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Abstract: Controlling the content of athermal martensite and retained austenite is important to improving the mechanical properties of
high-strength steels, but a mechanism for the accurate description of martensitic transformation during the cooling process must be ad-
dressed. At present, frequently used semi-empirical kinetics models suffer from huge errors at the beginning of transformation, and most
of them fail to exhibit the sigmoidal shape characteristic of transformation curves. To describe the martensitic transformation process ac-
curately, based on the Magee model, we introduced the changes in the nucleation activation energy of martensite with temperature, which
led to the varying nucleation rates of this model during martensitic transformation. According to the calculation results, the relative error
of the modified model for the martensitic transformation kinetics curves of Fe-C—X (X = Ni, Cr, Mn, Si) alloys reached 9.5% compared
with those measured via the thermal expansion method. The relative error was approximately reduced by two-thirds compared with that of
the Magee model. The incorporation of nucleation activation energy into the kinetics model contributes to the improvement of its preci-

sion.

Keywords: Fe-C—X system; martensitic transformation; kinetics curve; semi-empirical model; nucleation activation energy

1. Introduction

Advanced high-strength steel (AHSS) has become a
highly researched area in the field of automotive structural
materials due to its superior strength and ductility [1-2].
Quenching and partitioning (Q&P) steel is a representative of
AHSSs, and it exhibits a final microstructure containing
martensite and retained austenite, where the retained austen-
ite transforms into martensite during the deformation process,
increasing strain hardening and ductility through a trans-
formation-induced plasticity effect [3].

Alloying elements play crucial roles in the microstructur-
al evolution and properties of high-strength steels. The addi-
tion of C and Mn lowers the martensite start temperature (1/;)
and enhances the thermodynamic stability of austenite,
thereby increasing the content of retained austenite after
quenching [4—6]. The addition of Mn also improves strength
and toughness of high-strength steels. The addition of Ni has
been shown to enhance toughness of high-strength steels [7].
The addition of Si suppresses the formation of cementite and
destabilizes the retained austenite [8—10]. The inclusion of Cr
increases the content of retained austenite by reducing the
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kinetics of austenite decomposition [11]. Moreover, Cr addi-
tion improves the strength and corrosion resistance of high-
strength steels [7].

Martensitic transformation of ferrous alloys during
quenching can be broadly classified into three categories:
athermal, isothermal, and burst transformation. In carbon (C)
and low-alloy steels (including Q&P steel), martensite forms
at an exceptionally high rate at temperatures below the M,.
Moreover, the content of martensite remains constant at a
fixed temperature, with further martensite formation
achieved by lowering the temperature. This specific type of
martensite is referred to as athermal martensite, with
martensitic transformation occurring continuously with the
decrease of temperature, i.e., the content of martensitic trans-
formation is a function of temperature.

The mechanical properties of steels can be improved by
controlling the proportion of martensite and retained austen-
ite [12]. To achieve such a goal, one must first control the
martensite content after the initial quenching at a certain tem-
perature. Therefore, studying the variations in martensite
content with temperature during the quenching process, i.e.,
the kinetics of continuous martensitic transformation, is cru-
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cial for the composition and process design of AHSSs.

The regulation of martensitic transformation is based on
the proposal of an accurate and reasonable kinetics model of
continuous martensitic transformation. Several kinetics mod-
els have been proposed to describe the martensitic transform-
ation process. However, most of them introduce consider-
able deviations between the calculation results of kinetics
curves and experimental values due to unreasonable assump-
tions. Moreover, the kinetics curves described by most mod-
els exhibit an exponential function shape (C shape), and those
of most alloys show a sigmoidal shape (S shape), which may
be related to the nucleation of martensite [13]. Therefore,
studies should focus on the construction and optimization of
kinetics models.

In this work, we provide an overview of the proposed kin-
etics models and analyze their advantages and limitations.
The Magee model was modified by introducing changes in
the nucleation activation energy of martensite with temperat-
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ure. The accuracy of the modified Magee model was valid-
ated through the measurement of the martensitic transforma-
tion kinetics curves of the Fe-C—X (X = Ni, Cr, Mn, Si) mul-
ticomponent system. The calculation error of the modified
Magee model decreased substantially, which indicates the ra-
tionality of incorporating nucleation activation energy into
the kinetics model.

