucleus specific interfacial energy (J
m−2), ρ is the density of atoms in the fault plane (mol
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m−2),�GChem is the chemical driving force formarten-
sitic transformation (J mol−1), EStr is the elastic strain
energy (J mol−1), and WF is the frictional work of
interfacial motion (J mol−1).

When an external stress is applied, a mechanical
driving force, �GMech (J mol−1), is added to �GChem
in Equation (2) to give the total driving force as:

�GTotal = �GChem +�GMech. (3)

�GMech varies with applied stress, σ (in MPa), accord-
ing to:

�GMech = σ

(
∂�G
∂σ

)
, (4)

where ∂�G
∂σ

(J mol−1 MPa−1) represents the stress state
of the transforming plate [25].

Based on Equation (2), Cohen and Olson [26]
derived the number density of operational nucleation
sites Nv as:

Nv = N0
v exp(−αn), (5)

whereN0
v is the total number density of nucleation sites

of all potencies (m−3) and α is the dimensionless shape
factor of the potency distribution [21].

For an austenite particle with volume Vp (m3), the
fraction of particles that will transform into martensite
(f ) via sites of potency with densityNv (m−3) is equal to
the probability of finding at least one nucleation site in
the particle, assuming the austenite particle transforms
into martensite in a single nucleation event [13]. This
probability is given as [26]:

f = 1 − exp(−NvVp). (6)

Combining Equations (2)–(6), the critical stress at
whichmartensite transformation initiates, σC (inMPa),
can be expressed as:

σC = 1(
∂�G
∂σ

)

·

⎧⎪⎪⎨
⎪⎪⎩

2α · γs/ρ
ln

[
− ln(1−f )

N0
v ·Vp

] −�GChem − EStr − WF

⎫⎪⎪⎬
⎪⎪⎭
. (7)

Equation (7) is the critical stress model that was
originally developed by Haidemenopoulos et al. [10].
Equation (7) has four fixed parameters (γs, ρ, f , and
EStr) and six free parameters (

(
∂�G
∂σ

)GH , αGH , (N0
v )

GH ,
VGH
p ,�GGH

Chem, andW
GH
F ). A list of symbols used in the

present work and their definitions is shown in Table 2.

Calculation of parameters in Equation (7)

Equation (7) has been implemented to estimate the
σC for the quench-and-tempered steels investigated.
Details of the calculation using Equation (7) are

Table 2. List of symbols in the present work.

Cγ Carbon content in retained austenite
aγ Lattice parameter of retained austenite
xi Concentration of alloying element in wt-%
n Potency of a martensitic nucleation site
γs Nucleus specific interfacial energy
ρ Density of atoms in the fault plane
�GChem Chemical driving force for martensitic transformation
EStr Elastic strain energy
WF Frictional work of interfacial motion
�GMech Mechanical driving force for martensitic transformation
�GTotal total driving force for martensitic transformation
∂�G
∂σ

Stress state of transforming martensite plate
Nv Number density of nucleation sites
N0v Total number of nucleation sites of all potencies
α Shape factor of potency distribution
Vp Austenite particle volume
f Fraction of particles to transform into martensite
σ Applied stress
σC Critical stress for the initiation ofmartensite transformation
V0γ Initial volume fraction of retained austenite before

mechanical loading
Vγ Volume fraction of retained austenite

presented in this section. For clarity, the parameters cal-
culated using equations in the work of Haidemenopou-
los et al. [10] are denoted with the superscript ‘GH’; the
latter represents the author’s initials (e.g.�GGH

Chem).
According to Haidemenopoulos et al. [10], �GGH

Chem
(J mol−1) is calculated using the following linear
expression:

�GGH
Chem = −5157.3 + 57979ψC

− 37.353ψCT + 8.28T, (8)

whereψC is themole fraction of carbon in austenite and
T is the temperature in degrees Celsius.

The parameter ∂�G
∂σ

GH (in J mol−1 MPa−1) is calcu-
lated according to the expression [10]:

∂�G
∂σ

GH
= −0.715 − 0.3206

(σh
σ̄

)
, (9)

where
(σh
σ̄

)
is −1/3 for uniaxial compression, 1/3 for

uniaxial tension and 0 for pure shear.
The frictionalwork of interfacialmotion is expressed

as a function of carbon concentration since it was
assumed that carbon has the highest contribution to the
frictional work [10]. The parameterWGH

F (in J mol−1)
is calculated according to the expression [10]:

WGH
F = 1.31 × 104ψ2/3

C . (10)

The parameter values for implementing Equation (7)
are summarised in Table 3.

Modified critical stressmodel

The modifications made to adapt Equation (7) for cal-
culating the σC of high-carbon quench-and-tempered
steels are presented in this section.

In the earlier works of Haidemenopoulos et al.
[11,13], the value for N0

v was estimated to be 2× 1017
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Table 3. Model parameters for the implementation of Equation
(7). Steel designations are includednext to the values of�GGHChem
andWGH

F .

