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Finite element simulations that predict the microstructure and properties of heat-treated steels can be
significantly improved by incorporating appropriate models for the kinetics of various austenite transfor-
mations. In the present study the austenite decomposition kinetics for a 1045 steel was modeled using a
modification of the transformation equation proposed by Li et al. [1]. The kinetics of the continuous cool-
ing transformation were determined directly from an isothermal transformation diagram. To verify the
predictions of the model, an end-quench test was used because it produces a wide range of microstruc-
tures. The microstructures predicted by the kinetics model for the end-quenched sample were confirmed
by quantification of the microstructures observed in the end-quench experiments. Furthermore, the pre-
dicted hardness profile was in good agreement with the experimentally measured hardness profile. The
kinetics model developed in the present study was compared to the models proposed by Kirkaldy and
Venugopalan [2] and the unmodified model by Li. The present model provides a more accurate predic-
tion. A microstructural-based hardness equation from the literature was also evaluated and it predicted
hardness values that were above the experimentally measured values. The model we propose predicts
the experimental hardness profile more accurately, since it is based on the calculated microstructure and
experimental hardness values of martensite, bainite, and ferrite/pearlite.
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1. Introduction

Microstructural changes during austenite decomposition
depend on the transformation temperature region and cool-
ing rate. Over the years, many experimental studies have been
performed to reveal the microstructural changes during isother-
mal holding or continuous cooling of austenite for various
kinds of steels. The isothermal transformation (IT) diagram,
which is also called the time-temperature-transformation
(TTT) diagram, and the continuous cooling transformation
(CCT) diagram have been developed to graphically characterize
the decomposition transformation as a function of time and
temperature.

However, when these diagrams are based on experimental mea-
surements, several limitations are present. Each diagram is limited
because the temperatures at which specific transformations occur
can vary due to several factors, such as: (1) the chemical composi-
tion of steel, (2) the solid solution condition in the austenite prior
to cooling and transformation, (3) the presence of precipitates in
austenite, (4) the prior austenite grain size, and (5) the applied
stresses during the transformation. For applicability over a wide
range of conditions, any generalized equation or model that is used
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to predict the transformation diagram should include these limiting
factors.

There are two methods to develop a model for transformation
kinetics of metals. The first method is to create a model based
on thermodynamic calculations; the second method is to empir-
ically determine a model based on experimental data. The former
is the “ideal” method, since it is not dependent on experiments and
only depends on theoretical parameters obtained from basic mate-
rial properties. The model derived by thermodynamic and kinetic
calculations has greater physical meaning than a model derived
by empirical methods. However, it is not easy to obtain all of the
basic parameters required for commercial materials whose chem-
ical compositions can vary, due to the wide range of alloys used
in the various grades and even within a single grade. Thus, many
researchers have developed empirical kinetics models based on
experimental data to study and characterize solid-state transfor-
mations [1-16].

A general equation to model isothermal transformation kinetics
was proposed by Johnson and Mehl [3], Avrami [4], and Kolmor-
gorov [5] (JMAK) to calculate the product phase volume fraction
as a function of time under isothermal conditions, and has been
used for general transformation in steels [17]. However, in most
cases austenite decomposition is non-isothermal and the princi-
ple of additivity proposed by Scheil [6] and further developed by
Avrami [7] can enable the JMAK kinetics equation to be used under
non-isothermal conditions.
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Table 1
Values for empirical constants in density equation p = a, + b, - T +c, - T2

3187

Structure a, (kg/m?) b, (kg/m3-K)

¢, (kg/m3-K?)

Standard error for a, Standard error for b, Standard error for c,

Austenite (above 1041 K)
Ferrite + carbide (below 985 K)

8190
7919.7

—0.49
—-0.2149

-102.0x 106

10.6
0.078

0.0111

0.00026 0.21x 1076

Regression of data every 10K from Thermo-Calc using the TCFE3 database [24].