2. Experimental procedures

Fe—-C—X alloys were melted from pure elements (Fe:
99.98%, Cr: 99.99%, Mn: 99.99%, Si: 99.99%, and Fe-
Swt% C: 99.9%) in an arc-melting vacuum furnace and
sucked into a copper mold to obtain cylindrical samples with
dimensions of $8 mm X% 100 mm. The actual chemical com-
position of alloys was measured via inductively coupled
plasma atomic emission spectrometry and high-frequency in-
frared C—sulfur analysis (Table 1).

Table 1. Composition of alloys and holding temperatures (HT) during thermal expansion experiments
Alloy C/at% Cr/ at% Mn / at% Si/ at% Fe / at% HT/K
0.42 4.90 — — Bal. 1223
0.46 8.71 — — Bal. 1223
Fe-C—Cr
0.83 4.86 — — Bal. 1223
1.01 8.26 — — Bal. 1223
0.60 — 4.59 — Bal. 1173
Fe-C—Mn 0.92 — 1.68 — Bal. 1173
0.53 — 2.42 — Bal. 1173
1.1 — 2. . Bal. 11
Fe_C—Mn_Si 8 63 3.03 al 73
0.93 — 1.71 3.44 Bal. 1223

The samples were machined into $6 mm x 80 mm cylin-
ders via wire cutting. The thermal expansion curves of
samples during quenching were obtained using the thermo-
mechanical simulator Gleeble3500. Each sample was fixed
on the jig and heated at a rate of 10 K/s in a resistance heat-
ing furnace until the temperature reached 50-100 K above
the austenitizing temperature (Table 1). This temperature was
held for 5 min to ensure that austenitic transformation oc-
curred completely. The austenitizing temperature was calcu-
lated using the thermodynamic database optimized in our
previous work [14]. Finally, the samples were cooled to room
temperature at a rate of 50 K/s. During the entire thermal ex-
pansion period, high-purity Ar (99.999%) gas was continu-
ously introduced to the samples to prevent their oxidation. A
thermocouple was spot welded at a central position on the
surface of samples to monitor its temperature.

Applying the lever rule [15-16], the thermal expansion
curves were transformed into kinetics curves by fitting non-
linear thermal expansion before and after martensitic trans-
formation [17]. The M, was determined using the 1% offset
method for martensite content proposed by Yang and Bhade-
shia [18] to reduce the uncertainty of M caused by noise. The
quenching microstructure was characterized through optical
microscopy and scanning electron microscopy (SEM) after
polishing and etching with 4vol% nital. With the use of a
Sigma 500 field-emission scanning electron microscope, en-

ergy dispersive spectrometry (EDS) analysis was carried out
to investigate the uniformity of alloy composition. The phase
analysis of the quenched alloys was determined via X-ray
diffraction (XRD, Bruker D2 Focus) at a scanning range of
35° to 105° and scanning rate of 1.2°/min to determine the
content of retained austenite.

3. Review of present kinetics models

The kinetics model of continuous martensitic transforma-
tion can be classified into three types: empirical, theoretical,
and semi-empirical models. Before modifying the kinetics
model, this work provides an overview of several represent-
ative models, including their expressions and parameters, as
shown in Table 2.

Empirical models are derived by fitting a considerable
amount of experimental data, such as martensite volume
fraction and M,, to obtain a phenomenological model applic-
able to a certain range of alloy compositions without in-
volving the transformation mechanism. Currently, the most
widely applied empirical model is that proposed by Koistin-
en and Marburger (K-M) [19]. They obtained an exponential
relationship (K—M model) between the volume fraction of
martensite and quenching temperature using experimental
data of four C steels with different C contents [19]:

f=1-expl-a-(M;=T)] (1
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Table 2. Summary of continuous martensitic transformation kinetics models

