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Nonisothermal austenite grain growth kinetics under the influence of several combinations of
Nb, Ti, and Mo containing complex precipitates has been studied in a microalloyed linepipe
steel. The goal of this study is the development of a grain growth model to predict the austenite
grain size in the weld heat affected zone (HAZ). Electron microscopy investigations of the
as-received steel proved the presence of Ti-rich, Nb-rich, and Mo-rich precipitates. The steel has
then been subjected to austenitizing heat treatments to selected peak temperatures at various
heating rates that are typical for thermal cycles in the HAZ. Thermal cycles have a strong effect
on the final austenite grain size. Using a mean field approach, a model is proposed for the
dissolution of Nb-rich precipitates. This model has been coupled to a Zener-type austenite grain
growth model in the presence of pinning particles. This coupling leads to accurate prediction of
the austenite grain size along the nonisothermal heating path simulating selected thermal
profiles of the HAZ.
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I. INTRODUCTION

TO transport natural gas from the gas fields to the
consumers, long distance pipelines are used. For these
pipelines, increasingly higher strength linepipe grades,
i.e., X80 and X100, are required to reduce the cost by
thinner wall thickness and enhance the gas transporta-
tion efficiency by increased operating pressure.[1] In
addition, novel welding procedures are crucial to pro-
duce high-quality welds that allow safe operation of the
pipeline but that also enable cost efficient welding in the
field. Controlled hot rolling and accelerated cooling are
usually employed for producing linepipe steels. Weld
strength is a dominating factor in assessing the overall
performance of these materials for the manufacturing of
pipelines, which, to a large degree, is controlled by the
austenite grain size in the heat affected zone (HAZ).
Large austenite grains near the fusion line may promote
the formation of martensitic or bainitic transformation
products with adverse effects on weld properties, e.g.,

fracture toughness.[2–4] For example, Hamad et al.[4]

found that maintaining a relatively fine austenite grain
size in the HAZ is critical to enhance the crack tip
opening displacement (CTOD) values such that a
minimum target CTOD value of 0.15 mm at 253 K
(20 �C) can be realized in X80 linepipe steels. Thus,

reducing the migration rates of austenite grain bound-
aries during welding, with an aim of achieving fine
austenite grains, is an important metallurgical phenom-
enon to control the resultant properties favorably in
high strength microalloyed steels. Finely dispersed
particles impose pinning forces that restrict the bound-
ary movement and grain growth during heat treatment
or welding.[5–9] Sufficiently finely dispersed particles
containing the microalloying elements, niobium, tita-
nium, or vanadium, have been found to inhibit austenite
grain growth effectively.[6,10–13] During welding, particle
dissolution or coarsening may occur in the HAZ
depending upon the thermal cycle. The associated
change in average particle size and volume fraction
reduces the pinning force and may, thus, play a crucial
role in controlling the austenite grain size in the
HAZ.[13,14] A plethora of research work has been carried
out on austenitization and the control of the grain size
for more than 50 years.[6,11,12,15–20] It is well known that
higher temperatures favor grain growth.[19] The role of
heating rate and nonisothermal heat treatment cycles is
less clear—significant effects on grain growth have been
observed that cannot be concluded from isothermal
studies.[21–24] An extensive review of the literature by
Mishra and DebRoy[24] provides an overview of grain
growth characteristics under significant spatial and
temporal variations that are relevant for the HAZ.
An important aspect of HAZ grain structures is the

presence of large grains in the grain-coarsened portion of
the HAZ adjacent to the fusion line where the material is
exposed to the thermal cycle with the highest peak
temperature. Minimizing the grain size in this grain-
coarsened region appears to be critical in mitigating the
detrimental effects on mechanical properties. Thus, it is
imperative to study austenite grain growth under exten-
sively nonisothermal conditions employing the high
heating rates that typically occur in the HAZ. Based on
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these studies, grain growth models can be developed that
are applicable to predict the grain structure in the HAZ
as a function of heating rate and peak temperature. Such
models would provide the pipeline manufacturers with a
tool to assess suitable operating windows for welding
procedures of a given steel.

To date, a number of empirical and more fundamental
models have been developed for predicting austenite
grain growth considering the effect of alloying ele-

ments.[13–17,19,22] However, most of these models are
limited to isothermal situations. In recent years, models
have been extended to grain growth under nonisothermal
conditions.[13,21] Even though progress has been made in
the investigation of various aspects of nonisothermal
grain growth in metals and alloys, further advances are
required in the understanding of this subject.