Cahn [18] proved that the non-isothermal transformation can
be calculated from an isothermal equation, like the JMAK equa-
tion, by using the additivity rule. Lusk and Jou [19] suggested that
restricted conditions exist for the application of the additivity rule
for phase transformation kinetics. They argue that the additivity
rule is applicable for any general isokinetic relationship. An expres-
sion of a general isokinetic relationship - where the volume fraction
dependence and the temperature dependence are separable - can
be derived from the JMAK equation, to give

(n-1)/n

=k a-vy (n ) =y ()
where V is the volume fraction of the product phase, T is tempera-
ture, and t is time. The parameters K and n are the constants related
to the transformation rate obtained from the experimental data.
Since f(T) is a function of temperature and g(V) is a separable func-
tion of volume fraction, the additivity rule is valid for Eq. (1). Other
similar studies have addressed the limitations of the additivity rule
[20-22].

Over the last two decades, many studies have been performed
to quantitatively characterize the austenite decomposition phe-
nomenon using phase-transformation kinetics. Several studies
have focused on the diffusional transformation kinetics occur-
ring during cooling in low alloy steels. Kirkaldy and Venugopalan
[2] have suggested kinetic models for diffusional transformations
(i.e. the transformation of austenite to ferrite, pearlite, or bai-
nite) based on published IT diagrams. They considered the effects
of wide-ranging chemical composition, austenite grain size, and
undercooling below the equilibrium transformation temperature.
Lee and Bhadeshia [14] used nucleation theory and fitted con-
stants to suggest the predictive model for the IT diagram. Li et al.
[1] modified the kinetics models proposed by Kirkaldy and Venu-
gopalan [2] by using published CCT diagrams. Their transformation
kinetic models have been used to predict microstructural changes
and mechanical properties of final products in real manufacturing
processes by coupling the kinetics models with heat-transfer and
thermal-stress analyses. The accuracy of a transformation kinetics
model is the key factor for an accurate thermomechanical analysis.

One method to verify the accuracy of transformation kinetics
model is a Jominy end-quench hardenability test, because of the
wide range of cooling rates that are captured in a single experiment
[23].

The objective of the present investigation was to examine sev-
eral microstructural kinetics models for a 1045 plain carbon steel.
In order to assess kinetics modeling of austenite decomposition,
an end-quench hardenability test simulation was created. Evalu-
ation of each model was made to determine how well the model
predicted both the microstructure and the hardness profile of the
end-quench test.
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Fig. 1. Density variation with temperature for 1045 steel. Calculated with Thermo-
Calc.

2. Material properties

For the modeling of the austenite decomposition of a 1045 steel,
various physical properties are needed as a function of temperature.
In the present study the thermal variation of density and specific
heat as well as the latent heat of transformation were obtained by
Thermo-Calc using the TCFE3 database [24]. Over the temperature
range of interest Thermo-Calc was used to calculate the density and
specific heat every 10K. In order to use these data in a model the
values were regressed by a linear or quadratic function of temper-
ature.

The regression equation for the density, p (in kg/m3) as a func-
tion of temperature, T (in K) is:

p=ap,+by-T+cy, T? (2)

where ay, b, and ¢, are empirical constants. Table 1 lists the values
of these constants for austenite and ferrite + carbide, as well as the
standard error for each of the constants in the regression. Fig. 1
shows the density variation with temperature.

The regression equation for specific heat values, Cp, (in J/kg-K)
as a function of temperature is:

Cp=ac+bc-T+Cc~T2 (3)

where ac, bc and c¢ are empirical constants. Table 2 lists the val-
ues of these constants for austenite, ferrite, and ferrite + carbide as
well as the standard error for the constants in the regression. Fig. 2
shows the specific heat variation with temperature. Each specific
heat curve in Fig. 2 was calculated using data from Thermo-Calc

Table 2
Values for empirical constants in specific heat equation C, = ac +bc - T +cc - T?.
Structure ac (J/kg-K) be (J/kg-K?) cc (J/kg-1C3) Standard error for ac Standard error for b¢ Standard error for c¢
Austenite (above 1043 K) 439.0 0.1142 0.087 0.000068
Ferrite (below 873 K) 435. 0.102 541 x 1076 7.3 0.027 23x 1076
Ferrite + carbide (below 873 K) 447. 0.081 495 x 10°© 6.0 0.022 19x10°¢

Regression of data every 10K from Thermo-Calc using the TCFE3 database [24].
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Fig. 2. Variation of specific heat with temperature for 1045 steel. Data were calcu-
lated with Thermo-Calc using the TCFE5 database.

based on the equilibrium volume fractions of phases in their sta-
ble temperature regions. The specific heat of the mixed ferrite and
cementite phase was used for the pearlite and bainite microcon-
stituents. The specific heats shown in Fig. 2 were extrapolated to
encompass a larger temperature range than shown.