Kinetics model Expression

Parameters Notes

Limited applicable alloy

K-M[19] f=1-expl-a - (Ms—T)] «: rate constant, @ = 0.011 composition range and low
prediction accuracy
f=1-exp[-a-(M;-T)];
Empirical B-S [20] a=0.0224 — 0,0107SxC - x;: weight percentage (wt%) of ~ The same limitations as the K-M
model 0.0007xp, — 0.00005xy; — element i model
0.00012x¢, — 0.0001xp,
T-M; |" M¢: martensitic finish
Skrotzki [21] f=1- [ } temperature; M; cannot be calculated directly
M — My n: exponential constant, n = 2-3
T*: maximum temperature at
which martensite embryos can _ .
; ard T*—T propagate; Failure to exhibit the S-shaped
g:)%cérletlcal gilg;n[%r;]e s and f=1- exp(—F ) I': lump dimensionless parameter characteristic of the kinetics
r related to the entropy of the curve
martensitic transformation and
other physical quantities
AGT™M: driving force for the
Magee [23] f=1- ZZPC[;;gM(Ms - transforr'na"non from austenite t0 The same form as the KM
& a=Vo— martensite; . model with physical significance
4 a7 V: mean volume of martensite;
@: rate constant
M-T [3: quotient of the entropy of Numerous unreasonable p
Yu [24 f= - quotie opy assumptions lead to a decrease in
(24] Ms—BMy—(1-8)T martensite and austenite predicgve accuracy
. . 100
Semi-empirical __ W
model P f= AG\ B ) ) .
Fei et al. [25] 1+A-1 (—) > AG: difference in chemical The values of 4 and B lack
: A=0.05: 100 driving force at 7 and M, universality and accuracy
B=0.006-M;—0.1369
f feaT: saturation of th .
E T _T \Y SAT .fsa ura IO.H orthe M, needs to be fitted and deviates
Power-law [26] = transtormation; significantly from the actual
f T* - My y: factor scaling the volume of  {1j;1e
- fsaT martensite features

where f represents the volume fraction of martensite ob-
tained by measurement of the residual austenite content in al-
loys via XRD after quenching. 7 refers to the quenching tem-
perature, and « is a rate constant. @ was fitted using the ex-
perimental data and is equal to 0.011 for Fe—C alloys. This
model was successfully used to predict the martensite trans-
formation curves in low-C steels. However, the rate constant
« of the model was assumed to be invariable, which indic-
ates that the type and content of alloying elements had no ef-
fect on the kinetics of martensitic transformation but only in-
fluenced the value of M;. The experimental data were only
derived from steels with low-C contents and did not account
for steels containing higher C content and other alloy ele-
ments, which may lead to the nonuniversality of a.

Bohemen and Sietsma [20] quantified the effect of alloy-
ing elements on the kinetics of continuous martensitic trans-
formation using experimental data from various steels as a
basis. They fitted the experimental data using the K-M mod-
el and obtained a series of values of the rate constant «, from
which the relationship between a and the alloying elements
was derived [20]:

ags = 0.0224 - 0.0107x¢ — 0.0007 xpp,—
0.00005xy; —0.00012x¢, —0.0001 xp10 2)

where x; represents the weight percentage (wt%) for element

i. Substituting Eq. (2) into Eq. (1), the improved K—-M model
(B-S model) was derived. Eq. (2) reveals the diverse influ-
ence of different alloying elements on the kinetics of con-
tinuous martensitic transformation. C had the most important
influence on kinetics, which may be attributed to its robust
solid-solution hardening effect, resulting in strong resistance
to the movement of martensite/austenite interfaces [20].

Although Bohemen and Sietsma [20] derived the relation-
ship between rate constant and alloy composition, the accur-
acy of the model remains to a certain range of compositions.
Exceeding the applicable range of compositions would de-
crease accuracy, which is a common issue for all empirical
models [27]. Moreover, the empirical model is a purely phe-
nomenological model and lacks any physical significance;
thus, it cannot provide an explanation for the shape of the
martensitic transformation curve or transformation process,
which limits its development.

Different from empirical models, theoretical models, such
as those proposed by Fisher et al. [28], Guimardes and Rios
[22], Gao et al. [29], are derived entirely from the nucleation
or growth theory, which can explain the mechanism of
martensitic transformation. Guimaraes and Rios [22] presen-
ted a representative model. They derived the model by ana-
lyzing the nucleation and growth of martensite [22]:
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f=1 —exp(—FT*;T) 3)

where I can be theoretically expressed as a function of the
mean volume of each martensite plate, changes in entropy
during transformation, and so on, and 7" is defined as the
highest temperature at which martensite embryos can
propagate. This model exhibits certain physical importance.
Thus, it can become useful in elucidating the effects of vari-
ous factors (e.g., composition and prior austenite grain size)
on the kinetics of continuous martensitic transformation.

Theoretical models can provide relatively accurate de-
scriptions of the shape of transformation curves; all the para-
meters involved in the model have explicit physical meaning
[30-31]. However, given the unreasonable assumptions re-
garding the derivation process and as most model parameters
cannot be directly obtained, the application of theoretical
models is limited.

