
The Effect of Solute Nb on the Austenite-to-Ferrite
Transformation

TAO JIA and MATTHIAS MILITZER

Niobium is a widely used micro-alloying element in steels that can retard the austenite-to-ferrite
transformation primarily by solute drag when Nb remains in solution. It is critical to develop
quantitative models to predict the effect of Nb on the transformation kinetics. In the present
work, dedicated continuous cooling transformation (CCT) studies were performed for a low-
carbon steel microalloyed with 0.047 wt pct Nb starting from fully recrystallized austenite states
with the same grain size but different amounts of Nb in solution. The austenite-to-ferrite
transformation kinetics is described from a fundamental perspective by assuming a mixed-mode
reaction including solute drag of Nb. Using the solute drag model of Fazeli and Militzer, the
intrinsic interface mobility, trans-interface diffusivity of Nb, and its binding energy to the
interface have been determined from the CCT data. The interfacial parameters are critically
analyzed and compared with independent measurements of diffusion and grain boundary
segregation.
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I. INTRODUCTION

SINCE the 1960’s microalloying with Nb has been
widely used to enable thermo-mechanical controlled
processing of steels. The beneficial effects of Nb are
related to the fact that it forms carbides due to its strong
interaction with carbon thereby producing Zener pinning
on boundary motion and precipitation strengthening,
while solute Nb has a strong tendency to segregate to
grain or interphase boundaries because of the large lattice
misfit ofNb atoms in Fewhich leads to a solute drag effect
on boundary motion. Regardless of Nb state in austenite,
it is generally accepted that Nb delays austenite recrys-
tallization thereby enabling controlled rolling below the
recrystallization stop temperature.[1] As a result, pan-
caked austenite is present at the exit of finish rolling and
leads upon cooling to the refinement of the final micro-
structure. In detail, the Nb state prior to phase transfor-
mation, however, may have for a given austenite structure
two opposite effects on the austenite decomposition
kinetics and resulting microstructure. When Nb forms
precipitates, it can promote the ferrite or bainite trans-
formation by removal of soluteNb thereby decreasing the
solute drag effect, and possibly by providing potential
nucleation sites.[2–4] On the other hand, solute Nb delays
the phase transformation as has been extensively inves-
tigated.[3–8] The mechanisms of these delays have been

discussed in terms of the potential effects of Nb on both
nucleation and growth of ferrite. The segregation ofNb to
austenite grain boundaries reduces their energy and, thus,
decreases their potency as heterogeneous nucleation sites
for ferrite. Further, the strong interaction of Nb with
carbon decreases the diffusivity of carbon as it is parti-
tioned from ferrite nuclei to austenite. Alternatively, the
retarding effect of Nb on the ferrite transformation is
primarily attributed to the solute drag mechanism.[3–5]

Even though the role of Nb on phase transformation is of
significant practical relevance, modeling the effect of
solute Nb on the austenite decomposition kinetics has
drawn comparatively little attention so far. There have
been dedicated research efforts over the past decade to
better understand the interaction of alloying element with
migrating interfaces (Alemi).[9] For Fe-based alloys, these
research efforts have primarily emphasized elements like
Ni,[10–13] Cr,[14] Mo,[12,13] Si[15] and Mn.[13,16–21]