The temperature variation of the thermal conductivity, k, for the
steel was obtained from the literature [25]. Fig. 3 shows the values
of thermal conductivity as a function of temperature for a 1045
steel.

The latent heats for transformation of austenite to various
phases were determined by Thermo-Calc to be as follows: (1)
austenite to ferrite: 89.4]/g; (2) austenite to pearlite: 77.5]/g; and
(3) austenite to bainite: 66.5]/g. The latent heat for the transfor-
mation of austenite to martensite was obtained from the literature
[26] and the value used was 81.5]/g.

3. Transformation Kinetics of 1045 steel
3.1. Transformation start temperatures

The equilibrium transformation start temperatures during cool-
ing were calculated using published equations [27-30]. These
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Fig. 3. Thermal conductivity variation as a function of temperature for 1045 steel
[25].

Table 3

Calculated transformation temperatures (°C) for 1045 steel.
AE3 Ael Bs Ms
766 719 651 324

equations account for the specific chemical composition of the
steel. The ferrite transformation can begin below the A.3 tempera-
ture. The pearlite transformation occurs below the Ao temperature
when a volume fraction of pro-eutectoid ferrite reaches an equilib-
rium volume fraction. The bainite and martensite transformations
occur below the bainite start (Bs) and martensite start (Ms) tem-
peratures, respectively. Table 3 gives the calculated transformation
temperatures for a 1045 steel.

3.2. Equilibrium volume fraction of ferrite

Above the A.; temperature, the transformed volume fraction
of pro-eutectoid ferrite at a temperature is limited by an equilib-
rium phase boundary of austenite and austenite/ferrite, whereas
the amount of pro-eutectoid ferrite below the A.; temperature is
determined by an extended line of equilibrium phase boundary of
austenite and austenite/cementite, referred to as the Acy, temper-
ature curve [31]. Fig. 4 shows the equilibrium volume fraction of
pro-eutectoid ferrite for 1045 steel as a function of temperature.
The maximum volume fraction is about 0.40 at the A temperature.

3.3. Diffusional transformations

Kirkaldy and Venugopalan [2] proposed the kinetics model of
diffusional transformation for low alloy steels based on published
IT diagrams. Li et al. [ 1] modified Kirkaldy’s kinetics model by using
published CCT diagrams. The kinetics models of Li have been sug-
gested for use in modeling various low alloy steels over a wide
range of chemical compositions. In the current study the specified
kinetics model for a 1045 steel was derived based on the published
IT diagram [32] in conjunction with a slightly modified form of
Li’s kinetics models. The equation, which represents the diffusional
transformation reactions, is based on the form of Eq. (1). The tem-
perature factor is the same as Li et al. [1]. The factor involving the
volume fraction of the specific constituent is similar to Li, but a lin-
ear variation term has been incorporated. The resulting equations
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Fig. 4. Equilibrium volume fraction of ferrite both above and below the A.; temper-
ature.
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Table 4

Values for parameters in the transformation rate equation.
Structure A (1/s-Km) n Q (kJ/mol) Ttrans (°C) a b
Ferrite 0.213 3 115.546 766 0.75 1.2
Pearlite 2.38 3 115.546 719 1.41 0.37
Bainite 213. 2 115.546 651 0.44 0.32

n and Q obtained from the model by Li et al. [1]
A, a, and b obtained by simultaneous optimization of the three differential transfor-
mation equations.

dare:

dv

7 =fM-&W) )

with
ST) = A (Trans = T)"-exp (- 7 ) (5)

and

y0-4(1-V) (1 _ )04V
8= Lead
a-b-V

where A, a, b, and n are an empirical constants, Q is an activa-
tion energy, Tyqns is the transformation temperature, T is absolute
temperature, R is the gas constant (8.314]/mol/K), and V is the vol-
ume fraction of the product microconstituent. Note that this kinetic
equation for the decomposition of austenite in a 1045 steel have the
form of Eq. (1). Hence, the additivity rule can be applied to each of
the three diffusional transformations in this system.