Semi-empirical models combine theoretical analysis and
experimental data; they have a good prediction capability and
maintain a certain physical significance of parameters. The
earliest semi-empirical model, which was based on the driv-
ing force of martensitic transformation, was proposed by
Magee [23]. The number of newly formed martensitic plates
per unit volume of austenite dNV below M is suggested to be
proportional to the increase in the driving force of martensit-
ic transformation AG'~M [23]:

dN = —pAG"™™ )

where ¢ is a proportionality constant, and the volume frac-
tion of martensite can be expressed as follows [23]:

df = VdNy )
where dNy indicates the number of newly formed martensitic
plates per volume of the sample, and / refers to the average
volume of martensitic plates. Evidently, dNy = (1 - f)dN.
Substituting Eq. (4) into Eq. (5) yields the following [23]:
_ dAGT™M

df =-V(-flo————dT 6

f=-V-Ho—rz (6)

Integrating Eq. (6) from M, to T'yields the following equa-

tion [23]:

_ y—M
f=1 —exp[—V(oT(MS—T)] (7
dAG™M

Let a= V({)T, then, f=1-exp[-a-(M,-T)].
Thus, this model has the same form as the K-M model.
However, a is a simple constant in the K—-M model. The
Magee model relates « to the driving force for martensitic
transformation. The driving force of martensitic transforma-
tion differs for alloys of various compositions. The expres-
sion of the Magee model explains the relation of @ in the
K—M model to the composition. Eq. (7) is a development of
the K—M model, giving it a certain physical significance.

The semi-empirical model combines theoretical and ex-
perimental analyses of martensitic transformation kinetics,
making it uniquely advantageous in explaining the martensit-
ic transformation mechanism and predicting kinetics curves.
Therefore, the semi-empirical model is the most promising

among the three types. However, various semi-empirical
models suffer from certain limitations to some extent, such as
insufficient description of the martensite nucleation process
and assumption of the martensite average volume as a con-
stant. These unreasonable assumptions or analyses will lead
to a decrease in the predictive accuracy of the model. There-
fore, the physical quantities in the models must be described
more accurately to make them more reasonable and predict-
ive.

4. Modification of the kinetics model

Among semi-empirical models, the Magee model was
preliminarily used to describe continuous martensitic trans-
formation kinetics due to its simple form, low computational
complexity, and utilization of the chemical driving force,
which directly connects transformation kinetics to thermody-
namics. However, the Magee models assumed the variation
rate of the driving force (dAAG*”™/dT') of martensitic trans-
formation as a constant. However, the driving force of
martensitic transformation has an evident nonlinear relation-
ship with temperature. Our previous work [12,14] quantified
the driving force of martensitic transformation as the sum of
chemical and nonchemical driving forces, where the non-
chemical driving force includes the shearing energy of aus-
tenite, dilatation strain energy of martensite, and dislocation
stored energy. Finally, the driving force of martensitic trans-
formation can be expressed as a function of composition and
temperature. Fig. 1 shows the variation rate of the driving
force of martensitic transformation for some Fe-C—X (X =
Ni, Mn, Si, Cr) alloys with respect to the temperature calcu-
lated in this work. The variation rate of the transformation-
driving force changed with composition and temperature.
The introduction of the variation rate of the driving force into
the Magee model would improve the prediction accuracy of
the model. However, as the Magee model remains a simple
exponential form, the predicted kinetics curve still shows a C
shape. Therefore, the S-shaped characteristic of the kinetics
curve cannot be exhibited using the original Magee model.

Martensite is nucleated through phonon emission, which

8.5
Y
T 80F
S
£
-
~ 75
S
Z
E
170
G}
2
<3 —— Fe-0.46C-8.71Cr (at%)
6.5 Fe—0.48C—4.32Ni (at%)
—— Fe-0.92C-1.68Mn (at%)
Fe—-1.18C-2.63Mn-3.03Si (at%)
6.0 1 1 1 1 1
400 450 500 550 600 650 700
T/K
Fig. 1.  Variation rate of the driving force of martensitic

transformation in Fe—-C-X (X = Ni, Mn, Si, Cr) alloys.
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requires thermal activation [32]. Thus, in theory, all martens-
itic transformations are thermally activated. Therefore, for a
continuous martensitic transformation kinetics model, the ac-
tivation energy for nucleation should be considered. Based
on this condition, the Magee model can be modified through
the incorporation of the thermal activation process, which
leads to the following equation:

B - Q \dAG™M
f=1-exp[ Vgoexp( ) ar

RT

where Q is the activation energy for nucleation, R is the ideal
gas constant, and T, is the quenching temperature. Pati and
Cohen [33] observed that the activation energy for the nucle-
ation of martensite decreases monotonically with the de-
crease in temperature. They derived a linear relationship
between the activation energy for nucleation and the driving
force, i.e., @ = A+ BAG'™™ [33].