Gómez et al.[22] and Majta et al.[23] used the Johnson–
Mehl–Avrami–Kolmogorov (JMAK) approach tomodel
the phase transformation in Nb-containing steels due to
its simplicity and numerical convenience. But the effect of
Nb on the underlying nucleation and growth is not
explicitly accounted for, and the model is only valid for
the investigated steel compositions and experimental
conditions. Alternatively, attempts have been made to
incorporate the Nb effect from a fundamental perspec-
tive. Lee et al.[7] used the classical nucleation and carbon-
diffusion controlled growth theories to describe the
austenite-to-ferrite transformation kinetics in Nb-con-
taining steels. The solute drag effect of Nb is implicitly
considered by assuming that the activation energy of
carbon diffusivity is a function of solute Nb content such
that carbon diffusion is reduced with increasing the Nb
solute level. A more rigorous mixed-mode model was
developed and has been widely applied to Fe-C-X alloys
(X being a substitutional element like Mn, Cr and Nb).
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Here, both long-range carbon diffusion and interface
reaction are assumed to control the transformation rate.
In this modeling framework, the interface velocity is
expressed as the product of the local chemical driving
pressure and an effective interface mobility. This effective
term can be used to account for the role of alloying
element X on the interface migration rate.[24,25] Mecozzi
et al.[26] and Takahama et al.[27] have used phase field
modeling (PFM) to simulate the austenite-to-ferrite
transformation in a Nb-containing steel. In these PFM
simulations, it is assumed that the interface mobility has
an Arrhenius relationship with an activation energy of
140 kJ/mol[28] and the pre-exponential mobility term is
employed as an adjustable parameter to replicate contin-
uous cooling transformation (CCT) data. Takahama
et al.[27] expressed the obtained effective interfacemobility
with solute drag and pinning pressure terms that are
consistent with the dissolution ofNbC as a function of the
austenitization temperature. In particular, they found
that the solute drag strength is large at intermediate
interface velocities for the investigated cooling rate of
0.3 K/s. In a number of PFM simulations, the fitted
effective interface mobility exhibits a cooling rate depen-
dence.[16,17] This non-physical behavior can be mitigated
by incorporating solute drag in a more rigorous way
whereby the interfacemobility becomes a function of both
temperature and interface velocity.[29] Here, solute drag
may be accounted by describing the interface velocity in
terms of an intrinsic temperature-dependent interface
mobility in combination with a solute drag pressure that
effectively reduces the chemical driving pressure as a
function of both temperature and interface velocity. For
example, Fazeli and Militzer[18] and Jia and Militzer[19]

had used this approach to describe the austenite-to-ferrite
transformation in low-carbon steels and Fe-Mn alloys.
This analysis has yet to be applied to Nb microalloyed
steels despite their technological importance.

The present work describes a dedicated CCT study for
a low-carbon steel microalloyed with 0.047 wt pct Nb
starting from fully recrystallized austenite states with the
same grain size but different levels of Nb in solution.
Based on these studies, the effect of Nb on the phase
transformation kinetics is quantified to extract the solute
drag parameters for Nb, i.e., the binding energy and the
diffusivity across the interface, that are used in a mixed-
mode model to describe the observed austenite-to-ferrite
transformation kinetics. The paper concludes with a
critical analysis of the proposed modeling approach.

II. MATERIAL AND EXPERIMENTAL
PROCEDURES

An X65 commercial linepipe steel microalloyed with
Nb was employed in the present study. Table I shows
the chemistry of the investigated steel. Using Thermo-

Calc with the Fe2000 database, the Ae3 temperature was
determined to be 1112 K (839 �C). Tensile samples with
a cylindrical working zone of 10 mm length and 6 mm
diameter were machined along the rolling direction from
the as-received hot-rolled material.
The CCT tests were conducted on a GLEEBLE 3500

thermo-mechanical simulator. The thermo-mechanical
processing path employed in these tests is schematically
shown in Figure 1. Based on a previous study,[30] the
samples were first austenitized at 1473 K (1200 �C) for
2 minutes to dissolve all NbC precipitates. Then a grain
refinement step was executed at 1323 K (1050 �C) by
deforming the sample in axisymmetric compression at a
rate of 1 s�1 to a true strain of 0.3 followed by holding
of 20 seconds to produce a fully recrystallized austenite
microstructure with a grain size of 40 lm. Subsequently,
the samples were rapidly cooled to 1173 K (900 �C) at a
rate of 100 K/s and then held for either 0, 2, or
20 minutes to achieve different levels of Nb in solution
by partial re-precipitation of NbC. Finally, the samples
were cooled from 1173 K (900 �C) at constant rates of 1,
2 and 5 K/s, respectively. During cooling, the austenite
decomposition was monitored with a dilatometer at the
center of the sample, where also a K-type thermocouple
was spot welded to measure the temperature. The
austenite decomposition kinetics was determined from
the dilation data (i.e., the radial expansion of the
sample) using the lever rule as well as the method
proposed by Bhadeshia et al.[31] Both analysis tech-
niques provide fractions transformed that are within the
experimental errors of the dilation measurements
(±0.05) and the results presented here are based on the
lever rule method. Further, the final microstructure of
all CCT samples was analyzed using conventional
metallographic techniques including grinding, polishing,
and etching with 2 pct Nital. Optical micrographs of the
etched surfaces were used to measure the ferrite fraction

Table I. Chemistry of the Investigated Steel (in Weight Percent)

C Mn Si P S Al Nb N

0.06 1.49 0.2 0.009 0.002 0.038 0.047 0.0094

Time

erutarep
meT

oC)
ε ε

Fig. 1—Experimental procedure for Gleeble tests.
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in each sample, using the point count method outlined in
the ASTM standard E 562.