In the present work, nonisothermal austenite forma-
tion and austenite grain growth have been investigated at
high heating rates to various austenitization tempera-
tures in an X80 linepipe steel. In addition to microstruc-
tural characterization by conventional metallographic
techniques, the evolution of the particle size distribution
has been investigated by transmission electron micro-
scopy. Based on the experimental data, a phenomeno-
logical model for nonisothermal austenite grain growth
kinetics is proposed taking into account the dissolution
kinetics of precipitates. The dissolution model is coupled
to the grain growth model via a Zener-type pinning force
that depends on particle radius and volume fraction.

II. MATERIAL AND TREATMENTS

The studies were carried out on a Nb-Ti-Mo microal-
loyed X80 steel supplied by the Canadian steel manufac-
turer, Evraz Inc. NA (Regina, SK). The as-received steel
was in the pipe form with 16.9-mm gage. The chemical
composition of the investigated steel is reported in
Table I in terms of the key alloying elements.

Data provided from welding trials at Evraz Inc. NA
indicate that heating rates in the HAZ can be in excess
of 1000 K/s for typical girth weld procedures using
single or dual torch submerged arc welding. To simulate
austenitization and grain growth for these conditions in
the laboratory, a Gleeble 3500 thermomechanical sim-
ulator (Dynamic Systems Inc., Poestenkill, NY) was
employed. Here, the heating rates that could be attained
were restricted to a maximum of 1000 K/s. To achieve
these high heating rates, sheet samples were employed
with a thickness of 0.6 mm, a length of 60 mm, and a
width of 10 mm. The samples were heated at a partic-
ular heating rate (10, 100, or 1000 K/s) to an austeni-
tization temperature of 1223 K, 1423 K, or 1623 K
(950 �C, 1150 �C, or 1350 �C) followed by either (1)

rapid quenching using water or (2) cooling at 100 K/s to
1173 K (900 �C) before quenching to mimic typical
thermal profiles of the HAZ. The tests were performed
in an argon atmosphere that was attained after high
vacuum (0.26 Pa = 2 9 10�3 Torr) was established
before backfilling the chamber with argon. Figure 1
illustrates schematically the employed thermal profiles.
The holding time at peak temperatures before quenching
or cooling has been estimated to be 0.5 seconds. The
temperature was controlled using an S-type (Pt/Rh-Pt)
thermocouple spot welded at the center of the sample.

III. EXPERIMENTAL TECHNIQUES

A. Dilatometry

To record the austenite formation kinetics during
continuous heating, a dilatometer was attached onto the
sample and the dimensional change was measured in the
width direction. The peak temperatures were 1623 K
and 1423 K (1350 �C and 1150 �C) for the dilatometric
tests. These tests were conducted under the high vacuum
condition and samples were air cooled after the peak
temperature had been reached. The volume fraction of
austenite was determined as a function of temperature
using the lever rule when the dilatometer response
deviates from the linear portions of thermal expansion
of single-phase ferrite and austenite, respectively.

B. Metallography

1. Austenite grain size measurement
Tomeasure the austenite grain size metallographically,

it is essential to reveal the austenite microstructure in the
as-quenched samples. For this purpose, the thermally
cycled samples were cut and tempered at 773 K (500 �C)
in a tube furnace in the presence of argon for 24 hours to
allow the segregation of elements such as P and S on the
grain boundaries to improve the response of the grain

boundaries to etching.[25–27] Subsequently, the through-

thickness section of the quenched and tempered samples
was ground and polished using conventional metallo-
graphic techniques. The austenite grain boundaries were

Table I. Chemical Composition (Key Alloying Elements)
of the X80 Steel

C Mn Nb Ti Mo N

(wt pct) 0.06 1.65 0.034 0.012 0.24 0.005
(at. pct) 0.28 1.7 0.020 0.014 0.14 0.020 Fig. 1—Schematics of thermal profiles realized with the Gleeble ther-

momechanical simulator.
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revealed using 4 g of sodium dodecylbenzene sulfonic
acid in 100 mL of saturated aqueous picric acid diluted in
100 mL of distilled water in the presence of a few drops of
Triton X-100 surface active reagent (Sigma-Aldrich, St.
Louis, MO).[28] The optimized temperature and time for
etchingwere between 333 Kand 343 K (60 �Cand 70 �C)
and 60 to 180 seconds, respectively.