Parameter Parameter values in Equation (7)(
∂�G
∂σ

)GH
, in J mol−1 MPa−1 −0.822

αGH 0.866
γ s , in J m

−2 0.15
ρ, in mol m−2 3× 10−5

f 0.01
(N0

v)
GH , in m−3 2× 1017

VGH
p , in m3 5.55× 10−19

EStr , in J mol−1 500
�GGH

Chem , in J mol−1 −2465 (8620)
−2444 (4320)
−2929 (3310)

−2905 (A485-M1)
−2931 (52100-QT)

WGH
F , in J mol−1 1636 (8620)

1645 (4320)
1429 (3310)

1441 (A485-M1)
1429 (52100-QT)

m−3. This value is derived from the work of Cohen
et al. [26,27], which is based on fitting Equations (2)
and (5) to the experimental data from Cech and Turn-
bull’s small particle experiments which involved using
a Fe-30Ni wt-% steel [28]. However, N0

v was found to
be in the order of 1.5–4× 1017 m−3 when fitted to
experimental data from TRIP steels [21].

Similarly, the austenite particle volume, Vp, is not a
constant value since it could be influenced by the type
of steel and heat treatment employed. For instance, Vp
has been reported to be 5.55× 10−19 m3 for a 4340 steel
[10] and 4.18× 10−18 m3 for a TRIP steel [21]. The
latter is based on TEM measurements of austenite par-
ticles with a mean radius of R = 1 μm [29], in which
a spherical volume has been assumed for simplicity. In
another work [30], Vp is found to be in the order of
10−20 m3 based on an undeformed austenite particle
diameter of 0.35 μm.

These reports show that the determination of Vp
depends on the measured austenite particle size. While
the dispersed austenite particles in the works of Haide-
menopoulos et al. [10,21] are assumed to be spher-
ical, this assumption cannot be applied to steels in
the current work because the morphology of retained
austenite was reported to appear as complex, heteroge-
neous, and interconnected in a tempered microstruc-
ture [4]. The size of retained austenite grains in tem-
pered microstructures is also rarely reported, so any
assumptions based on steels of other microstructures
could lead to inaccurate calculations of σC.

The determination ofN0
v andVp is challenging given

that they are material-dependent and require exper-
imental measurements that cannot be obtained eas-
ily. An easier approach is to consider the product of
these parameters (N0

v · Vp) as equivalent to the initial
retained austenite volume fraction before mechanical
loading, V0

γ . By multiplying N0
v (∼ × 1017 m−3) with

Vp (∼ × 10−18 m3), the product is a dimensionless
quantity (∼ × 10−1) with a magnitude that is within
the order of typical retained austenite volume fractions.

A similar approach was previously taken by Haide-
menopoulos et al. in which the size effect of austenite
particles is expressed as a scaled radius (N0

v · Vp)
1/3

[13]. While the effects of N0
v and Vp are not explicitly

considered in the modified equation, the advantage of
condensing these effects into the V0

γ term is that V0
γ

can be easily measured with conventional experimental
methods such as XRD.

The calculation of �GChem for the quench-and-
tempered steels using Equation (8) leads to an inaccu-
rate calculation of σC. This is because Equation (8) is
not valid for the composition range of the high-carbon
steels investigated. The absence of concentration terms
that account for other elements that can affect the driv-
ing force (e.g. nickel, manganese) is another limiting
aspect for the application of Equation (8) in the present
work.

Nowadays, it is convenient to calculate the Gibbs
free energy with thermodynamic software. �GChem is
calculated using Thermo-Calc software with the TCFE
8.1 database [31] in this study. For the present calcu-
lations, the chemical composition of retained austen-
ite follows the composition of the respective steels in
Table 1, where Cγ = xC after the evaluation of xC from
Equation (1). While it is acknowledged that Cγ can
vary locally with different retained austenite grains,
especially in carburised specimens, to simplify the cal-
culations the current work assumes that Cγ is uni-
form across the microstructure. Since the quench-and-
tempered steels were tested at room temperature, a
temperature of 20°C was used in the thermodynamic
calculations.

In initial calculations of σC for the quench-and-
tempered high-carbon steels, the σC values calculated
with Equation (7) were significantly higher than the
experimental values (see Table 5). Since �GChem and
WF in Equation (7) are the terms that directly vary with
chemical composition, the overestimation ofσC is likely
caused by inaccurate values of�GChem andWF .

Because martensite transformation occurs via the
movement of a glissile interface, the transformation can
be suppressed by microstructural features that obstruct
the mobility of the interfacial dislocations. The compo-
sition dependence of WF arises from the fact that the
resistance to dislocationmotion was found to vary with
solute concentration [32].

The limitations of a composition-based expres-
sion for WF (i.e. Equation (10)) are similar to those
described for �GChem earlier. Haidemenopoulos et al.
previously expressed WF as a function of carbon and
manganese in [11], and nickel in [13]. While these lin-
ear expressions might be valid for low-carbon steels
or those with simple alloying systems, they are not
directly applicable to the present steels. This is because
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Table 4. Model parameters for the implementation of Equation
(11).

Parameter Parameter values in Equation (11)(
∂�G
∂σ

)AW
, in J mol−1 MPa−1 −0.86

αAW 0.7899
γ s , in J m

−2 0.15
ρ, in mol m−2 3× 10−5

f 0.01
EStr , in J mol−1 500
�GAW

Chem , in J mol−1 −2214 (8620)
−2150 (4320)
−2090 (3310)

−2623 (A485-M1)
−2772 (52100-QT)

V0
γ 0.43 (8620)

0.39 (4320)
0.31 (3310)

0.18 (A485-M1)
0.13 (52100-QT)

Table 5. The measured and calculated σC for the quench-and-
tempered steels.