The constants for these equations were determined from a non-
linear optimization of the experimental IT diagram. Table 4 lists the
values used for the three transformation products resulting from a
diffusion-controlled reaction - ferrite, pearlite, and bainite. The val-
ues of nand Q were obtained from Li’s kinetics model [1]. The values
of A, a, and b for three diffusional transformations were calculated
simultaneously by using an optimization routine to compare the
calculated results with total of 34 data points of a published 1045
IT diagram. The objective function, which was minimized when
these optimized values were determined, is:

N 2
. 1 texp — teal
obj =\ | > (rexp (7)

i=1

(6)

where tey is the transformation time of experimental data point
at a temperature, t.,; is the transformation time calculated at
the same temperature, and N is the number of data points. If
the model perfectly matched the data points then the value of
the objective function would be 0.0. For the model of the three
diffusion-controlled reactions, the final value of the minimized
objective function was 0.097.

Fig. 5 shows the curves of a calculated IT diagram for 1045 steel
using Eq. (4) for each product structure. The data points in Fig. 5
indicate the experimentally determined values for the starting and
finishing transformations during isothermal heat treatments [32].

3.4. Martensitic transformation

Lee and Lee [33] have recently proposed a model for the marten-
sitic transformation kinetics in plain carbon and low alloy steels.
Their model is a function of both chemical composition and tem-
perature. Their equation for the martensite transformation, which
is used in the present study, is:
dvy

ﬁ —=0.0428 . (Ms _ T)O.191 . V)\(;].382 . (1 _ VM)2.421 (8)

where V) is the volume fraction of martensite.
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Fig. 5. Calculated isothermal transformation diagram using the kinetics model
equation for 1045 steel. Data points are for the start and finish temperatures deter-
mined experimentally.

4. Finite element simulation

The transformation equations (Egs. (4)-(6), and (8)), along with
the material properties, were incorporated into a finite element
analysis (FEA) simulation for the end-quench test. The commercial
FEA software ABAQUS [34] was used for the simulations. ABAQUS
was chosen because of its ability to allow the user to input specific
material properties into the simulation. This ability was neces-
sary so that the material properties and the transformation kinetic
model could be properly used.

For the simulation, a cylindrical 1045 steel specimen was used
with a length of 101.6 mm and a diameter of 25.4 mm. The total
number of nodes and elements were 306 and 250, respectively.
The initial temperature was 845°C and the bottom surface was
quenched by spraying water, with natural air cooling on the side
surfaces. Fig. 6 shows the elemental mesh that was used for the
simulations.

5. Experimental verification

In order to verify the simulation results and to use the results to
predict mechanical properties, two sets of experiments were per-
formed: (1) end-quench tests on a 1045 steel and (2) isothermal
heat treatments to produce various microstructures followed by
hardness tests. Table 5 gives the chemical composition of the 1045
steel used in these experiments.

5.1. End-quench tests

End-quench hardenability tests, or Jominy tests, were con-
ducted with the 1045 steel in accordance with ASTM A 255-07
[35]. Three samples were tested. The sample was 25.4 mm in diam-
eter and 101.6 mm in length. An austenitization treatment in a
box furnace at 845°C for 1800s was performed prior to quench-
ing. Hardness traverses (Rockwell C scale) were conducted along
the length of the sample to obtain the standard hardenability
curve. Photomicrographs were taken along the length of the sam-
ple. Quantitative values for the microstructural constituents were
determined by image analysis.

Table 5
Chemical composition (weight percent) of 1045 bar steel.

C Mn Si Cu Ni Cr Mo \% N

0.45 0.80 0.24 0.39 0.10 0.16 0.024 0.028 0.008
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Fig. 6. Finite element mesh used to simulate the end-quench experiments.