Polished and etched samples were photographed
using an optical microscope. Then, the revealed austen-
ite grain boundaries were traced and subsequently
scanned. The tracings were analyzed for the mean grain
area using Clemex image analyzing software (Clemex
Technologies Inc., Longueuil, PQ, Canada). The area of
each grain was defined as the sum of its net internal area
and half the area of its boundary, so that the pixels used
by the grain boundaries could be incorporated while
calculating the area of a grain. The image analysis did
not take into account incomplete grains that were
intercepted by the frame of the field of measurement.
From the grain area, A, the equivalent area diameter
(EQAD), dA, was calculated using the relation

dA ¼
ffiffiffiffiffiffi

4A

p

r

½1�

The mean EQAD was obtained by using the mean
grain area in Eq. [1]. The true mean volumetric grain
size, dm, is then obtained by multiplying the mean
EQAD by 1.2, as proposed by Giumelli et al.[18]

2. Precipitate analysis
The precipitates were analyzed in the as-received

material and in samples heated at 10 K/s to peak
temperatures of 1223 K, 1423 K, and 1623 K (950 �C,
1150 �C, and 1350 �C), respectively. These samples were
then quenched by helium to room temperature. The
microstructures of the as-received steel were investigated
by optical microscopy, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM).
Standard techniques with 2 pct nital etching were used
for optical and SEM micrography to examine the ferrite
microstructure. A Hitachi S-2300 (Hitachi Science
Systems Ltd., Tokyo, Japan) was used for SEM studies.

To analyze the precipitates, various TEM techniques
were employed. Both thin foils and replica studies were
performed. For the thin foil studies, foils were prepared
by cutting from the sample and grinding to less than

0.8 mm in thickness. Discs were punched from the wafers
and electropolished using a solution of 10 pct perchloric
acid and 90 pct methanol. Foils were examined by
a conventional transmission electron microscope,
PHILIPS* CM-12, operated at 120 keV and equipped

with a LINK energy-dispersive X-ray (EDX) system
(Oxford-ISIS, Ottawa, ON, Canada) for chemical anal-
ysis. The precipitates in different samples were character-
ized in terms of size, morphology, and chemistry by EDX
for relatively large precipitates (>10 nm) and crystallog-
raphy by a selected area diffraction pattern (SADP).
To obtain statistically more relevant data on initial

particle size, distribution and chemistry replica studies
were performed for the as-received steel. For this purpose,
the polished specimens were lightly etched in 2 pct nital.
Subsequently a thin carbon film was deposited on the
specimen and extracted using a solution of 10 mLof nitric
acid in 90 mL of ethanol, followed by thoroughly
cleaning the replicas in distilled water. The replicas were
collected using 400-mesh copper grids before examination
by TEM. The precipitates in these collected replicas were
examined chemically using a Hitachi H-800 scanning
transmission electron microscope (STEM) operated at
100 keV with EDX analysis using Quartz XONE8 soft-
ware (Quartz Imaging Corp., Vancouver, BC, Canada).

IV. EXPERIMENTAL RESULTS

A. As-Received Material

1. Microstructure
Representative optical, SEM, and TEM micrographs

of the as-received steel are presented in Figure 2. The
microstructure is predominantly a fine ferritic structure
(Figure 2(a)), which is complex and consists of non-
equiaxed and acicular ferrite in association with mar-
tensite-austenite (MA) constituents (Figure 2(b)).
Furthermore, at places, pockets of bainitic structures
were also noted, as indicated by circles in Figure 2(b).
As seen in the TEM micrograph of Figure 2(c), the
ferrite structure is indeed highly dislocated.

Fig. 2—Micrographs of as-received X80 steel: (a) optical micrograph, (b) SEM micrograph showing MA constituents and bainitic pockets
(encircled), and (c) TEM micrograph of highly dislocated ferrite.

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
FEI Company, Hillsboro, OR.
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2. Precipitates
Figure 3 shows representative bright-field TEM

micrographs of the as-received steel. There are a variety
of Ti, Nb, and Mo containing precipitates with sizes (in
terms of radius) ranging from 1 to 200 nm. The first type
of precipitates is cuboidal in shape, and sizes were
typically in the range of 20 to 100 nm. They are
randomly distributed within grains. These precipitates
have been identified as TiN according to their diffraction
pattern. EDX spectra made from carbon replicas
confirmed these particles as Ti rich (Figure 4). The Cu
peaks in the EDX spectra correspond to the copper
mesh that supports the replica. As indicated in
Figure 3(a), these precipitates may contain a small
amount of Nb. In addition to Ti-rich particles, a second
family of coarse precipitates has been observed with
irregular shape and sizes in the range of 5 to 100 nm.
Figure 3(a) gives an example of one of these precipi-
tates. As indicated there, most of these precipitates are
confirmed as Nb-rich carbonitrides (NbCN), but a small
amount of them is Mo2C. Some of the Nb-rich
precipitates are located at grain boundaries.