Calculated σC/MPa

Steel Measured σC MPa
Equation (7),
original model

Equation (11),
modified model

8620 441 3987 453
4320 592 4023 592
3310 785 3170 830
A485-M1 1058 3214 715
52100-QT 1140 3168 946

Table 6. Material parameters, measured and calculated σC for
steels with alternative microstructures.

Cγ �GAWChem Measured σC
Calculated σC ,
Equation (11)

Steel V0γ wt-% J mol−1 MPa MPa

A485-B1 0.18 0.930 −2345 722 1057
A485-B2 0.09 1.016 −2145 1436 2257
52100-B220 0.16 0.651 −3130 700 261
52100-B240 0.14 0.757 −2874 901 765
52100-B260 0.09 0.852 −2650 1070 1802
52100-QP220 0.20 0.727 −2946 731 248
52100-QP240 0.13 0.808 −2753 830 1001

the validity of theWF expressions developed in [11,13]
and [10] does not cover the composition of multicom-
ponent high-carbon steels such as those in the present
investigation. Attempts have been made to apply the
WF expression developed by Ghosh and Olson [32]
(which considers multicomponent steel systems) in
Equation (7) to calculate σC. However, the differences
between the calculated and experimental σC values
were significant, possibly due to errors that arise from
limiting assumptions in the WF expression developed
by Ghosh and Olson [32].

In subsequent calculations using the modified criti-
cal stress model, where N0

v · Vp is replaced with V0
γ , it

was found that reasonable values of σC can be obtained
without includingWF in the calculations (see Table 5).
It is acknowledged that the exclusion ofWF might indi-
cate that the effect of alloying elements in impeding the

mobility of the martensitic interface is not considered
explicitly in the modified critical stress model.

However, the numerical contribution of WF to the
energy balance is likely to be incorporated in the

2α·γs/ρ
ln

[
− ln(1−f )

V0γ

] term, such that the net difference between

�GChem with 2α·γs/ρ
ln

[
− ln(1−f )

N0
v ·Vp

] and EStr results in σC cal-

culations that are close to experimental values. The
application of aWF expression that is not valid for high-
carbon, quench-and-tempered steels results in incor-
rect calculations of σC. To the best of the author’s
knowledge, there is currently no WF expression that is
suitable for high-carbon steels with quench and tem-
pered microstructure. The development of such an
expression forWF , if at all necessary, is a task for future
work.

The values for the terms γs, ρ, f , and EStr in the
modified model are 0.15 J m−2, 3× 10−5 mol m−2,
0.01, and 500 J mol−1, respectively [11,24]. If marten-
site transformation is assumed to initiate on the most
favourably oriented nuclei, the value of ∂�G

∂σ
is −0.86 J

mol−1 MPa−1 when the stress state is in uniaxial ten-
sion [25]. This applies to all the steels in the present
work since they were subjected to uniaxial tensile tests.

The shape factor α is fitted by using the Curve Fit-
ter app in MATLAB 2022a. The procedure involves
defining�GAW

Chem and V0
γ as the independent variables,

whereas the measured σC of the quench-and-tempered
steels [4–6] is defined as the dependent variable (under
‘Select Data’ in the app, set�GAW

Chem, V
0
γ , and measured

σC as the ‘X Data’, ‘Y Data’, and ‘Z Data’, respectively).
The shape factor α is obtained by fitting these vari-
ables into the modified critical stress model (under ‘Fit
Type’ in the app, select the ‘CustomEquation’mode and
insert Equation (11)), while keeping the values of other
parameters (see Table 4) unchanged. This yields a value
of 0.7899 (±0.0215) for the shape factor α.

Therefore, the modified critical stress model is
expressed as:

σC = 1(
∂�G
∂σ

)AW ·

⎧⎪⎨
⎪⎩

2αAW · γs/ρ
ln

[
− ln(1−f )

V0
γ

] −�GAW
Chem − EStr

⎫⎪⎬
⎪⎭ .

(11)
The parameter values for implementing Equation (11)
are summarised in Table 4. Equation (11) has four fixed
parameters (γs, ρ, f , and EStr) and four free parame-
ters (

(
∂�G
∂σ

)AW , αAW , V0
γ , and �GAW

Chem). Note that the
number of free parameters in Equation (7) has been
reduced from six to four in Equation (11) by replac-
ing (N0

v )
GHand VGH

p with V0
γ and removing WGH

F .
This shows that the modified model requires fewer free
parameters to calculate the critical stress of martensite
transformation in high-carbon quench-and-tempered
steels.
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Description of the austenite volume fraction
model

The derivation of a model that calculates the vol-
ume fraction of retained austenite, Vγ , as a function
of applied true stress, σ is presented in this section.
Martensite transformation occurs when �GTotal ≥
�Gγ→α′

Ms
. If the steel is mechanically loaded at a con-

stant temperature, �GChem is assumed to remain con-
stant. Themartensitic transformation is solely driven by
�GMech, which is a function of σ . For the steels investi-
gated in this work, Vγ was observed to decrease with σ
when σ is greater than σC [4–6].

If the change in the martensite fraction dVα′ for a
given increment of σ is proportional to Vγ , then:

dVα′

dσ
= KVγ , (12)

where K is a constant.
Since Vα′ = V0

γ − Vγ , integration of Equation (12)
gives:

lnVγ − lnV0
γ = Kσ . (13)

Equation (13) can be expressed as

Vγ = V0
γ · exp[K · (σ − σC)], (14)

where

Vγ = V0
γ if σ ≤ σC.