(M,-T7) ®)

(a) Fe-0.42at%C~4.90at%Cr

(e) Fe-0.60at%C-4.59at%Mn

() Fe 0153at9%C-2.42at%Mn
& Sy 1 3.03at%Si

(b) Fe-0.46at%C-8.7 1 ai

(h) Fe~ 11 8at%6C~2.63at%Mn—
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The modified Magee model includes three parameters that
need to be estimated through fitting: V¢, 4, and B. The S-
shaped characteristic of martensitic transformation kinetics
curves in Fe—C-X alloys can be described using Eq. (8),
which can be a result of the incorporation of temperature-de-
pendent activation energy for nucleation, causing the nucle-
ation rate at different temperatures to change compared with
that of the Magee model.

5. Results and discussion
5.1. Microstructure after quenching

Fig. 2 shows the optical micrographs of Fe-C—X (X = Cr,
Mn, Si) alloys after quenching. All the alloys presented a typ-
ical lath martensite structure, which indicates that the cooling
rate of the thermal expansion experiment reached the critical
cooling rate for the martensitic transformation of these alloys.

(¢) Fe-0.83at%C-4.86at%:Cr

(1) Fe20.93at%C-1.7 lat%Mna=
3 44at%S1: 5

50 pm Tt 50_um

Fig. 2. Optical micrographs of Fe-C-X (X = Cr, Mn, Si) alloys with different compositions after quenching: (a) Fe—0.42at%C-
4.90at%Cr; (b) Fe—0.46at%C-8.71at%Cr; (c) Fe—0.83at%C—-4.86at%Cr; (d) Fe-1.01at%C-8.26at%Cr; (e) Fe—0.60at%C—
4.59at%Mn; (f) Fe-0.92at%C-1.68at%Mn; (g) Fe-0.53at%C-2.42at%Mn; (h) Fe-1.18at%C-2.63at%Mn-3.03at%Si; (i) Fe-

0.93at%C-1.71at%Mn-3.44at%Si.

For the observation of fine lath martensite structures, SEM
was used to further observe the alloy’s microstructure (Fig.
3). The martensite blocks in the alloys consisted of single
laths, generally appearing in parallel arrangements. These
laths varied in width and length, and some were intersected or
truncated by other blocks. Composition measurements using
EDS were conducted at three different positions in the alloys
after thermal expansion, and the average composition is
shown in Table 3. As EDS is insensitive to C, the samples
were susceptible to contamination by C-containing sub-
stances and other interfering factors, and thus, C was ex-

cluded from the EDS results. The elemental content differ-
ences at various positions in the tested samples did not ex-
ceed 0.3at%, which means that the alloy compositions re-
mained uniform after thermal expansion.

Fig. 4(a) and (b) shows the XRD patterns of Fe-C—Cr and
Fe—C—Mn alloys after quenching. The XRD pattern did not
show the diffraction peaks of retained austenite or carbide,
indicating a relatively complete martensitic transformation.
For quaternary alloys, the interaction between elements pos-
sibly led to incomplete martensitic transformation, which in
turn resulted in the presence of retained austenite after
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(a) Fe 0.42at%C A4.9021%Ct

.