Figures 3(b) and (c) show the very fine precipitates
that are to a great extent observed within the grains,
and their radii are in the range of 1 to 3 nm. They are
homogeneously distributed within grains (Figure 3(b))
and frequently found on dislocations (Figure 3(c)) and
subgrain boundaries. These precipitates have been

identified by SADP as a mixture of NbCN with small
amounts of Mo2C as evaluated by frequency and
strength of appearance of reflections from NbCN or
Mo2C. The analysis of the diffraction pattern indicated
that the 001 ferrite zone axis was parallel to the 011 zone
axis of NbCN precipitates.
A more statistically relevant analysis of particle

chemistries has been performed with carbon replicas
for precipitates with sizes>10 nm; i.e., it was challeng-
ing to observe the fine precipitates using the replica
technique. Each precipitate was analyzed with respect to
its composition (atomic percent) and radius (nanometer).
Various combinations of complex precipitates have
been recorded including Ti-rich-Nb-Mo (with atomic
ratios of 45:4:1) Nb-rich-Ti-Mo (27:5:1) Nb-rich-Mo
(9:1), and Ti-rich-Nb (5:1) in addition to precipitates
that primarily contain just one of the elements, i.e., Ti,
Nb, or Mo. Thus, the coarser precipitates can be
broadly divided into three families: Ti-rich (TiN),
Nb-rich (NbCN), and Mo-rich (Mo2C) precipitates.
The combined precipitate size distribution including
all three families is shown in Figure 5. The contribu-
tions of the three microalloying elements to each size
class are indicated. From the overall precipitate vol-
ume of each precipitate family, it is determined that
Ti-rich precipitates amount to 61 pct of the observed
large precipitates, Nb-rich precipitates to 23 pct, and
Mo-rich precipitates to 16 pct.

Fig. 3—Bright-field TEM micrographs of the as-received X80 steel showing (a) coarser Ti- and Nb-rich precipitates indicating their composition as
obtained from EDX spectra, (b) fine precipitates identified as NbCN by diffraction pattern (inset), and (c) very fine precipitates on dislocations.

Fig. 4—EDX spectra of Ti-rich cuboidal particles. Fig. 5—Precipitate size distribution for coarser precipitates.
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As illustrated in Figure 5, the measured precipitate
size distribution can be well represented by a log-normal
distribution:

mðrÞ ¼ 1
ffiffiffiffiffiffi

2p
p

sr
exp � ln r=lð Þ½ �2

2s2

 !

½2�

where m(r) is the probability density of a log-normal
particle size distribution, r is the individual particle
radius, l is the median radius (here: 47 nm) of the
distribution, and s is the standard deviation (here: 0.58).
The average radius of the Ti-rich, Nb-rich, and Mo-rich
precipitates is 61, 69, and 53 nm, respectively.

The detailed investigation of the precipitate state of
the as-received material is critical, as this is the initial
state for the potential dissolution and coarsening of
precipitates during heating and the associated evolution
of pinning austenite grain boundaries that greatly affects
the resulting austenitic grain growth kinetics.

B. Austenite Formation

During continuous heating tests, the ferrite to aus-
tenite transformation kinetics have been determined by
dilatometry for heating rates of 10, 100, and 1000 K/s,
as shown in Figure 6. Table II summarizes the observed
start (AC1) and stop (AC3) temperatures for austenite
formation. The austenite formation temperatures in-
crease with heating rate. The change of transformation
temperatures is marginal when the heating rate is
increased from 10 to 100 K/s. However, the start

temperature increases by 20 and the finish temperature
by 30 K when the heating rate is further increased from
100 to 1000 K/s. However, even for the highest heating
rate studied here, austenite formation is completed at
approximately 1183 K (910 �C), i.e., well below the
minimum peak temperature of 1223 K (950 �C)
employed for subsequent austenite grain growth tests.