Since retained austenite starts transforming only when
σ is greater than σC, the Vγ when σ ≤ σC is set
to be equal to V0

γ . The term K (MPa−1) represents
the slope of the function and is fitted by plotting the
experimental values of lnVγ − lnV0

γ versus (σ − σC)

for the linear, decreasing segment of the experimen-
tal transformation curves [4–6]. The values of K for
8620, 4320, 3310, A485-M1, and 52100-QT steels
are −4.948× 10−4, −5.108× 10−4, −5.389× 10−4,
−7.307× 10−4, and −6.09× 10−4 MPa−1, respec-
tively. A value of K = −5.768× 10−4 is obtained from
the average of theK values of these steels, and this value
is applied in subsequent calculations using Equation
(14).

Determination of σC and Vγ from experimental
data

The experimental values of σC and Vγ are deter-
mined from the retained austenite volume fraction and
true stress measured during the uniaxial tensile tests
of the steels. These tests were performed using neu-
tron diffraction (for 8620, 4320, 3310, and A485-M1
steels) and synchrotron XRD (for 52100-QT steel).
The models were validated with measured σC and Vγ
from experimental datasets provided by the respective
authors [4,5] for the first group of steels, while the

experimental σC andVγ values for 52100-QT steel were
obtained by digitising the results reported in [6].

The authors in [4–6] did not define a procedure for
determiningσC from the transformation curves. There-
fore, the selection of σC was arbitrary and most likely
corresponds to the highest value ofVγ before an appar-
ent decrease in Vγ was observed. The same approach
was adopted to determine σC from the experimental
datasets of the steels in the present study.

Results

Calculated σC for steels with
quench-and-temperedmicrostructures

The calculations of σC are performed according to the
original and modified critical stress models. Values of
the model parameters are described in Tables 3 and 4.

Table 5 shows the experimentally measured and
calculated σC for the quench-and-tempered steels as
mentioned in Table 1. The σC values calculated using
Equation (7) are significantly higher than the measured
values for the respective steels, whereas the calculated
values from Equation (11) are closer to the measured
values. The difference between measured and calcu-
lated σC values for the 8620, 4320, and 3310 steels are
within± 45MPa, whereas those for the A485-M1 and
52100-QT steels are within± 345MPa. Despite the dif-
ferences, Equation (11) performs better than Equation
(7) in calculating σC for quench-and-tempered high-
carbon steels.

Calculated σC for steels with alternative
microstructures

The application of Equation (11) in steels with other
microstructures is assessed by calculating the σC
for bainitic and quench-and-partitioning (QP) steels.
According to Table 6, the steels are labelled accord-
ing to their respective designations in [7] (for A485
steel) and [6] (for 52100 steel). The heat treatments
of these steels are described in [6,7]. The σC is calcu-
lated with Equation (11) according to the procedure
described in Section 3.3. The Cγ for the steels is calcu-
latedwith Equation (1). The concentrations of the other
alloying elements are assumed to follow the respective
compositions of the A485-M1 and 52100-QT steels in
Table 1.

Table 6 shows themeasured and calculated σC values
for bainitic and QP steels. When comparing the steels
subjected to the same type of heat treatment (i.e. A485-
B1/B2; 52100-B220/240/260; 52100-QP220/240), the
measured and calculated σC values increase when
the magnitude of �GChem is smaller and when V0

γ

decreases. Despite the ability of the model to correctly
predict the variation of σC with V0

γ and �GChem, the
differences between the measured and calculated σC
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Figure 1. Measured and calculated retained volume fraction (Vγ ) of steels with quench-and-tempered microstructure.

values are large — on the order of ±135–800MPa.
Possible reasons are discussed in Section 7.1.

CalculatedVγ for steels with
quench-and-temperedmicrostructures

Figure 1 shows the variation of Vγ with the measured
true stress of the quench-and-tempered steels [4–6],
where Vγ is calculated with Equation (14). The region
ofmechanical stability is indicated by the portion of the
curve where Vγ remains constant. The transition point
on the curve represents the onset of martensite trans-
formation when σ > σC. A comparison of the curves
shows that the transformation initiates at later stages
as σC becomes higher. Based on Figure 1, 52100-QT
has the highest σC and, therefore, the most mechani-
cally stable retained austenite among the quench-and-
tempered steels. The curves predicted by Equation (14)
agree well with the experimental data.

CalculatedVγ for steels with alternative
microstructures

The utility of Equation (14) is assessed by calculat-
ing the Vγ for the bainitic and QP steels described in
Section 6.2. The calculation is performed by setting σC
according to the measured σC values of the respective
steels in Table 6. Themodel is also applied to predict the
transformation curve for a TRIP steel that was tensile-
tested at 293K [8]. Since the TRIP steel showed imme-
diate retained austenite transformation upon loading,
Vγ is calculated by setting σC as 0 in Equation (14).
Based on the transformation curves shown in Figure
2, the Vγ calculated with Equation (14) show good
agreement with the experimental data.

Discussion

Critical stress for retained austenite tomartensite
transformation

Referring to Table 6, steels subjected to the same type of
heat treatment (i.e. A485-B1/B2, 52100-B220/240/260,

and 52100-QP220/240) exhibit higher σC values when
the magnitude of �GAW

Chem is smaller. The physical
meaning of a smaller magnitude of �GAW

Chem, i.e. lower
chemical driving force, is that the retained austen-
ite is more resistant towards martensite transforma-
tion, which is caused by a higher Cγ . This indicates a
higher retained austenite stability whichmeans that the
martensite transformation initiates at a higher σC.