5.2. Isothermal heat treatments

For hardness predictions after end-quenching standard hard-
ness values for the 1045 steel were needed for each of the
constituent microstructures. The experimental isothermal heat
treatments temperatures used to produce the various microstruc-
tural constituents were obtained from the IT diagram. Disk
specimens 25.4 mm diameter and 6.2 mm thick were austenitized
at 845°C for 600s. A holding time of 3600 s at 600 and 400°C in a
salt bath was used to produce the ferrite/pearlite and the bainite
microstructures, respectively. The martensite phase was obtained
by direct water quenching. The hardness (Rockwell C scale) of heat-
treated samples was measured. Table 6 gives the average hardness
values for the three different microstructures of the 1045 steel.

6. Results

Fig. 7 shows the temperature variation with time for the bottom
surface of the end-quenched sample and the temperature located
along the center line of the sample at a distance 101.6 mm from
the quenched end. Fig. 7 also shows the convective heat-transfer
coefficient for the water-quenched end of the sample as a function
of the surface temperature [36]. These calculated values appear to
be quite reasonable, and provide confidence in the thermal aspects
of the simulation work.

Figs. 8 and 9 show the results of the kinetics model. In Fig. 8, the
volume fraction of the microstructural constituents in the bottom
25mm of the end-quenched sample are given. As expected, the

S.-J. Lee et al. / Materials Science and Engineering A 527 (2010) 3186-3194

Convection Coefficient (W.’I'HZJ'K)

0 3000 6000 9000 12000 15000
900 T T T
~ .\
800 | % -
.\ surface
e —

700 ‘.‘ \.\ core
— . e
L eoof e, T
s T N
5 500} i
® \ i
g 400 ) /
=3 5 .
E o0l g
= -

200 P

"
100} v
«* T
0 . . . ! !
0 600 1200 1800 2400 3000 3600

Cooling time (s)
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Fig. 8. Volume fraction of the various microconstituents as predicted from the end-
quench simulation. Data points are for experimentally values obtained by image
analysis. Insert shows the amount of retained austenite (RA) as a function of distance
in the region close to the quenched end.

region nearest the water-quenched end is essentially all marten-
site, with bainite becoming the dominant constituent in deeper
regions where the cooling rate is lower. Ferrite begins to appear
about 15-20 mm from the quenched end as the amount of bainite
begins to diminish. Pearlite begins to form in the sample at depths
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Table 6

Average hardness values (HRC) for the various microstructures in 1045 steel.
Ferrite/pealite Bainite Martensite
17.8 26.8 58.1

Fig. 9. Distribution of various microconstituents in the end-quenched sample as
predicted by the simulation (M: martensite, B: bainite, P: pearlite and F: ferrite).
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Fig. 10. Microstructures from various locations in the experimental specimen. (a) 1.6 mm from quenched end, (b) 4.8 mm from quenched end, (c) 11.2 mm from quenched
end, (d) 23.9 mm from quenched end. The hardness indentation is shown at the top of each photomicrograph to aid in determining the specific location.

greater than 25 mm, as shown in Fig. 9. Fig. 8 gives the experi-
mentally measured volume fractions for the different constituents.
There is very good agreement with the model predictions and the
experimental data.

Based on Figs. 8 and 9, at the quenched end of the specimen
where the cooling rate is the highest, martensite is predicted to
be the dominant microconstituent, with only a maximum of 3%
retained austenite predicted. The cooling rate decreases as the
distance from the quenched end increases. With the decrease in
cooling rate, the austenite decomposes to other products instead
of martensite. Bainite is the first new product to form, replacing
martensite, and reaches a maximum volume fraction at a distance
of approximately 10 mm from the quenched end. The maximum
depth of martensite transformation is predicted at 10 mm, which
corresponds with the maximum bainite volume fraction. At dis-
tances greater than 10 mm, the bainite volume fraction decreases
as the austenite transforms to ferrite and eventually pearlite.