C. Austenite Grain Growth

Figure 7 displays the optical micrographs showing the
prior austenite microstructures for the continuous heat-
ing tests with rates of 10, 100, and 1000 K/s to peak
temperatures of 1223 K, 1423 K, and 1623 K (950 �C,
1150 �C, and 1350 �C). These micrographs permit a
reasonably accurate tracing of the austenite grain
boundaries and, thus, austenite grain size measure-
ments. To have sufficient statistics and accuracy for the
grain size distribution, the number of grains measured
was in the range of 400 to 1700 (Table III).
As can be seen from the micrographs shown in

Figure 7, a homogeneous distribution of grains is
obtained for all conditions indicating that normal grain
growth does take place. Then the grain structure can be
characterized with a representative mean grain size.
Table III shows the mean volumetric grain size obtained
by multiplying the measured value of the mean EQAD
by 1.2. The error of quantifying the average grain size
has been estimated to be approximately 15 pct based on
the accuracy at which austenite grain boundaries can be
identified. Figure 8 summarizes the evolution of the
mean volumetric grain size during continuous heating.
As expected, increasing the peak temperature and
decreasing the heating rate leads to larger grain sizes.
Peak temperature has a dominant effect on the grain
size, whereas heating rate plays a comparatively minor
role. In particular, the grain size becomes independent
of heating rates when they are sufficiently large, i.e., here
100 K/s and higher. For these high rates, the heating
times in austenite are comparable to the 0.5-second hold
at the peak temperature before quenching. The heating
times from 1173 K to 1623 K (900 �C to 1350 �C) are
4.5 seconds at 100 K/s and 0.45 seconds at 1000 K/s,
respectively. The observed grain size is then primarily
determined by the residence time at or near peak
temperature. The mean austenite grain size at 1223 K
(950 �C) is approximately 4 to 6 lm, and this can be
viewed as the grain size resulting from the austenite
formation. Increasing the peak temperature to 1423 K
(1150 �C) leads to an increase of the grain size by a
factor of approximately 2.5. Raising the peak temper-
ature to 1623 K (1350 �C) increases further the grain
sizes by a factor of 3 for the higher heating rates and a
factor of 4 for 10 K/s.

Fig. 6—Austenite formation kinetics at different heating rates for the
as-received X80 steel under continuous heating conditions.

Table II. Continuous Heating Transformation Temperatures for Different Heating Rates

Heating Rate, K/s Peak Temperature AC1 AC3

10 1623 K (1350 �C) 983 K (710 �C) 1133 K (860 �C)
100 1423 K (1150 �C) 994 K (721 �C) 1153 K (880 �C)
1000 1423 K (1150 �C) 1012 K (739 �C) 1181 K (908 �C)
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For normal grain growth, the grain size distribution,
m(d), can usually be described with a log-normal
distribution; i.e.,

mðdÞ ¼ 1
ffiffiffiffiffiffi

2p
p

sd
exp � ln d=dg

� �� �2

2s2

 !

½3�

Here, s is the width of the distribution, d is the grain
diameter, and dg is the median grain diameter. Figure 9

provides an example for the observed grain size distri-
butions using the measured EQADs. Table III summa-
rizes the values for s, indicating that the width of the

Fig. 7—Optical micrographs showing prior austenite grain boundaries for (a) through (c) 10, 100, and 1000 K/s heating rate to 1223 K (950 �C);
(d) through (f) 10, 100, and 1000 K/s heating rate to 1423 K (1150 �C); and (g) through (i) 10, 100, and 1000 K/s heating rate to 1623 K
(1350 �C).

Table III. Austenite Grain Size Measurement Data
for Continuous Heating Tests

Peak Temperature

Heating
Rate,
K/s

Number
of Grains

Mean
Volumetric
Grain Size

(lm)
Standard
Deviation

1223 K (950 �C) 10 1497 6.0 0.52
1223 K (950 �C) 100 1700 4.4 0.47
1223 K (950 �C) 1000 1741 4.2 0.51
1423 K (1150 �C) 10 670 15 0.60
1423 K (1150 �C) 100 839 11 0.54
1423 K (1150 �C) 1000 596 11 0.62
1623 K (1350 �C) 10 763 61 0.53
1623 K (1350 �C) 100 514 33 0.52
1623 K (1350 �C) 1000 428 32 0.42

Fig. 8—Effect of heating rate on the mean volumetric austenite grain
size.
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grain size distribution is in a first approximation
independent of heating conditions.

A number of tests were conducted to determine the
extent of grain growth after cooling from the peak
temperature to 1173 K (900 �C) at 100 K/s before water
quenching. These thermal cycles represent typical tem-
perature profiles at selected positions of the HAZ and,
thus, provide more realistic information on the austenite
grain size from which the austenite decomposition upon
further cooling will occur. Figure 10 gives examples for
the austenite microstructures obtained in these heating-
cooling tests when the heating rate is 1000 K/s to peak
temperatures of 1423 K and 1623 K (1150 �C and
1350 �C), respectively. For 1423 K (1150 �C), a mar-
ginal increase of the mean volumetric grain size from 11
to 15 lm is recorded during cooling, whereas this
increase is more pronounced for 1623 K (1350 �C),
i.e., from 33 to 46 lm.