The σC is also observed to increase with a lower V0
γ .

However, it is challenging to analyse the effect of V0
γ on

the calculation of σC separately from chemical compo-
sition effects. The A485-M1 and 52100-QT steels are
considered as an example. Although both steels have
very similar Cγ (see Table 1), the magnitude of the
�GAW

Chem for 52100-QT is 149 J mol−1 higher than that
of A485-M1 steel, presumably due to the effect of other
alloying elements on the chemical driving force. If the
critical stress is considered only on the basis of chemi-
cal composition via the chemical driving force, then the
σC of 52100-QT steel is expected to be lower than that
of A485-M1 steel because of lower retained austenite
stability.

However, themeasured σC of 52100-QT (1140MPa)
is higher than that of A485-M1 (1058MPa). This is
most likely because the 52100-QT steel has a lower V0

γ

than the A485-M1 steel, which corresponds to a higher
amount of martensite in the microstructure before the
steel was mechanically loaded.

According to Xiong et al. [17], the martensite plates,
which have a higher yield stress than austenite, could
obstruct the retained austenite grains from transform-
ing into martensite. This occurs because the martensite
matrix surrounding the grains must deform to contain
the volume expansion caused by martensitic transfor-
mation [17]. They also proposed that the hydrostatic
pressure induced by the residual stress generated in
the microstructure could hinder martensite transfor-
mation, which is accompanied by volume expansion.

Since V0
γ replaces the product (N0

v )
GH · VGH

p in the
critical stress model, the term V0

γ collectively repre-
sents the number density of martensitic nucleation sites
and austenite particle volume. The physical meaning
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Figure 2. Measured and calculated retained austenite volume fraction (Vγ ) of bainitic, QP and TRIP steels. The transformation curves
are shown in separate plots for clarity.

of this representation is that a lower V0
γ indicates

lesser martensitic nucleation sites so that the marten-
site transformation is triggered and detected at a higher
σC.

These reasons could explain why 52100-QT has a
higher σC than A485-M1 because of a lower V0

γ , an
effect that is reflected by the modified critical stress
model.

In Table 6, major differences are observed between
the measured and calculated σC values for bainitic and
QP steels. Bainite is reported to dominate the bainitic
and QP microstructures of the corresponding A485
[33] and 52100 [6] steels. Therefore, the large differ-
ences in σC are most likely a result of the influence of
bainite on the load partitioning behaviour; thus, its sub-
sequent effect on austenite stability is not considered in
the modified critical model.

When a composite microstructure containing
phases of variable properties is stressed, the soft phase
that is more ductile is the first to deform plastically.
The deformation is followed by work hardening. The
load will be eventually transferred to the harder phase
[34]. Therefore, in a microstructure containing phases
of varying strengths, the critical transformation stress
of retained austenite also depends on the mechanical
response of the surrounding phases when deformation
is applied.

Referring to a study on austenite stability and strain
evolution in TRIP-assisted steels as an example [35],
the matrix composed of ferrite and bainitic ferrite
was found to have the lowest load-bearing capac-
ity, followed by austenite and martensite. The authors
also reported that the transformation of austenite
into martensite in the steel with more bainitic ferrite
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Figure 3. The change in critical stress σC as a function of (a) solute concentration; (b) temperature; (c) V0γ .

occurred at later stages of the deformation due to
delayed work-hardening of the matrix microstructure
[35]. These observations can be related to the relative
strengths of the phases present in the microstructure
[36].

According to the work of Foster et al. [6], the σC
increases with Cγ and the amount of bainitic ferrite
in the steels with bainitic (i.e. 52100-B) and QP (i.e.
52100-QP) microstructures. However, these steels have
a lower σC than the 52100-QT steel, which has a tem-
peredmartensite microstructure. The varying austenite
stabilising effects conferred by these different matri-
ces were attributed to the presence of nano-carbides
and local straining of the bainitic ferrite surrounding
the austenite grains [6]. These observations point to
the major effect of the surrounding matrix on austenite
stability.

Currently, themodified critical stressmodel does not
consider explicitly the austenite stabilising effect of the
surrounding matrix microstructure. Since the model
parameters are fitted based on the composition and
microstructure of tempered martensitic steels, the σC
calculated with themodifiedmodel is expected to differ
significantly from the measured σC of steels with other
microstructures. The incorporation of the austenite sta-
bilising effects by the surrounding matrix in relation to
some of the aforementioned factors is considered for
future work on the critical stress model.

Kinetics of deformation-inducedmartensite
transformation

Based on the measured and predicted Vγ as shown
in Figures 1 and 2, the application of Equation
(14) appears to work for all steel microstructures in
the current investigation. However, the model may
underestimate (e.g. for A485-B1 steel in Figure 2) or

overestimate (e.g. for 52100-QP220 steel in Figure 2)
Vγ during retained austenite transformation. This is
because the average K value as mentioned in Section
4, i.e. K = −5.768× 10−4, is applied in all calcula-
tions, which may be slightly different from the K value
obtained from each dataset.

