
Introduction
Grain refinement has been found to increase
both the strength and toughness of steels (Gao
and Baker, 1998; Sharma, Lakshmanan, and
Kirkaldy, 1984; Seok et al., 2014; Maalekian
et al., 2012). It is also known that the
austenite grain size directly influences the
microstructure, and thus the mechanical
properties, of the steel (Maalekian et al., 2012;
Yue et al., 2010). Effective grain growth
control is reported to be achieved through
addition of precipitate-forming elements, such
as Nb that, slow down the grain boundary
migration through pinning and solute drag
mechanisms (Yu et al., 2010; Olasolo et al.,
2011; Alogab et al., 2007). Much work has
been carried out on austenite grain lsize
control by the addition of precipitate-forming
elements that have a strong affinity for
interstitial elements, such as carbon and
nitrogen, which form the dispersed pinning
particles to inhibit the austenite grain growth
(Alogab et al. 2007; Hodgson and Gibbs,
1992; Nanba et al., 2003; Flores and Martinez,
1997; Rollett, Srolovitz and Anderson, 1989).
Austenite grain growth can be described using
a conventional or a modelling approach. With
conventional approaches (e.g. metallography),

in-situ monitoring of austenite grain growth at
high temperatures is impossible. Modelling the
grain growth behaviour based on available
data is the ideal option. To quantitatively
describe austenite grain growth therefore
requires development of a sound mathematical
austenite grain growth equation that accounts
for the effects of the varying microalloying
elements in inhibiting austenite grain growth.
Numerous attempts have been made to
develop an empirical model based on the
general equation developed by Sellars and
Whiteman (1979). Many of these models do
not account for the direct effects of the
microalloying elements such as Nb in austenite
grain growth control [Fu et al., 2011; Wang
and Wang, 2008; Wang et al., 2006;
Shanmugama et al., 2005; Banerjee et al.,
2010; Pous-Romeroa et al., 2013). The current
work has considered this limitation, taking
into account the direct effect of niobium in
grain growth control during thermal
processing. This is done by incorporating the
initial austenite grain size Do and the microal-
loying element niobium in the development of
a constitutive equation for grain growth
prediction in Nb-containing microalloyed
steels.

Materials and techniques 
Table I shows the chemical compositions of the
five microalloyed steels used in the study,
which were cast by vacuum induction melting
into ingots of 16 kg. The compositions were
chosen to test the effect of the Nb content on
the austenite grain growth while the other
elements were kept approximately constant.
Note, however, that the melting and casting
procedure used for these laboratory steels
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resulted in somewhat higher nitrogen contents, which are
nearer to those expected from electric arc furnace (EAF) than
from basic oxygen furnace (BOF) steelmaking. 

Compression test on a Bähr dilatometer 
Cylindrical samples (5 mm diameter × 10 mm length)
machined from the laboratory cast slabs were heated by
induction in the Bähr dilatometer to 1150°C at a rate of 5°C s-1

and held at 1150°C for 5 minutes to achieve homogenization.
The samples were then cooled at 5°C s-1 to the testing
temperature (1000, 1050, 1100, and 1150°C) where a single-
hit compression was applied after holding at the test
temperature for 20 seconds. A strain of 0.4 was used at a
strain rate of 0.1 s-1. After compression, the samples were
then held at the deformation temperature in the Bähr
dilatometer for times of 0, 10, 30, 60, 90, or 120 minutes to
simulate the delay time after rough rolling, before rapid
cooling at a rate of 600°C s-1 to room temperature. Oxidation
of the specimens during compression was prevented by
passing a continuous flow of high-purity helium through the
system. The cooled samples were then tempered at 490°C for
72 hours to improve the response of prior austenite grain
boundaries to etching. In this study, the grain size of the
samples held for zero (0) minutes after deformation was used
as the initial grain size D0 for the steel at that temperature.
The scheduled profile followed in the single hit compression
tests is shown in Figure 1.

The samples were mounted, ground, polished, and then
etched with picric acid solution containing 100 ml saturated
aqueous picric acid, 100 ml distilled water, 4 g sodium

tridecylbenze sulphonate, and 2-3 drops of triton. Etching
was carried out at a temperature of 60–70°C for times ranging
from 3 to 14 minutes. The samples were observed under an
Olympus BX51MTM optical microscope to reveal the prior
austenite grain boundaries. The austenite grain size was
measured using the average linear intercept method
according to ASTM E112 (Van der Voort, 1984). To obtain a
statistically acceptable grain size distribution, more than 300
intercepts were measured on each sample.