D. Precipitate Evolution

The evolution of the precipitate population was
studied by TEM for samples continuously heated at
10 K/s to 1223 K, 1423 K, and 1623 K (950 �C, 1150 �C,
and 1350 �C), respectively, before rapidly cooling to
room temperature. In all samples, the large cuboidal TiN
particles are observed as in the as-received material,
thereby confirming the stability of these precipitates.
There was no indication of coarsening, but after heating
to the highest peak temperature of 1623 K (1350 �C),
some smaller TiN are also observed with sizes below
10 nm. This may be taken as an indication of the onset of
some very limited dissolution of TiN.

Significant changes have been observed in the popu-
lations of Mo- and Nb-rich particles. Already for the
lowest peak temperature of 1223 K (950 �C), noMo-rich
precipitates are found anymore, suggesting dissolution
of these particles that may even occur before austenite
formation. Many irregular-shaped Nb-rich precipitates
are present at 1223 K and 1423 K (950 �C and 1150 �C).
However, the very fine precipitates that were numerous

in the as-received material are not seen anymore. The
minimum observed particle radius is 3.5 nm at both
1223 K and 1423 K (950 �C and 1150 �C), indicating
that the fine particles have either undergone substantial
coarsening or dissolution during heating. At 1623 K
(1350 �C), almost no Nb-rich particles are observed,
suggesting that complete dissolution of these particles
takes place in the 1423 K to 1623 K (1150 �C to
1350 �C) temperature range for heating at 10 K/s.

V. MODELING

A. Austenite Grain Growth Model

The experimental observations confirm that austenite
grain growth is affected by the presence of randomly
distributed Nb- and Ti-rich precipitates. Significant
dissolution of the Nb-rich particles will reduce pinning
forces at higher temperatures, thereby promoting grain
growth. Thus, a grain growth model must be developed
that is linked to a dissolution model of the precipitates.
These two models are linked by a pinning parameter.
Grain boundary pinning was first analyzed by Zener

Fig. 9—Austenite grain size distribution for austenitizing tempera-
ture of 1423 K (1150 �C) and a heating rate of 100 K/s; solid line
indicates fitted log-normal distribution.

Fig. 10—Austenite microstructure after heating at 1000 K/s to peak
temperatures of (a) 1423 K (1150 �C) and (b) 1623 K (1350 �C) and
subsequent cooling at 100 K/s to 1173 K (900 �C) before water
quench.
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(Reference 29), and a Zener-type pinning approach is
appropriate for the present situation.

In the presence of particles, the austenite grain growth
rate can be expressed by

d

dt
dm ¼ M PD � PPð Þ ½4�

where M is the mobility of the grain boundary, PD is
the driving pressure for grain growth, and PP is the
pinning pressure induced by precipitates. The grain
boundary mobility, M, is given by

M ¼ M0exp � Q

RT

� �

½5�

where M0 is a pre-exponential factor, Q is an activa-
tion energy, R is the gas constant, and T is the abso-
lute temperature. The driving pressure can be
expressed as[6]

PD ¼ 4

dm
c ½6�

where c is the grain boundary energy. Zener derived a
simple approach to estimate the pinning pressure;

i.e.,[29]

PZ ¼ 3f

2r
c ½7�

Here, f is the precipitate volume fraction and r the mean
particle radius. By equaling driving (Eq. [6]) and pin-
ning (Eq. [7]) pressures, Zener obtained the now classi-
cal expression for the critical grain size diameter, dc:

dC

2
¼ 4r

3f
½8�

More recently, based on many experimental results,
Rios,[30] in agreement with Gladman,[6] proved a more
accurate expression for the critical grain size to be
8 times smaller than Zener’s. The pinning pressure,
which will be considered in the model, is then in
agreement with Rios:

PP ¼ 8PZ ¼ 12f

r
c ½9�

Furthermore, in the case of the presence of different
types of pinning particles, Eq. [9] can be rewritten as

PP ¼ 12c
X

i

fi

ri
½10�

where the summation index i represents all present pre-
cipitate families. The analysis of precipitates in the
investigated steel suggests consideration of three precip-
itate families: (1) Ti-rich particles considered to be TiN,
(2) large Nb-rich particles, and (3) small Nb-rich parti-
cles. In a first approximation, the Nb-rich particles can
be taken as NbCN as the Ti microalloying is insufficient
to take all N out of solution. The Mo-rich particles that
had been observed in the as-received material are not

considered here, as they will already be in solution be-
fore reaching 1173 K (900 �C). Thermodynamic calcu-
lations using the TCFE5 database[31] confirm this
assumption, which is consistent with the TEM observa-
tions in heat-treated samples. Then, Eq. [10] reads

PP ¼ 12c
fTiN

rTiN
þ fNbCNðsÞ
rNbCNðsÞ

þ fNbCNðlÞ
rNbCNðlÞ

� �

½11�

where the indices (s) and (l) refer to the small and large
NbCN precipitates, respectively.