The amount of Nb in solution was estimated from the
precipitation kinetics study by Park et al.[32] who investi-
gated a Nb microalloyed steel with a comparable
chemistry, i.e., Fe-0.08C-1.21Mn-0.2Si-0.038Nb-0.0017N
(see Figure 2). For the present steel, the amount of Nb in
solution was concluded to be 0.047, 0.038 and
0.0073 wt pct after 0, 2 and 20 minutes holding at
1173 K (900 �C), respectively.

III. RESULTS AND DISCUSSION

A. Experimental Observations

Figure 3 shows the overall austenite decomposition
kinetics for a given cooling rate (i.e., 1 and 5 K/s,
respectively) and different levels of Nb in solution. The
retarding effect of Nb in solution on the transformation is
obvious. For example, at a cooling rate of 1 K/s, the
entire transformation is consistently shifted to lower
temperature by about 15 Kwhen the solute Nb content is
increased from 0.0073 to 0.038 wt pct and by about
another 15 K when the solute Nb content is further
increased to 0.047 wt pct. The temperatures for 50 pct
transformed decreases from 973 K to 943 K (700 �C to
670 �C). At the higher cooling rate of 5 K/s, the overall
transformation temperatures are lower with 50 pct
transformation observed at around 898 K (625 �C).
Here, the delay of the transformation due to Nb in
solution is only evident in the initial portion of transfor-
mation (below 50 pct transformed), e.g., the transforma-
tion start temperatures (quantified as 5 pct transformed)
decrease from 982 K to 947 K (709 �C to 674 �C) when
the Nb content in solution is increased from 0.0073 to
0.047 wt pct. For later stages, however, the transforma-
tion temperatures become independent of the Nb content
in solution and the austenite decomposition is completed
in all three cases at 793 K (520 �C) (see Figure 3(b)).

Figure 4 shows the optical micrographs for both
cooling rates and the cases with the minimum and
maximum levels of Nb in solution (0.0073 and
0.047 wt pct). As expected, the lowering of the trans-
formation temperature due to either increasing the

cooling rate or the amount of Nb in solution is evident
in the resulting microstructures. In case of the highest
transformation temperature (1 K/s, 0.0073 wt pct Nb),
the microstructure is primarily ferrite with some pearlite
and bainite (Figure 4(a)). Increasing the Nb content in
solution for cooling at 1 K/s decreases the ferrite
fraction and increases the bainitic portion (Figure 4(b)).
For the higher cooling rate (5 K/s), the microstructures
become dominantly bainitic consistent with the overall
lower transformation temperatures. For the case with
the lower content of Nb in solution, a ferrite rim
outlining the prior austenite grain boundaries are clearly
visible (Figure 4(c)), whereas the fraction of allotrio-
morphic ferrite is greatly reduced when the amount of
Nb in solution is maximized (Figure 4(d)).

B. Model for Austenite-to-Ferrite Transformation

Here, a model is proposed to account for the effect of
Nb in solution on the austenite-to-ferrite transformation,
i.e., the initial portion of the transformation until the
metallographically measured ferrite fraction is reached.
It is assumed that pearlite and/or bainite form in the
later transformation stages, which is consistent with a

Fig. 2—Estimation of NbC re-precipitation at 1173 K (900 �C)
based on the precipitation kinetics data of Park et al.[32]

0.047%Nb

0.038%Nb

0.0073%Nb

1K/s

5K/s

0.047%Nb

0.038%Nb

0.0073%Nb

(a)

(b)

Fig. 3—Austenite decomposition kinetics for different levels of Nb in
solution (in weight percent) at cooling rates of (a) 1 K/s and (b)
5 K/s, respectively.
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sequential formation of different transformation pro-
ducts. The observed effect of Nb in solution is of kinetic
nature asNb is a ferrite stabilizer andbringingmoreNb in
solution should from a thermodynamic aspect promote
ferrite formation. The amount of Nb in solution is,
however, sufficiently small for all three cases that its effect
on equilibrium transformation temperatures is negligible.

A model for ferrite transformation start (5 pct trans-
formed) has previously been proposed[33,34] and applied
to the present steel.[35] Thus, the present analysis
emphasizes the ferrite growth stage above a ferrite
fraction of 0.05.