Nonetheless, the model predictions are in good
agreement with measured values, demonstrating that
themodel can predict the retained austenite fraction for
stress-inducedmartensite transformations in the inves-
tigated steels regardless of whether the steel exhibits a
delayed transformation of retained austenite.

Parametric analysis of the critical stress model

Todetermine the constraints of the critical stressmodel,
the influences of �GAW

Chem and V0
γ on σC are examined.

A parametric analysis of Equation (11) is conducted by
calculating the σC of 8620 steel (see Table 1) across a
range of�GAW

Chem andV0
γ values while keeping the other

parameters constant.
Since �GAW

Chem changes with chemical composition,
the effect of chemical composition is assessed by cal-
culating σC across a range of concentrations for the
austenite stabilisers (carbon, manganese, and nickel) at
a constant temperature of 20°C and V0

γ of 0.43. Based
on Figure 3(a), the σC increases with higher concentra-
tions of carbon, manganese, and nickel. The austenite
stabilising effect of these elements raises the free energy
required to initiate martensite transformation. Since
�GTotal ≥ �Gγ→α′

Ms
to initiate martensite transforma-

tion, a higher �GMech is needed, which is indicated by
a higher σC. Furthermore, the rate of increase in σC
per wt-% alloying element is highest for carbon, fol-
lowed by manganese and then nickel. This observation
agrees with the reported austenite stabilising potencies
of these elements [37], where carbon is known to be the
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strongest austenite stabiliser, followed by manganese
and nickel.

The effect of temperature on σC is studied by cal-
culating σC at −60°C–160°C, according to the chem-
ical composition of 8620 steel and a V0

γ of 0.43. The
selected temperature range is based on standard ser-
vice temperatures for bearings [38]. The martensite
transformation is less likely to occur at elevated tem-
peratures because there is less undercooling available
to provide the required thermodynamic driving force
through�GChem. Thus, σC increases with temperature
(as shown in Figure 3(b)) because a higher �GMech is
needed to supplement the driving force for martensite
transformation.

This observation agrees with the experimental find-
ings of Neu and Sehitoglu [39]. By performing uniaxial
tensile tests on carburised 4320 steel across a tem-
perature range of −60°C–50°C, the authors reported
decreasing transformation amounts with higher testing
temperatures and speculated that little stress-induced
retained austenite transformation occurs above 60°C
[39].

The experimental findings of Kulin et al. [40]
also demonstrated that stress-induced transformation
decreases as the testing temperature increases pro-
gressively above the Ms temperature of a 0.5C-20Ni
(wt-%) steel (assumed to be −37°C). They reported
that martensite transformation was barely observed
at 0°C and non-existent at 20°C, showing that the
stress-induced transformation occurred within a nar-
row range between the Ms temperature and approxi-
mately 40°C above the Ms. Based on the Ms equation
developed by Bohemen [41], the Ms temperature of
the 8620 steel is calculated to be approximately 136°C.
Thus, it could be implied that minimal or no stress-
induced transformation would occur in 8620 steel at
testing temperatures higher than 136°C.

The variation of σC with V0
γ is evaluated by calcu-

lating the σC of 8620 steel at a temperature of 20°C
and setting Cγ to 0.8, 0.9, and 1 wt-%C, respectively.
The concentrations of other alloying elements follow
that of 8620 steel in Table 1. According to Figure 3(c),
the σC increases with Cγ at a constant V0

γ . When Cγ
is constant, the σC decreases with increasing V0

γ . This
trend is consistent with themeasured σC of the quench-
and-tempered steels (Table 5) with respect to their V0

γ

(Table 4), where 8620 steel has the lowest measured
σC of 441MPa but the highest V0

γ of 0.43. In Table 6,
steels subjected to the same type of heat treatment also
showed higher σC with lower V0

γ . The observation that
a higher retained austenite fraction leads to lower criti-
cal stress for martensite transformation agrees with the
findings of Alley and Neu [9]; the authors described the
variation of σc with V0

γ through an empirical equation.
Strictly speaking, the relationship between σC and

V0
γ is linked to the chemical composition and heat

treatment of the steel. Considering the 52100 bainitic
steels in Table 6 (B220/240/260) as an example, the
increasing bainitic treatment temperatures result in
higher amounts of austenite decomposing into bainite
[6], as the remaining austenite becomes enriched with
carbon due to carbon partitioning [34]. This leads to
a lower V0

γ and higher Cγ , thus increasing the stabil-
ity of the austenite as indicated by a higher σC. Zhou
et al. [42] reported high retained austenite mechanical
stability during tensile testing of a medium-manganese
steel with low V0

γ that contained a high solute concen-
tration and small grain size, which is a consequence of
heat treatment.

Despite the good agreement between experimental
trends and σC values predicted by Equation (11), the
model has its limitations. The main constraint of the
model is the range of chemical composition andV0

γ val-
ues that were used to develop the model parameters.
Consequently, the model predicts negative σC values in
certain conditions: below 0.8 wt-%C (Figure 3(a)); at
temperatures below −60°C (Figure 3(b)); above V0

γ =
0.35 when Cγ = 0.8 wt-%C; and above V0

γ = 0.6 when
Cγ = 0.9 wt-%C (Figure 3(c)).