B. Precipitates Dissolution Model

The dissolution of NbCN is considered in this model,
whereas TiN dissolution can be neglected. The diffusion-
controlled growth (or shrinkage) rate of spherical
precipitates (molar composition XP and radius r)
embedded in a solid solution has been proposed by
Zener[32] under the assumption of small supersaturation
and local equilibrium. The rate controlling element is
Nb and it is assumed that the fast diffusing interstitials
(C, N) are homogeneously distributed in the matrix.
Perez et al.[33] have shown that a mean radius approach
is usually sufficient. Then the change in mean particle
radii is obtained from

drj

dt
¼ D

rj

X� X
j
Nb rj
� �

aXP � X
j
Nb rj
� � ½12�

where the superscript j is introduced to indicate the
two NbCN precipitate types, i.e., small (s) and large
(l), respectively. The term D is the diffusivity of the
rate controlling element (i.e., here Nb), X is the mean
solute mole fraction of Nb in the matrix, X

j
Nb is the

equilibrium solute mole fraction of Nb at the precipi-
tate/matrix interface, and a ¼ vMat =v

P
at is the ratio of

matrix to precipitate atomic volumes (mean volume
per atom). Interface curvature plays an important role
in equilibrium mole fraction, i.e., the so-called Gibbs–
Thomson effect, and the equilibrium solubility depends
on particle radius, rj, and the matrix/precipitate inter-
face energy, r, such that[34]

X
j
Nb rj
� �

XCþN ¼ KNbCNexp
4rvNbCN

at

rjkBT

� �

½13�

where kB is the Boltzmann constant and KNbCN is the
solubility product. As NbCN (s) and NbCN (l) precip-
itates are considered, Eqs. [12] and [13] lead to a set of
four coupled equations. The effective interstitial mole
fraction is evaluated as follows. As nitrogen is much
more stable in TiN than in NbCN, the nitrogen con-
tent can be divided into two parts, the first one being
devoted to TiN precipitation and the second one avail-
able for precipitation of NbCN. From the initial com-
position of the alloy (denoted as Xo

Ti; X
o
Nb; X

o
C; and

Xo
N and given in Table I), the atomic fraction of N

required for the precipitation of TiN is XTi
N ¼ Xo

Ti;
whereas the atomic fraction of C and N available
for the precipitation of NbCN is Xo

CþN ¼ Xo
Cþ

Xo
N � Xo

Ti

� �

. Mass balance equations are used to
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update, at each time-step, the amount of Nb and
C+N in solid solution:

XNb ¼ Xo
Nb �

aNbCN

2
fNbCNðsÞ þ fNbCNðlÞ
� �

½14�

XCþN ¼ Xo
CþN � aNbCN

2
fNbCNðsÞ þ fNbCNðlÞ
� �

½15�

The volume fraction of each kind of precipitate can be
calculated from the particle radius; i.e.,

fj ¼ nj4=3pr
3
j ½16�

The particle densities nj are determined from the
initial particle size assuming that all microalloying
elements are precipitated in the as-received steel.

C. Model Parameters

For the grain growth model, assumptions have to be
made for the grain boundary properties. The grain
boundary energy has been estimated to be 0.5 J/m2. An
activation energy of 350 kJ/mol for the grain boundary
mobility has been taken from the work of Moon et al.[13]

The pre-exponential mobility factor, M0, is employed as
the only adjustable parameter of the model.

For the dissolution model, the temperature depen-
dence of diffusion and the solubility product need to be
incorporated. Diffusivity of the microalloying elements
in austenite is given by an Arrhenius relationship:

D ¼ D0exp �QD

RT

� �

½17�

where D0 is the pre-exponential factor and QD is the
activation energy. For diffusion of Nb in austenite,
D0 = 1.50 9 10�5 m2/s and QD = 345 kJ/mol are
taken.[35] The solubility product of NbCN is given
by[36]

log10KNbCN ¼ � 6670

T
� 1:32605 ½18�

Further, aNbCN = 1.05 and a particle-matrix interfacial
energy, r, of 0.5 J/m2 are employed.