~Aimelath méﬁensitg

Fig. 3. SEM images of Fe—-C—X (X = Cr, Mn, Si) alloys of different compositions after quenching: (a) Fe—0.42at%C—4.90at%Cr; (b)
Fe—0.46at%C-8.71at%Cr; (c) Fe—0.83at%C—4.86at%Cr; (d) Fe-1.01at%C-8.26at%Cr; (e) Fe—0.60at%C—4.59at%Mn; (f) Fe-
0.92at%C-1.68at%Mn; (g) Fe—0.53at%C-2.42at%Mn; (h) Fe-1.18at%C-2.63at%Mn-3.03at%Si; (i) Fe—0.93at%C-1.71at%Mn—

3.44at%Si.
Table 3. EDS results of experimental alloys
Alloy Fe / at% Cr/at% Mn / at% Si/ at%
Fe—0.42at%C—4.90at%Cr 943 +0.1 5.7+0.1 — —
Fe—0.46at%C-8.71at%Cr 89.8+0.2 10.2+0.1 — —
Fe—0.83at%C—4.86at%Cr 94.5+0.2 55+0.1 — —
Fe—1.01at%C-8.26at%Cr 90.1+£0.2 9.9+0.1 — —
Fe—0.60at%C—4.59at%Mn 94.8 £0.2 — 52+£0.2 —
Fe—0.92at%C-1.68at%Mn 97.9+0.2 — 2.1£0.1 —
Fe—0.53at%C-2.42at%Mn 95.7+0.3 — 43+0.2 —
Fe—1.18at%C-2.63at%Mn-3.03at%Si 91.0+0.3 — 5.1+£0.1 3.9+0.1
Fe—0.93at%C-1.71at%Mn-3.44at%Si 93.7+£0.2 — 32+0.1 3.1+£0.1

quenching. To determine the content of retained austenite, we
refined the XRD results. Fig. 4(c) and (d) shows the XRD
pattern of Fe-C—Mn-Si alloys after quenching. The black
curve represents the original XRD data, the red curve de-
notes the refined data, and the blue curve is the difference
between them. The diffraction pattern revealed weak austen-
ite diffraction peaks, indicating that a certain amount of re-
tained austenite existed in the alloys. The volume fraction of
retained austenite (V) can be obtained by the following equa-

tion [34]:
3
(%)
3 ©)

(525

where W\ and W, refer to the weight percentages of martens-
ite and austenite, respectively. ay and a, are the lattice para-
meters of martensite and austenite, respectively. All the

above parameters were obtained by refining the XRD results.
The retained austenite contents of Fe—-C—Mn-Si alloys were
7.1 vol% (Fig. 4(c)) and 2.8 vol% (Fig. 4(d)), respectively.

5.2. Martensite transformation Kkinetics in Fe-C-X (X =
Ni, Cr, Mn, Si) system

The thermal expansion curve can reflect the martensitic
transformation during the quenching process (Fig. 5), and it
can be divided into three stages based on the characteristics
of the curve. Before the martensitic transformation, the ex-
pansion curve of alloys decreased as the quenching temperat-
ure decreased. When martensitic transformation started, the
expansion curve began to increase due to the larger volume
of martensite compared with austenite, and the rate of in-
crease on the curve gradually rose in the early stage of
martensitic transformation and eventually decreased in the
later stage. This finding indicates that the transformation rate
of martensite followed a similar trend during martensitic
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Fig. 4. XRD patterns of (a) Fe—C—Cr, (b) Fe—~C-Mn, (c¢) Fe—1.18C-2.63Mn-3.03Si (at%), and (d) Fe—0.93C-1.71Mn-3.44Si (at%)
alloys after quenching. R, stands for the weighted profile residual factor.

transformation. After the complete martensitic transforma-
tion, the expansion curve then continued to decrease with the
decrease in quenching temperature. The blue and red lines
represent the fitted thermal expansion curves before and after
martensitic transformation, respectively. The fitted values
closely matched the actual values. The pink line stands for
the offset expansion curve of 1% martensite, and M, can be
obtained by identifying the point of intersection between this
line and the actual expansion curve.

Fe—0.42C—4.9Cr (at%)
0.6 F—— Thermal expansion curve
—— Fitted expansion curve before transformation
—— Fitted expansion curve after transformation
04+ 1% offset line
=X
5 02
s
=
A 0
-0.2
—0.4 L L 1
500 600 700 800 900
T/K
Fig. 5. Thermal expansion curve during the quenching pro-

Ccess.