Fig. 10 shows photomicrographs from the end-quenched sam-
ple. In each photomicrograph the indentation due to the hardness
test is captured. Having the hardness indentation allowed a more
accurate determination of the distance from the quenched end.
Fig. 10(a) shows the microstructure 1.6 mm from the quenched end,
which is essentially all martensite. Fig. 10(b) is located at 4.8 mm
and shows a mixture of mostly martensite with some bainite. The
microstructure in Fig. 10(c) is 11.2 mm from the quenched end and
contains bainite with some ferrite. Fig. 10(d) is located 23.9 mm
from the quenched end and consists of bainite with even more fer-
rite than Fig. 10(c). These photomicrographs provide qualitative
verification of the kinetics model with regard to the microstruc-
tures predicted.

Fig. 11 shows the hardness profile of the 1045 sample. These
hardness points comprise the standard hardenability curve for the
1045 steel. Fig. 11 also shows the hardness values calculated from
the simulation as a function of distance. The calculation was based

upon the kinetics model prediction of constituent volume fraction
and the hardness prediction based on the constituent volume frac-
tion in the microstructure. Further details about this calculation
are presented in Section 7. Overall, the prediction of hardness as
a function of distance for the end-quenched sample matches the
experimental data well.

7. Discussion
7.1. Comparison with previous kinetics models
The original transformation model by Kirkaldy and Venugopalan

[2] was later modified by Li et al. [1]. Both models consist of two
functions as shown in Eq. (1): the function, g(V), is an integrated

60
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40

Hardness (HRC)

30

L L " 1 L "
0 5 10 15 20 25
Distance from bottom (mm)

Fig. 11. Hardness profile from the end-quench simulation (solid line) compared to
the experimentally measured hardness data.
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function related to microconstituent volume fraction and the other
function, f{T), accounts for the effects of chemical composition and
temperature dependence on the transformation. The integrated
function is called the reaction rate, R(V), and it determines the
start and finish times of transformation and the kinetics rate dur-
ing transformation. Even though the second function, f{T), changes
due to chemical composition and transformation temperature, the
integrated function applies for all transformations, independent of
composition or transformation temperature. The integrated forms
proposed by Kirkaldy (Rk) and Li (R;) were optimized using exper-
imental phase-transformation diagrams to obtain:

v
dv
R1<(V):/0 R ITE (9)
v
dv
Ru(v) :/0 V04(1-v)(1 _ )04V (10)

The model in the present study used a different integrated func-
tion, as shown in Eq. (6), which was obtained by modification of Li’s
integrated function. A linear volume fraction term was added for
each phase transformation in the present model. These additional
terms predict the phase-transformation kinetics more accurately,
as shown by the predicted IT diagram in Fig. 5. The equivalent
integrated function for the present model is:

v
(a=b-V)av
R(V):/o Vo4(1-V)(1 — )04V an

where the values of a and b depend on the specific diffusional trans-
formation.

Theratio of the incubation time (t) for 1% volume fraction to that
for 0.1% volume fraction was reported to be about 4 by the experi-
mental observation of Kirkaldy and Venugopalan [2]. However, Eq.
(9) (i.e. Kirkaldy’s function), indicates that this ratio is about 2.14.
This discrepancy was mentioned by Li et al. [1], and Li’s function
(i.e. Eq. (10) was successfully modified to predict the experimen-
tally observed ratio of approximately 3.95). From Eqs. (4)-(6), the
same ratio (71%/7o.1%) was calculated to be between 3.93 and 3.95
for the three different diffusional transformations.

The transformation reaction time (t1gg%/T1%), Which is the same
as R(1)/R(0.01), was compared from Kirkaldy’s model and Li’s
model. The reaction time of 6.8 calculated from Kirkaldy’s model
is approximately three times faster than that the value of 19.7
obtained by Li’s model. Li showed that the difference between
these two reaction times predicted by Kirkaldy’s and Li’s models
yields quite different hardness predictions for a 4140 steel, even
though IT diagrams predicted by both models compare favorably
with the experimental IT diagram. Li attributed the difference in
hardness especially for medium- and high-alloyed steels to the
faster reaction rate in Kirkaldy’s model. Ironically, the reaction
function contains no term to account for the effects of alloying ele-
ments. [t seems reasonable to use a different reaction rate function,
depending on the type of phase transformation or differences in
steel chemical compositions. Thus, the usage of different reaction
rate functions in this study should enable a more accurate model
for the transformation kinetics for the 1045 steel. The range of the
predicted reaction rates for the model in this study is 6.6-12.5.