The effect ofNb on ferrite growth can be describedwith
a mixed-mode model that combines long-range carbon
diffusion in austenite with the interface reaction incorpo-
rating solute drag. The interface velocity is calculated by

v ¼M DGchem � DGSDð Þ; ½1�

where M is the intrinsic interface mobility, DGchem is the
chemical driving pressure, and DGSD is the solute drag
pressure. Using ThermoCalc with the Fe2000 database,
DGchem is calculated by assuming a constrained equilib-
rium condition as reference (DGchem = 0) where substi-
tutional elements remain configurationally frozen while
the equality of the chemical potential of carbon across
the interface is maintained.[18]

The solute drag pressure, due to the asymmetrical
distribution of solutes with a concentration CS in the
interface, is calculated according to the model proposed

by Fazeli and Militzer.[18] In this solute drag model,
dimensionless variables for concentration, distance and
velocity are defined, i.e., C = CS/CS,0, X = x/d and
V = vd/Db. Here, CS,0 is the bulk solute content, x is the
position in the interface, d is half of the interface
thickness, and Db is the trans-interface diffusivity of the
solute. An asymmetrical wedge-shaped well is used for
the interaction potential, E, of solutes with the interface
such that the potential gradient within the interface is
given by

@E=@X ¼ DE� E0 �1<X<0
@E=@X ¼ DEþ E0 0<X<1

�
½2�

where E0 is the solute-interface binding energy and DE
is half of the chemical potential difference for the sol-
ute in austenite and ferrite. Here, the binding energy is
given in positive numbers as in previous work[19] to
characterize the strength of the attractive solute-inter-
face interaction. Then, the segregation profile of Nb
can be determined by solving the following differential
equation

@Cnew

@X
þ Cnew

RT

@E

@X

����
new

þV Cnew � exp
DE
RT

X

� �� �
¼ 0;

½3�

where effective concentration and potential gradient
terms, i.e., Cnew and @E=@Xjnew are introduced such
that[18]

Fig. 4—Optical micrographs of CCT samples for the indicated experimental conditions.
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Cnew ¼ C exp
DE
RT

X

� �
½4�

@E

@X

����
new

¼ @E

@X
� DE ½5�

to avoid the artifact of residual solute drag at zero
interface velocity. By integrating the contribution from
all solute atoms segregated at the moving interface, the
solute drag pressure is calculated as[18]

DGSD ¼ �CS;0

Z1

�1

Cnew � 1ð Þ@E
@X

����
new

dX ½6�

Secondly, in order to link the interface motion with the
transformed ferrite fraction, a suitable assumption for
the growth geometry is required. As clearly seen in the
micrograph shown in Figure 4(c), ferrite forms in early
transformation stages films along prior austenite grain
boundaries and grows inwards to consume the parent
austenite grain. A suitable geometry to describe this
situation is a spherical austenite grain with an outer
ferrite shell growing toward the grain interior as
schematically illustrated in Figure 5. This is relevant
for cooling scenarios where nucleation site saturation
occurs at austenite grain boundaries and the overall
kinetics is mainly controlled by subsequent thickening of
the ferrite shell.

The flowchart of the overall calculation process is
shown in Figure 6. In the program, the spherical
austenite grain is equally divided into 500 segments in
radial direction to solve the diffusion equation for
carbon in austenite. The initial condition is to have
100 pct austenite with a flat carbon profile replicating
the nominal carbon content. The calculation is initiated
such that the experimental transformation start temper-
ature for 5 pct transformed is matched with the simu-
lation. In the first time step, it is assumed that the outer

shell node is exposed to the chemical driving pressure,
DGchem, of the austenite-ferrite transformation for the
nominal carbon content and initial temperature that is
approximately 10 K above the experimental transfor-
mation start temperature (5 pct transformed). The
subsequent simulation procedures are the same for all
time steps, i.e., DGchem and DGSD are first calculated
based on the carbon diffusion profile and interface
velocity from the previous time step. Then, the interface
velocity is determined by Eq. [1] to obtain the time step
length required for the interface moving forward one
segment, Dr, at the given temperature. Next, the
associated change of the carbon diffusion profile in
austenite is calculated by using an implicit finite differ-
ence method. The program then enters into the next
calculation cycle until the ferrite transformation stop
temperature Tf is reached where ferrite formation ceases
as concluded from the experimental CCT data.
In addition to the binding energy, the main param-

eters employed in the kinetic model include the intrinsic
interface mobility and the trans-interface diffusivity, Db,
of Nb, normalized by the interface thickness, i.e.