The lever rule is a classic method used to calculate the
phase fraction from thermal expansion curves. Assuming an

isotropic martensitic transformation, the martensite content is
proportional to the dilatation strain. The thermal expansion
curves before and after transformation were extrapolated to
the temperature range at which transformation occurred
(Fig. 5). Based on the relative position of the two extrapol-
ated curves, the martensite content can be calculated using
Eq. (10) [15]:

_ ALy, 10
f= 3 (10)

where AL,, is the relative position between the expansion
curve and the extrapolated expansion curve before martensit-
ic transformation, ALy, is the relative position of the extra-
polated expansion curves before and after martensitic trans-
formation. Fig. 6 shows the martensite content versus tem-
perature, i.e., the continuous martensitic transformation kin-
etics curves obtained using the thermal expansion curve in
accordance with the lever rule. As retained austenite was
contained in Fe-C—Mn-Si alloys, the martensite content ob-
tained through the lever rule was multiplied by the final
martensite content after quenching. All the kinetics curves
showed an S shape, and the rate of martensite transformation
(the rate of change of martensite content with temperature)
increased first and then decreased with the decrease in tem-
perature.

Therefore, continuous martensitic transformation kinetics
can be divided into three stages. The first stage featured a low
transformation rate because of the relatively high quenching
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Fig. 6. Continuous martensite transformation kinetics curves of (a) Fe~C—Ni (obtained from our previous work [35]), (b) Fe-C—Cr,
(¢c) Fe—C-Mn, and (d) Fe—~C-Mn-Si alloys. The hollow squares represent the experimental values, and the solid curves denote the val-

ues calculated using the modified Magee model.

temperature and low driving force of martensitic transforma-
tion. As a result, the activated nucleation sites of martensite
were few, which led to a low rate of nucleation. With the de-
crease in quenching temperature, the driving force and the
number of nucleation sites of martensite increased.
Moreover, the large number of dislocations generated around
the formed martensite units provided additional nucleation
sites for the following martensite, that is, the autocatalytic
nucleation of martensite. As a result, the nucleation rate of
martensite rapidly increased due to the combined effect of
both factors, thereby increasing the martensitic transforma-
tion rate. As the austenite grains were segmented with
martensite formation, the average volume of austenite gradu-
ally decreased. Thus, the strength of austenite eventually in-
creased, similar to that of fine-grain strengthening. As the
martensitic transformation proceeded, austenite was continu-
ously strengthened, its plasticity was hardly adjusted, and the
resistance of martensitic transformation increased, which led
to the gradual decrease in the martensitic transformation rate
until the end of the transformation. Thus, changes in the
martensitic transformation rate were controlled by the nucle-
ation rate of martensite and resistance to martensitic trans-
formation. The competition between the nucleation and res-

istance to transformation caused the martensitic transforma-
tion rate to initially increase and then decrease with the de-
crease in quenching temperature.

5.3. Accuracy of the modified kinetics model

Fig. 6 displays the continuous martensitic transformation
kinetics curves of Fe—C—X (X = Ni, Mn, Si, Cr) alloys de-
scribed using the modified Magee model (Eq. (8)). The
martensite contents calculated using the modified Magee
model show good agreement with the experimental values.
For the Fe—C—X (X = Ni, Cr, Mn, Si) multicomponent sys-
tem, the calculation error reached 9.5% (the experimental
data for martensite fraction f'< 0.05 were not considered due
to the mathematical instability of Eq. (8)). Meanwhile, the
shape of kinetics curves described using the modified Magee
model was relatively accurate, which cannot be achieved us-
ing kinetics models with a simple exponential function form
such as the Magee model.

Fig. 7(a) shows the changes in the martensitic transforma-
tion rate (df’d7) of the martensite fraction of Fe—C—X alloys.
The martensitic transformation rate first increased and then
decreased with the decrease in temperature. It reached a max-
imum value at the martensite fraction of approximately 30%.
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Fig. 7. Changes in martensitic transformation rate (df/d7) of martensite fraction: (a) experimental value; (b) calculation results of

the Magee model and modified Magee model.

For some alloys, the transformation rate slightly increased in
the middle and late stages of transformation, which may be
due to excessive heat release during transformation. In addi-
tion, heat cannot be dissipated quickly enough, resulting in
the rise in the local temperature of the samples, and thus, the
increase in the transformation rate. However, the overall
transformation rate still increased initially and then de-
creased. Fig. 7(b) displays the calculation results of the
martensitic transformation rate of Fe—C—X alloys observed
using the Magee model and modified Magee model. The
martensitic transformation rate calculated using the Magee
model almost linearly decreased with the increase in trans-
formation fraction, which is inconsistent with the real trend
of the transformation rate of Fe—C—X alloys. By contrast, the
transformation rate calculated using the modified Magee
model increased first and then decreased with the progress of
transformation, agreeing with the real trend, due to the intro-
duction of nucleation activation energy into the Magee mod-
el. This finding explains the more accurate shape of kinetics
curves obtained using the modified Magee model compared
with those of the Magee model.