7.2. The bainite transformation

For the bainite transformation, many studies have been pre-
sented to address its incompletion. In particular, Bhadeshia and
Waugh [37] studied the incompletion of the bainite transforma-
tion. A supplemental term to express the sluggishness of the bainite
transformation was used in Kirkaldy’s model [2]. The supplemental
term in the integrated function depends on chemical composition
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Fig. 12. Comparison of reaction rate functions for bainite transformation.

and volume fraction. The modified reaction function of the bainite
transformation was similar to the basic form of the reaction rate in
the present model. The addition of the supplemental term makes
an asymmetric sigmoidal curve to express the sluggishness of bai-
nite formation. The sigmoidal curves predicted by Eqs. (9) and (10)
are symmetric below 50% volume fraction and above 50% volume
fraction. Fig. 12 shows the comparison of the reaction rate expres-
sion obtained from Eqgs. (9) and (10) and the reaction function from
Eq. (11) for the bainite transformation. It is observed that relative
integration value for Kirkaldy’s model and Li’'s model equals 0.5 at
a bainite volume fraction of 0.5. In contrast, the relative integration
value is 0.68 at a bainite volume fraction of 0.5 for the model in the
present study. Fig. 12 also shows that the reaction rate in Eq. (11)
is asymmetrical indicating that as the volume fraction of bainite
reaches 100%, the reaction slows down, which is indicative of the
retarded kinetics of bainite as its transformation reaches comple-
tion. This result also indicates that the integrated function for the
reaction rate was reasonably modified to incorporate some physical
meaning in the present study.

7.3. Chemical composition and temperature effects

The second function in the original Kirkaldy model contains
parts related to alloying and temperature. Similar to the modifica-
tion of Li’s model from Kirkaldy’s model, the temperature related
part from Li’s model was used without change in the present study.
An activation energy term for transformation and undercooling
below the equilibrium temperature are included in the temper-
ature factor. The kinetics parameter related to alloying elements
of the previous two models consisted of effects of chemical com-
position and prior austenite grain size, but only one optimized
parameter was used in our study. Table 7 compares the optimized
values in Eq. (5) with the values from the models of Kirkaldy and Li
for the chemical composition of the 1045 steel used in the present
study.

As the kinetics parameter increases, the transformation kinetics
become faster. The bainite kinetics parameter in Kirkaldy’s model
is a relatively large value—over twenty times than that of the other
models. This large kinetics parameter accelerates the bainitic kinet-

Table 7
Comparison of kinetic parameters for 1045 steels.
Afemte Apearlite Abainite
Kirkaldy’s model 0.1678 4.4693 11619.5
Li’s model 0.0351 1.4263 587.625
Present model 0.2128 2.3810 212.766
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ics, thus the additional term was required to express the retardation
of bainite transformation. There is no consideration of manganese
and silicon effects on the kinetics parameter in Kirkaldy’s model
except for the effect of manganese on the ferrite transformation.
A nominal amount of silicon (0.25 wt.%) for the bainite transfor-
mation was assumed in Li’s model but the silicon content affects
the bainite kinetics even at low alloying levels [38]. In the present
study a 1045 steel with higher residual copper was used. Copper
could have an effect on transformation kinetics [39]. The neglect of
copper and silicon causes the different kinetic parameters observed
between three models as shown in Table 7.

7.4. Hardness values

From Fig. 8, it is seen that the maximum depth for any marten-
site in the steel is 10 mm from the quenched end. The hardness
value sharply decreases from the quenched end at the depth of
10 mm. This result correlates with the variation of martensite vol-
ume fraction. As shown in Table 6, the measured hardness value
of martensite is over two times larger than that of bainite and
these measured values are quite reasonable. The empirical hard-
ness equation proposed by Maynier et al. [40] has been used in
many papers including those of Kirkaldy and Venugopalan [2] and
Li et al. [1]. This empirical equation depends on chemical compo-
sition of the steel and cooling rate at 700 °C. Using the 1045 steel
composition and cooling rate obtained from present simulations,
the bainite hardness calculated by Maynier’s hardness equation
shows a large range from 22 HRC to 49 HRC. The calculated maxi-
mum bainite hardness is closer to the martensite hardness near the
quenched surface (1 mm) where the cooling rate is greater than
950°C/s.