M ¼M0 exp �
Q

RT

� �
½7�

Db

d
¼ D0

d
exp � Qb

RT

� �
; ½8�

where M0 and D0 are the pre-exponential factors and Q
and Qb are the activation energies, respectively. As
proposed when analyzing the austenite-to-ferrite trans-
formation in the Fe-Mn system,[19] D0 and Q are taken
from the literature, whereas M0 and Qb are employed as
adjustable parameters. The pre-exponential factor D0

Xi+1Xi

Ferrite Shell

Austenite

eqCγ

intCγ

0C
Cα

Fig. 5—Schematic illustration of the spherical geometry used in the
kinetic model.

Fig. 6—Flowchart of the calculation program for phase transforma-
tion.
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has been chosen as the geometric mean of the values for
Nb bulk diffusion in ferrite[36,37] and austenite.[38] By
taking an interface width of 1 nm, the D0/d is calculated
to be 33.5 9 107 cm/s. For the activation energy Q of

the intrinsic mobility 140 kJ/mol[28] is adopted as in
previous studies.[18,19]

In summary, there are three adjustable parameters in
the currently used model, i.e., M0, Qb, and E0 that are
determined to provide the best fit of the austenite-to-
ferrite transformation kinetics. The present ferrite
growth simulations start with an initial ferrite fraction
of 0.05 at the measured transformation start tempera-
ture, i.e., they agree per definition with the experimental
data at the selected start condition. The simulations
conclude at the experimental ferrite stop temperature
and then the primary fit criterion is to minimize the
overall difference of ferrite fraction between the simu-
lations and the experimental data for the nine CCT
cases. Following the steps described above, the param-
eter set is obtained as shown in Table II which gives the
best agreement between experimentally measured kinet-
ics and model calculations. As illustrated in Figure 7,
the agreement that is obtained in this way between
simulation and experimental results is, in general, good,
in particular when considering the underlying simplifi-
cations in terms of adopted growth geometry. The
accuracy of the proposed fit parameters is approxi-
mately ±10 pct, i.e., considering the experimental errors
similar fit qualities can be obtained when the combina-
tions of the three parameters are modified within this
margin. As illustrated in a previous analysis,[19] sub-
stantial changes in one of the parameters lead to
significant deviations between the calculated and mea-
sured transformation kinetics that cannot be compen-
sated by adjusting the two remaining parameters.
To evaluate the fundamental merits of the proposed

model, it is important to critically analyze the values of
the fit parameters given in Table II, as all three
parameters have a well-defined physical meaning. The
mobility factor is about a factor 2 smaller than that
originally proposed by Krielaart and van der Zwaag[28]

for the Fe-Mn system, i.e., 0.058 cm mol/J s, without,
however, explicitly accounting for solute drag, i.e., this
original value reflects an effective rather than an intrinsic
mobility. Considering previous work that accounted for
solute drag mobility factors were concluded that are
orders of magnitude larger and fall into the range of 450
to 3000 cm mol/J s.[19,20,39] All these mobility values
were obtained for Fe-alloys and ultra low-carbon steels
with carbon contents of 0.007 wt pct or lower, whereas
in the present case the carbon content is at least about
an order of magnitude higher. These apparent mobility
differences may thus be related to the different steel
compositions, in particular the carbon content, as any
solute atom in the iron lattice could affect the rate of the
interface reaction from FCC to BCC crystal structure.
Further studies will be required to quantify potential
chemistry dependencies of the mobility factor.
The obtained activation energy Qb locates the trans-

interface diffusivity between the values for bulk diffusion
of Nb in austenite and ferrite, respectively, as shown in
Figure 8. The present result is consistent with the
geometric average of Dc and Da for the trans-interface
diffusivity as proposed by Zurob et al.[13–15]

The binding energy of Nb is another important
physical parameter that is used as an adjustable value

Table II. Adjustable Ferrite Growth Parameters

M0 (cm mol/J s) Qb (kJ/mol) E0 (kJ/mol)