Fig. 8 shows the continuous martensitic transformation
kinetics curves calculated using the modified Magee model
(Eq. (8)) and other models. The accuracy was greatly im-

1.0
0.8
0.6
~
041 Sirozki [21]
— - —~Guimaraes [22]
—— Magee [23]
0.2 = — Yu[24]
- - - - Fei [25]
- - Power-law [26]
0 — This work ) ) ey -
500 520 540 560 580 600 620 640 660 680
T/K
Fig. 8. Calculation results of continuous martensite trans-

formation Kinetics curves obtained using the modified Magee
model and other models [19,21-26].

proved compared with those of other models. In addition, the
S-shaped characteristic of the kinetics curves can be de-
scribed using the modified Magee model due to the introduc-
tion of nucleation activation energy. Notably, the values cal-
culated using the power-law model are also in good agree-
ment with the experimental findings. The values of M fitted
by the power-law model deviated considerably from the ex-
perimental findings, which resulted in a loss of physical sig-
nificance and did not promote the understanding of the actu-
al process. On the other hand, if the experimental values of
M, were used, a substantial decrease in the calculation accur-
acy of the kinetics curves would have been observed.

Given the fixed rate constant of the K—-M and Magee mod-
els at various quenching temperatures, the nucleation rate of
martensite remained constant during martensitic transforma-
tion. However, the nucleation rate of martensite varied with
the progress of martensitic transformation, which explains
the low accuracy of the two models. The introduction of nuc-
leation activation energy to the kinetics model led to changes
in the nucleation rate of martensite with temperature, thereby
improving the accuracy of the model. Furthermore, the S-
shaped characteristic of the kinetics curve depicted using the
modified Magee model demonstrated that the model is more
reasonable and suitable compared with the others.

Table 4 shows the calculation errors of the kinetics curves
of Fe—C—X (X = Ni, Cr, Mn, Si) alloys (Fig. 6) during con-
tinuous martensitic transformation when using different kin-
etics models. The calculation accuracy of the modified
Magee model is evidently higher than those of the Magee
model and other models. Therefore, the changes in nucle-

Table 4. Calculation error of Kinetics models of continuous
martensitic transformation [19,21-24]

Kinetics model Calculation error / %

K-M[19] 335
Guimarées and Rios [22] 29.2
Skrotzki [21] 19.4
Yu [24] 21.1
Magee [23] 30.2
Modified Magee 9.5
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ation activation energy of martensite with temperature must
be considered in the kinetics model.

However, compared with experimental values, the
martensitic transformation process observed using the cur-
rent modified model showed a large deviation in the late
stage of transformation. The deviation may be related to the
limitations that may still exist in the modified model. As aus-
tenite grains were continuously divided by martensite units
during transformation, the subsequently formed martensite
units contained a small austenite volume, resulting in the de-
creased average volume of martensite with the decrease in
quenching temperature. By contrast, the average volume of
martensite is regarded as a constant in the current modified
model, which needs to be improved. Moreover, the growth of
martensite may involve a thermal activation process [36-37];
however, only the thermal activation process of nucleation is
considered in the current modified model. Therefore, the in-
troduction of the thermal activation process of martensite
growth into the model may improve its accuracy and can be
considered in the following work. Nonetheless, the introduc-
tion of nucleation activation energy improved the accuracy of
the kinetics model, indicating that nucleation activation en-
ergy should be considered in the martensitic transformation
process, which constitutes the significance of our work.

6. Conclusion

A modified kinetics model was proposed by introducing
the nucleation activation energy of martensite, which changes
with temperature, into the Magee model. As a result, varying
nucleation rates were observed during martensitic transform-
ation. The kinetics curves of martensitic transformation in
Fe—C—X (X =Ni, Cr, Mn, Si) alloys were described using the
modified model, and the calculation error was 9.5%, which is
evidently lower than those of the Magee model and other kin-
etics models. The S-shaped characteristic of the kinetics
curve of martensitic transformation can be described using
the modified model, with the calculated values of the
martensitic transformation rate showing good agreement with
experimental values. The improved accuracy of the modified
model proves the necessity of considering nucleation activa-
tion energy in martensitic transformation.
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