Results

The solubility behavior of precipitates in microalloyed
steels predicted by Thermo-CalcTM
The volume fractions of precipitates as a function of the
temperature predicted by Thermo-CalcTM for the studied
steels are shown in Figure 2. These show that the reheating
temperature range of 800–1250°C will lead to dissolution of a
substantial amount of Ti,Nb(C,N) carbonitrides but not to a
complete dissolution of all of these precipitates. NbN precip-
itates within the temperature region of 1000–1200°C, while
TiN does not go into solution at temperatures considered in
this study. The higher dissolution temperatures shown for
NbN in these microalloyed steels are due to their higher N
content of about 0.019 wt%, which is more typical for steel
produced in an EAF (N in solute-rich regions preferentially
combines with Nb). The presence of precipitates means that a
unimodal grain structure can be predicted if these precipitates
are effective in pinning the grain boundaries (Fernández,
Illescas and Guilemany, 2007; Van der Voort, 1984; Zener,
1948 (as cited by Ringer, Li and Easterling, 1989). 

The volume fraction of Nb precipitates with respect to
temperature as predicted by Thermo-CalcTM is shown in
Figure 3. This shows that the volume fraction at a given
temperature is highly dependent on the Nb content in the
steel, thus the higher the Nb content, the higher the volume
fraction of the precipitate at any given temperature.

Austenite grain growth behaviour in the steels after
deformation
Figure 4 shows the grain size distribution in the Nb-bearing
steels after high-temperature deformation followed by
tempering at 490°C for 72 hours. The steels showed a
unimodal grain structure during deformation. These distrib-
utions and structures attest to the fact that no abnormal grain
growth, i.e. no bimodal distribution, was visible in these
steels at the thermomechanical controlled processing (TMCP)
conditions employed in this work, confirming the presence of
pinning particles in the steels as predicted by Thermo-CalcTM.

▲
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Table I

Chemical composition of the steels used in the study

Steel Chemical composition (wt %)
C Mn Si Nb Ti V Al N Ni

0.002% Nb 0.17 1.13 0.11 0.002 0.001 0.007 0.05 0.018 0.15
0.03% Nb 0.16 1.15 0.15 0.03 0.02 0.008 0.02 0.018 0.15
0.05% Nb 0.17 1.15 0.15 0.05 0.02 0.009 0.03 0.019 0.15
0.07% Nb 0.14 1.10 0.15 0.07 0.02 0.006 0.04 0.020 0.17
0.10% Nb 0.18 1.27 0.15 0.10 0.02 0.009 0.04 0.020 0.17

Figure 1 – Schematic representation of the deformation process on the
Bähr dilatometer



Increased Nb content and austenite grain growth in
the microalloyed steels
The observed effect of an increased Nb content in the
microalloyed steels is shown in Figure 5. It is evident that
there was limited grain growth in the steel containing 0.1
wt% Nb, as it produced the smallest final grain sizes, while
the highest grain growth was seen in the 0.002 wt% Nb steel,
thereby following the volume fraction of Nb precipitates in
the steel. The observed results are in agreement with Zener’s

basic relationship for the pinning force of particles on grain
boundaries      

(Zener, 1948, as cited by Ringer, Li, and Easterling, 1989),
which predicts a stronger effect of pinning with increased
volume fractions of small precipitates at constant particle
sizes. The higher Nb content accounts for a greater volume
fraction of NbN precipitates as shown in Figure 3, providing a
greater area fraction of solute-rich regions compared to the
steels containing less Nb (Xu and Thomas, 2011; Brewer,
Erven and Krauss, 1991; Deus et al., 2002; Akamatsu,
Senuma and Hasebe, 1992). The quantitative analysis of the
optical measurements of austenite grain growth, is shown in
Figure 6, which confirms the substantial influence of an
increased Nb content on austenite grain growth inhibition in
these steels. 

Quantitative evaluations of the average grain size as a
function of austenitizing time and temperature in the 0.03
wt% Nb microalloyed steel are shown in Figures 7 and 8
respectively.A comparative analysis of Figures 7 and 8
indicates the expected greater effect of temperature compared
with time on grain growth, as recorded by numerous studies
(Seok et al., 2014; Yue et al., 2010; Nanba et al., 1992;
Akamatsu, Senuma and Hasebe, 1992; Sha and Sun, 2009;
Zhao et al., 2011)
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Figure 2 – Thermo-CalcTM predictions of the volume fraction of precipitates in the high-N laboratory-produced steels with (a) 0.03 wt%, (b) 0.05 wt%, (c)
0.07 wt%, and (d) 0.1 wt% Nb 