Fig. 13 shows the change of calculated hardness according to
chemical composition and cooling rate based on Maynier’s equa-
tion compared with the measured hardness values, as shown in
Table 6. For mixed microstructures a simple rule of mixtures
was used to determine the overall hardness. The predicted hard-
ness of martensite is very similar to the experimental hardness
value, regardless of cooling rate. The predicted hardness of fer-
rite + pearlite shows reasonable agreement with the measured
value especially at the higher cooling rates. In the case of bainite,
however, the predicted hardness value is highly dependent on cool-
ing rate. This variation in predicted bainite hardness results in an
inaccurate hardness prediction of the end-quench simulation.

Fig. 14 shows the results of the end-quench simulation using the
predicted hardness values from Maynier’s equation overlapped on
the results shown in Fig. 11. Maynier’s equation predicts a higher
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Fig. 14. Effect of accuracy of predicted and measured hardness data on final hard-
ness in the end-quenched sample. Solid line: the calculated hardness using the
measured hardness input data. Dashed line: the calculated hardness using the pre-
dicted hardness values from published equation.

hardness until the depth reaches ~35 mm because of the high hard-
ness predicted for the bainite microconstituent. At depths over
40 mm, the hardness predicted by the simulation using Maynier’s
equation decreases gradually due to usage of lower hardness val-
ues of ferrite + pearlite than experimentally measured. This analysis
provides evidence of the accuracy of the present study. Reliable
experiment data were needed in order to determine the mechanical
properties in the FEM simulation in the present study.

7.5. Specimen shape

The shape of the end-quench test specimen is not compli-
cated; thus, there is no problem to treat the simulation as a
one-dimensional heat-transfer analysis. However, the simulation
used in the present approach using FEM analysis, coupled with
phase-transformation models, can be expanded to more complex
shapes in more than one dimension and with multiple heat treating
steps. The temperature distribution during cooling is quite variable
for different positions in a complex shaped sample.

8. Conclusions

The austenite decomposition kinetics for a 1045 steel was
modeled using a set of equations that were a modification of
the transformation model proposed by Li. The end-quench test
was used to assess the model since it provides an experimental
means of developing a variety of microstructures and a hardness
profile. The prediction of microstructure by the kinetics model
for the end-quenched sample was verified by examination of
the microstructures observed in the end-quench experiment. The
predicted hardness profile for the kinetics model was in good
agreement with the experimentally measured hardness profile. The
following conclusions have been reached:

e The kinetics model developed in the present study was compared
to the kinetics models proposed by Kirkaldy and Venugopalan
[2] and by Li et al. [1], which have been useful in predicting
phase-transformation phenomena and to design heat treat-
ment conditions for low alloy steels having a wide chemical
composition range. The present model produces more accurate
predictions, because it is a customized kinetics model based on
the real measured kinetic data contained in the IT diagram.

e The hardness equation from Maynier [40] was evaluated, and for
the 1045 steel investigated it predicted hardness values that were
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greater than the experimentally measured values, especially for
the bainite microstructure produced at fairly high cooling rates.
By incorporating the hardness values from three simple exper-
imental tests to obtain the hardness of martensite, bainite, and
ferrite/pearlite in the 1045 steel, a more accurate hardness profile
is predicted by the model. This result indicates that the material
properties such as hardness values used in the simulation are
very important and should be obtained if possible directly from
experimental data.

It is anticipated that the combination of kinetics model
and material properties demonstrated in this work could be
expanded/applied to other thermal/thermomechanical research
fields where phase transformations occur and have a direct effect
on mechanical properties, e.g. welding processes, TRIP (transfor-
mation induced plasticity) steel forming, phase-change random
access memory device development, etc.
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