Equation (11) predicts a negative σC value when
�GChem is greater in magnitude than the energy bar-
rier to martensite transformation, which is defined
in the terms 2αAW ·γs/ρ

ln
[
− ln(1−f )

V0γ

] and EStr. This could imply

that the delayed deformation-induced transformation
of retained austenite into martensite does not occur or
occurs shortly after mechanical loading. The latter sce-
nario applies to low-carbon TRIP steels [8]; in this case,
the critical stress model of Haidemenopoulos et al. [11]
might provide better predictions of σC.

Another reason for the prediction of a negative σC
is because the same value of α (0.7899) is applied in all
calculations. The value of α was previously reported to
be 0.866 by Haidemenopoulos et al. [10,11]. However,
Olson et al. [27] reported a value of α = 0.84, which
they obtained by best-fitting Equations (2) and (5). In
the process of fitting α for the quench-and-tempered
steels, it was found that α is sensitive to carbon content.
A lower α value results in reasonable predictions of σC
when Cγ is lower than the current threshold of 0.8 wt-
%C (see Figure 3(a)).

This observation agrees with recent work by Haide-
menopoulos et al. [21] and Polatidis et al. [30] on
low-carbon TRIP steels, where a value of 0.1 was used
for the shape factor α. Haidemenopoulos et al. [21]
reported that the value of α should be lower for steels
with retained austenite that is less stable. Referring
to Equation (5), a low value of α results in high Nv,
which implies a higher density of potent martensitic
nucleation sites. Nv is dependent on the potency of
martensitic nucleation site n, which explains why it
is appropriate to use a low α value to predict σC for
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retained austenite grains with low stability, such as
those with low-carbon content. Inversely, the value of α
is expected to be higherwhen predictingσC for retained
austenite grains with higher stability, as is the case with
the high-carbon steels in the present investigation.

The utility of Equation (11) can be extended by
assessing the mechanical stability of the retained
austenite in high-carbon steels in other stress states. For
example, retained austenite in a case-carburised steel
has been reported to transform into martensite under
rolling contact fatigue (RCF) conditions [43]. The ∂�G

∂σ

parameter in Equation (11) should bemodified accord-
ingly when the stress state is different.

The parametric analysis of Equation (11) showed
that σC increases with higher austenite stabiliser (car-
bon, manganese, nickel) concentrations, higher tem-
peratures, and lower V0

γ . While the effects of these
parameters on σC have been assessed separately, they
are interrelated in practice and should be considered
collectively when the model is implemented. The anal-
ysis also identified α as a limiting factor for the applica-
tion of this model, as it is expected to change with other
steel compositions and V0

γ . Despite the model con-
straints as imposed by the composition and experimen-
tal conditions of the quench-and-tempered steels, this
model can be extended to other steels by deriving the

relevant material parameters following the procedures
outlined in Section 3.

Model applications

Potential applications for the critical stress and austen-
ite volume fraction models are explored in this section.
Previous research has indicated that higher amounts
of retained austenite increase the RCF life of bear-
ings [1,2]. On the contrary, Morris and Sadeghi [43]
have reported that higher amounts of retained austenite
do not automatically improve the RCF life of bear-
ings; the underlying reason is that the high stability
of retained austenite restricts its transformation into
martensite when subjected to RCF stresses. They found
that the benefits of retained austenite to the improve-
ment of RCF life, regardless of its amount, are realised
only when its stability is below a threshold that allows
martensite transformation during deformation.

Since σC can be used as an indicator of retained
austenite mechanical stability, the following examples
highlight the implementation of Equations (11) and
(14) in selecting chemical compositions and processing
parameters for alloy design.

The first example explores different alloy composi-
tions for defined ranges of σC. By setting a temperature

Figure 4. (a) Required manganese and nickel concentrations for a range of critical stresses at a deformation temperature of 20°C
and V0γ of 0.43; (b) change in retained austenite volume fraction (Vγ )with applied stress for selected compositions.
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of 20°C andV0
γ of 0.43,σC is calculatedwithin a compo-

sition range of 0–3 wt-%Mn and 0–3 wt-%Ni, in steps
of 0.1 wt-% Mn/Ni. The concentrations of carbon and
other alloying elements follow that of 8620 steel (see
Table 1). Figure 4(a) shows the required manganese-
nickel combinations in austenite as σC is varied, in
which higher concentrations of manganese and nickel
increase σC.

To illustrate how variation in the CALPHAD cal-
culations, e.g. by Thermodynamic database accuracy,
could affect the model calculations, a sensitivity anal-
ysis is conducted, via minor changes in the chemical
composition to estimate model variations. When the
manganese concentration is set as 1.4 wt% in 8620, the
calculated σC for nickel concentrations of 0, 0.2, 0.4, 0.6,
0.8, 1, 1.2, and 1.4 wt-% are 407, 445, 482, 519, 556,
594, 631, and 669MPa, respectively. When the nickel
concentration is set as 1.4 wt-%, the calculated σC for
manganese concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2,
and 1.4 wt-% are 311, 355, 403, 453, 505, 558, 612, and
669MPa, respectively. The results demonstrate a model
sensitivity of ∼200–220MPa/wt% for σC, indicating
relatively low sensitivity to possible changes in theCAL-
PHAD predictions, given the narrow range in compo-
sitional differences in high-carbon steels (<1–2wt%,
Table 1) and the accuracy in the predicted results in
Table 5 for several steels. Further assessment on the
accuracy of the CALPHAD calculations is beyond the
scope of the present work.