2.5 263 48
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Fig. 7—Comparison between simulated (thin lines) and measured
(thick lines) phase transformation kinetics.
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in the present work. There are no direct experimental
data available for the Nb binding energy to the
austenite-ferrite interface but Nb segregation to ferrite
grain boundaries has been studied experimentally and
may be taken as a reference. Maruyama et al.[40] used a
3-D atom probe study to measure the segregation of Nb
to ferrite grain boundaries in an Fe-0.087 at. pct Nb
alloy treated at 1073 K (800 �C). Their experimental
result gives an interfacial Nb concentration of
9.7 ± 2.7 9 1017 atoms/m2 with a segregation width of
1 to 2 nm. Using a wedge-shaped interaction potential
across the grain boundary and an interface width of
2 nm, a Nb binding energy of 28.9 kJ/mol was calcu-
lated by Sinclair et al.[41] In the present study, an
interface width of 1 nm is assumed and then a binding
energy of 36.7 kJ/mol is consistent with the experimen-
tal data of Maruyama et al.[40] In addition, a recent
density functional theory (DFT) calculation for the
interaction of solutes with the

P
5 ferrite grain bound-

ary by Jin et al.[42] gives binding energies for Nb to
individual boundary sites in the range of 36 to 48 kJ/mol
with an average of 39 kJ/mol which is a very similar
value as that concluded from the atom probe study. The
apparent binding energy of 48 kJ/mol obtained with the
present model for Nb segregation at austenite-ferrite
interfaces is of similar magnitude as the above values for
grain boundary segregation.

IV. CONCLUSIONS

A combinatorial method which couples the mixed-
mode reaction and solute drag of Nb has been used to
model the austenite-to-ferrite transformation in a Nb
microallyed low-carbon steel. A description of the
retarding effect of Nb on ferrite formation is obtained
with an activation energy of 263 kJ/mol for Nb trans-
interface diffusion and a Nb binding energy of 48 kJ/
mol to the austenite-ferrite interface. The magnitude of
these solute drag parameters is consistent with that
expected from independent studies on diffusion and Nb
grain boundary segregation reported in the literature.
The trans-interface diffusivity used in the present model

supports the assumption to approximate its value by the
geometric mean of bulk diffusion in austenite and ferrite
as proposed by Zurob et al.[13–15] Further, investigations
are, however, required to confirm the generality of this
assumption. A recent analysis of Qiu et al.[15] indicates
that different assumptions for the trans-interface diffu-
sivity have to be made when considering the solute drag
effect of Mn and Si, respectively, on the moving
austenite-ferrite interface in Fe-C-Mn, Fe-C-Si and Fe-
C-Si-Mn systems. Further, the so-called intrinsic inter-
face mobility appears to be a function of steel chemistry
and can presently only be employed as an adjustable
parameter albeit an Arrhenius relationship for the
mobility with an activation energy of 140 kJ/mol is in
general applicable to low-alloyed Fe systems with
sufficiently low carbon content.
The present model is applicable to the ferrite portion

of the austenite decomposition. It will be critical to
extend similar model approaches to describe the effect of
Nb on the formation of bainitic ferrite as well. In the
present case, the bainitic structures form above 773 K
(500 �C) where a diffusional model for bainite growth
may be appropriate such that a similar solute drag
analysis could be considered. Modeling of bainite
growth is, however, much more complex as growth
anisotropies will have to be included.
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2008, vol. 44, pp. 265–73.

30. S. Gerami: Master’s Thesis, University of British Columbia,
Vancouver, 2010.

31. H.K.D.H. Bhadeshia, S.A. David, J.M. Vitek, and R.W. Reed:
Mater. Sci. Technol., 1991, vol. 7, pp. 686–98.

32. J.S. Park, Y.S. Ha, S.J. Lee, and Y.K. Lee: Metall. Mater. Trans.
A, 2009, vol. 40A, pp. 560–68.

33. M. Militzer, R. Pandi, and E.B. Hawbolt:Metall. Mater. Trans. A,
1996, vol. 27A, pp. 1547–56.

34. M. Militzer, F. Fazeli, and H. Azizi-Alizamini: Metall. Ital., 2011,
vol. 103, pp. 35–41.

35. M. Militzer, F. Fazeli, and T. Jia: Fundamentals and Applications
of Mo and Nb Alloying in High Performance Steels: Volume 1, H.
Mohrbacher, ed., CBMM/IMOA/TMS, 2014, pp. 23–36.

36. J. Geise and C. Herzig: Z. Metall., 1985, vol. 76, pp. 622–26.
37. C. Herzig, J. Geise, and S.V. Divinski: Z. Metall., 2002, vol. 93,

pp. 1180–87.
38. S. Akamatsu, T. Senuma, and M. Hasebe: ISIJ Int., 1992, vol. 32,

pp. 275–82.
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