Figure 3 – Effect of Nb content on volume fraction of niobium
precipitate as predicted by Thermo-calcTM 
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Figure 4 – Optical micrographs and grain size distribution for (a) an 0.07 wt% Nb deformed at 1100°C at a strain rate of 0.1 s-1 to a strain of 0.4, (b) 0.05 wt%
Nb deformed at 1150°C at a strain rate of 0.1 s-1 to a strain of 0.4

Figure 5 – Optical micrographs of (a) 0.002 wt%, (b) 0.03 wt%, (c) 0.05 wt%, (d) 0.07 wt%, and (e) 0.1 wt% Nb steels deformed at a temperature of 1100°C
and held for 120 minutes



Development of a constitutive equation
It is generally accepted that the grain boundary migration
velocity (v) is proportional to the driving force (Seok et al.,
2014; Maalekian et al., 2012; Yue et al., 2010; Olasolo et al.,
2011; Alogab et al., 2007; Hodgson and Gibbs, 1992; Nanba
et al., 1992), an approximation justified at the relatively
small driving forces involved in grain growth. This velocity is
given by the expression (Stumpf, 2010)

[1]

where M is the grain boundary mobility, Fd is the driving
force for grain growth, and Fp is the pinning force induced by
precipitates.

From the rate of movement: 

[2]

The grain boundary mobility M is given by the expression 

and the grain growth rate equation therefore becomes: 

[3]

Under isothermal conditions 

[4]

The differential solution to Equation [4] is given by
(Sellars and Whiteman, 1979)

[5]

where T is the absolute temperature, t is the time, Q is the
activation energy for grain boundary migration, A is a
constant parameter dependent on the material and processing
conditions, and R is the universal gas constant. A general
solution to Equation [4] in a linear form is expressed in
Equation [6]:

[6]

Equation [5] has been used by many authors (Seok et al.,
2014; Maalekian et al., 2012; Nanba et al., 1992; Florez and
Martinez, 1997; Rollett, Srolovitz and Anderson, 1989;
Sellars and Whiteman, 1979; Fu et al., 2011; Wang and
Wang, 2008; Wang et al., 2006) by assuming the value of Do
to be zero or constant. This simplifies the plot of lnD as a
function of 1/T. In the current study Do, which was experi-
mentally measured, was not discarded or kept constant but
was included and used in Matlab programming and an Excel
solver to plot        

as a function of 1/T in generating the constants used in the
development of the constitutive equations. This was done
through regression analyses of the first and second derivative
orders of the experimentally derived regression value R2.
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Figure 6 – Influence of Nb content on the average austenite grain size
(AGS), showing a strong inhibition in Nb-containing steels 

Figure 7 – Isothermal grain growth behaviour of austenite in steels,
showing an increase in the AGS with time in the 0.03 wt% Nb steel after
hot deformation

Figure 8 – Isothermal grain growth behaviour of austenite in steels,
showing an increase in the AGS with temperature in the 0.03 wt% Nb
steel after initial hot deformation at the same temperature 
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The grain growth constants n, Q, and A
The constant n was obtained by regression analysis of
experimentally measured grain sizes through iterative tests of
the straight-line regression coefficients R2, from a plot of
Equation [6] where a second differential of the R2,
(dR2)2/dn2 with respect to n gave a maximum correlation
value of n at (dR2)2/dn2 = 0. 

Figure 9 shows a plot of ln(−) as a function of the inverse
temperature 1/T, which was used in determining the
constants. Thus, a plot of Equation [6] provided a linear
relationship between

and 1/T. Comparison of Equation [6] with the equation of a
straight line made it possible for the constants Q and A to be
determined from the plots shown in Figure 9. Thus, 

(while the slope is negative) and A = ec/t where, c is the
intercept from the graph and t is the time.

The dependence of the grain growth constants n, Q, and
A on the Nb content was quantitatively analysed by multiple
regression to obtain the following reliance equations, where
[Nb] is the wt% in the steel:

The statistical analysis resulting from the multiple
regression analysis presented in Table II, showing that the
activation energy Q has a strong linear relationship with the
Nb content, while there is no linear relationship between A
and the Nb content. There is, however, a weak linear
relationship between the grain growth constant n and the Nb
content.

The constants derived from experimentally measured
grain sizes for the microalloyed steels under deformation
conditions with and without taking Do into consideration are
presented in Table III.

General constitutive equation for austenite grain
growth prediction in Nb-bearing microalloyed steels
with high N contents
Based on the analysis of the isothermal grain growth kinetics
in Nb-microalloyed steels, the following isothermal grain

growth equation for austenite grain growth prediction in
0.002–0.1% Nb microalloyed steels during deformation
within the temperature range of 1000–1150°C and delay
times ranging from 0–120 minutes is constituted for DDef in
µm:

where Do is the initial austenite grain size in µm and [Nb] is
in wt %.