In bearing applications, the chemical composition
should be selected to ensure that retained austenite
remains stable at the applied loads during service.
Figure 4(a) can be used as a guide to select suitable alloy
compositions for a defined range of σC. Since the price
of manganese is lower than nickel [44], using a high
manganese-low nickel combination may make it possi-
ble tomanufacture bearings at significantly lower prices
than those alloys in current use.

Figure 4(b) shows the stress-induced transformation
progress of retained austenite for various manganese
concentrations when the deformation temperature and
nickel concentration are fixed at 20°C and 0.1 wt-%,
respectively. As themanganese concentration increases,
martensite transformation initiates at higher σC val-
ues and a higher amount of retained austenite is left
when the stress is removed. Figure 4(b) can be used to
inform the selection ofmanganese-nickel combinations
that optimise martensite transformation (i.e. the ‘TRIP
effect’) and to control the amount of retained austenite;
this is useful in metal forming operations.

The second example explores different alloy compo-
sitions for a defined range of σC at various deforma-
tion temperatures. Setting V0

γ as 0.43 and following the
composition of 8620 steel, the calculation is performed
within a temperature range of −50°C–80°C in steps of

10°C and 0.05 wt-%Mn/Ni. The calculation is also con-
strained to compositions that result in σC between 400
and 500MPa (noting that themeasured σC of 8620 steel
is 441MPa). According to Figure 5(a), the concentra-
tions of manganese and nickel required to achieve σC
within the target range increase with lower deforma-
tion temperatures. Since retained austenite transforms
more easily into martensite at low temperatures due to
greater undercooling, a higher concentration of austen-
ite stabilisers is needed to maintain austenite stability.

It was found that σC exceeds 500MPa when the
deformation temperature is above 80°C. Figure 5(b)
shows the changes in Vγ with σ at different temper-
atures. The composition is set as 0.3Mn-1.4Ni (wt-%)
because this combination is closest to that of 8620
steel (see Table 1). As temperature increases, martensite
transformation occurs at higher critical stresses with
lesser retained austenite remaining after the stress is
removed; no transformation occurs at 120°C. Consid-
ering the service temperature range for most rolling-
element bearings (i.e. ranging from −50°C up to the
order of 120–150°C) [38], the dimensional stability of
bearings is critical as fluctuations in service temper-
ature can induced retained austenite decomposition.
Therefore, the information from the calculations shown
in Figure 5 can aid the design of bearing composi-
tions that optimise retained austenite stability against
the transformation induced by temperature fluctua-
tions, which is crucial for bearings operating in extreme
environments.

The examples have shown the utility of the models
in predicting the parameters for optimal austenite sta-
bility in bearing applications once a target stress and/or
strain are defined. However, the influence of heat treat-
ments andmanufacturing processes should also be con-
sidered, as the models do not explicitly account for
these factors. For instance, while it is known that man-
ganese can promote austenite stability as well as nickel
but with higher cost-effectiveness, excessive amounts
of manganese can cause surface and internal oxida-
tion in carburised steels [45]. Therefore, these models
should be implemented together with other manufac-
turing considerations to inform the design process of
new bearings.

Conclusions

In this work, models for predicting the critical stress
and progress of deformation-inducedmartensite trans-
formation in high-carbon steels have been developed.
The critical stress model (Equation (11)) was devel-
oped to overcome the limitations of existing models
when predicting σC in high-carbon quench and tem-
pered steels, which exhibit delayed retained austen-
ite transformation under applied stress. Compared to
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Figure 5. (a) Requiredmanganese and nickel concentrations for deformation temperatures between−50°C and 80°CwithσC values
within a range of 400–500MPa; (b) change in retained austenite volume fraction (Vγ )with applied stress for a composition of 1.4Mn-
0.3Ni (wt-%) within a temperature range of−40°C to 120°C.

Equation (7), i.e. the model of Haidemenopoulos et al.
[10], Equation (11) requires fewer free parameters (i.e.
reduced from six to four), providing better physical
and numerical interpretations in the parameter selec-
tion and reduction to study TRIP in high-carbon steels.
Calculations of σC with Equation (11) are in good
agreement with measured values from the investigated
quench-and-tempered steels.

Equation (11) considers the influence of chemical
composition, deformation temperature, and initially
retained austenite fraction on σC. Higher austenite sta-
biliser concentrations in the composition or higher
deformation temperatures result in austenite that is
more stable against transformation; these effects are
represented by a smaller magnitude of �GChem. A
lower V0

γ indicates fewer martensitic nucleation sites,
which means that the martensite transformation under
applied stress occurs at a higher σC.

Since the critical stress model was developed based
on steels with microstructures that consist primar-
ily of tempered martensite and retained austenite, the
accuracy of the model predictions diminishes when
applied to steelswith othermicrostructures. In contrast,
the model for calculating the transformed amounts of
retained austenite under applied stress (Equation (14))

was found to perform well when applied to steels that
exhibit (i.e. high-carbon steels) or do not exhibit (i.e.
low-carbon steels) the delayed retained austenite trans-
formation phenomenon.

A parametric analysis of Equation (11) showed that
σC increases with higher austenite stabiliser concen-
trations, higher deformation temperatures, and lower
V0
γ . Besides identifying the limiting conditions of the

model, the analysis highlighted the sensitivity of the
shape factor α to material parameters, notably Cγ .
Potential model applications have been explored. It
is anticipated that these models can be used to aid
the design of new alloy compositions for bearings
with optimal retained austenite stability and cost-
effectiveness.
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