▲
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Figure 9 – Plot of the natural log of the average grain size as a function
of the inverse of the absolute temperature for the 0.07 wt% Nb steel

Table III

Grain growth constants generated from deformation data of Nb-microalloyed steels

Constants determined from deformed Nb-microalloyed steels

Steel (wt % Nb) Constants using measured values of Do Constants with Do= 0 Difference in constants from neglecting D0

n A Q n A Q Δn ΔA ΔQ

0.002 2.8 4.24E+12 276 2.8 3.00E+11 239 0 3.94E+12 37.27
0.03 5.5 1.33E+22 417 5.5 6.60E+21 384 0 6.70E+21 33.10
0.05 5.6 7.94E+23 474 5.5 5.00E+23 428 0.1 2.94E+23 46.31
0.07 6.0 9.63E+24 489 6.1 4.62E+24 459 -0.1 5.01E+24 30.41
0.1 6.2 4.96E+28 572 6.2 1.22E+28 559 0 3.74E+28 12.67

Table II

Statistical results of the multiple regression
analysis of the dependence of the austenite grain
growth constants on varied Nb content 

Regression statistics Grain growth constants

Q n A
Adjusted R square 0.91 0.64 0.40
Standard error 32.31 0.83 1.7 × 1028

Number of observations 5 5 5
ANOVA 0.0072*** 0.066* 0.152
*** p<0.01 (this means there is a very strong relationship with probability <1%)

* p<0.1 (this indicates a weak relationship with probability <10%)



Discussion

Austenite grain growth behaviour of Nb-bearing
microalloyed steels
The grain growth rate was significantly slower in
microalloyed steels with higher contents of Nb. Grain growth
control in microalloyed steels has been shown to be
dependent on the amount of microalloying additions (Alogan
et al., 2007; Hodgson and Gibbs, 1992). The greatest
inhibition here was recorded in the steel containing 0.1 wt%
Nb. It was also found that the average austenite grain size
decreased with increasing Nb content in the steels. Generally,
it has been reported that increasing the N content in the steel
leads to a beneficial increase in grain refinement (Alogan et
al., 2007; Hodgson and Gibbs, 1992; Nanba et al., 1992),
which without doubt results from the larger volume fraction
of the precipitates that act as pinning particles. It should be
noted, however, that while increased N content is beneficial
for grain refinement, excessive levels of N dissolved in
austenite may be detrimental to other properties of the steel,
such as hardenability, through the decrease of the Nb fraction
dissolved in the austenite, which is a key in improving most
of the desired mechanical properties of the steel (Alogan et
al., 2007; Hodgson and Gibbs, 1992; Nanba et al., 1992).

Predictive potential of the equation for grain growth
in microalloyed steels in the current study
A logical degree of precision in predicting austenite grain
growth in Nb bearing steels has been achieved by comparison
of experimentally measured grain sizes with predicted grain
sizes using the general constitutive equations developed in

this study, as shown in Figure 10. The correlation R2 values
obtained from the comparison of the experimentally
measured grain sizes with the predicted grain sizes are 0.94,
0.91, and 0.90 for 0.03 wt% Nb, 0.05 wt% Nb, and 0.07 wt%
Nb steels respectively. The 0.1 wt% Nb steel, however,
recorded a poor correlation value of R2 = 0.63, showing the
inability of the equation to predict grain sizes for steels
containing 0.1 wt% Nb and also most likely for those with
higher Nb contents. This is due to the inability of the
developed equation to account for the excess precipitates that
form owing to the high addition of the microalloying element.

Conclusions
➤ A general constitutive equation for predicting austenite

grain growth in Nb-bearing steels that incorporates the
Nb content and then the starting grain size Do after
simulated rough rolling has been developed

➤ There is a linear relationship between Nb content and
the activation energy for grain growth

➤ The austenite grain growth exponent n, the activation
energy Q, and the material and processing conditions
constant A all increase with an increase in Nb content,
most likely from increased effectiveness of grain-
boundary pinning in the microalloyed steel with
increased Nb content

➤ The constitutive equation shows a poor correlation for
the steel containing 0.10 % Nb, with an R2 value of
0.63 recorded in the plot of measured against predicted
grain sizes for the 0.1 wt% Nb steel. The equation is
most likely not applicable at such high values of Nb.
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Figure 10 – Comparison of predicted and measured austenite grain sizes in Nb-bearing steels
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