Initial values for precipitate radii have been determined
in the experimental investigations of the initial state
(Section IV–A): r0

NbCNðsÞ ¼ 2 nm and r0
NbCNðlÞ ¼ 69 nm:

Thevolume fractionofTiNprecipitates canbe estimatedby
assuming that all Ti is precipitated as TiN (fTiN =
2.31 9 10�4). From the ratio of the overall precipitate
volumes in the as-received material for large NbCN
(23 pct), TiN (61 pct), and Mo2C (16 pct), an estimation
of the initial volume fraction of large NbCN can be made:

f 0
NbCNðlÞ ¼

23

61
f 0
TiN ¼ 8:71� 10�5 ½19�

The remaining carbonitrides are supposed to belong
to the small NbCN family, leading tof 0

NbCNðsÞ ¼ f 0
NbCN�

f 0
NbCNðlÞ ¼ 2:99� 10�4 when assuming equilibrium at

1173 K (900 �C). Then the initial precipitate number
density, which remains constant during the simulation,

can be directly estimated using ni ¼ 3f 0
i = 4p r0i

� �3
	 


:

Note that there are no fit parameters in the dissolution
model.

D. Simulation Results

The simulation results of the combined grain growth-
dissolution model are first illustrated for the continuous
heating cases to a peak temperature of 1623 K
(1350 �C), as in these cases, substantial dissolution of
the Nb-rich particles occurs. Figure 11 shows the
predicted dissolution kinetics in terms of precipitate
volume fraction along the heating ramp as well as the
resulting austenite grain size evolution. A value of
120 m4/(Js) has been determined for M0 to reasonably
replicate the measured grain sizes. Considering the
dissolution, it can be seen that the fine precipitates
dissolve completely, whereas the coarse precipitates
dissolve only completely at the lower heating rate of
10 K/s. This prediction is in agreement with the TEM
observations (Section IV-D). The dissolution tempera-
ture of the fine precipitates increases with heating rate,
i.e., from approximately 1323 K (1050 �C) at 10 K/s to
approximately 1473 K (1200 �C) at 1000 K/s. Austenite
grain growth is predicted to only commence once these
fine precipitates dissolve. This is an expected result as
the fine precipitates exert an extraordinary pinning
effect. For the assumed initial particle radius (2 nm) and
volume fraction (3 9 10�4), the limiting grain size is
2 lm, i.e., smaller than the initial grain size that has
resulted from austenite formation. As a result, the vast
majority of grain growth occurs for 1000 K/s during the
brief holding of 0.5 seconds at the peak temperature of
1623 K (1350 �C) (Figure 11(f)). For the lowest heating
rate, grain growth occurs much more gradually during
the heating stage rather than at the peak temperature
(Figure 11(d)). The grain growth simulations clearly
show that the observed increase of grain size with
heating rate and peak temperature is not just a simple
temperature effect due to the increase in the grain
boundary mobility, but grain growth is critically aug-
mented by the decrease in pinning pressure due to
precipitate dissolution. Figure 12 provides a summary
of the simulated and measured austenite grain sizes as a
function of heating rate and peak temperature. Consid-
ering that just one adjustable parameter is used, an
excellent agreement with the measured data is obtained.
More complex thermal profiles have been investigated

in order to mimic more realistic welding treatments.
Figure 13 shows the predicted evolution of the mean
austenite grain size during three thermal cycles that
involve cooling from the peak temperature to 1173 K
(900 �C) at 100 K/s. The three heating ramps are (1)
heating at 1000 K/s to 1623 K (1350 �C), (2) heating at
1000 K/s to 1423 K (1150 �C), and (3) heating at 100 K/s
to 1423 K (1150 �C). The experimentally measured final
austenite grain sizes are indicated for comparison.
Again, good agreement is obtained between measured
and predicted grain sizes. Significant grain growth
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during cooling is only predicted when the peak temper-
ature is 1623 K (1350 �C), i.e., from approximately 30 to
40 lm. This is enabled by the fact that only for this high
peak temperature condition all fine precipitates are
dissolved.

VI. DISCUSSION

A rather pragmatic phenomenological austenite grain
growth model is proposed for thermal cycles that are

typical for the HAZ in steels. It was possible to make a
number of simplifying assumptions for a potentially
complex metallurgical problem. Even though a number
of precipitates dissolve during the rapid heating cycles,
no abnormal grain growth is observed. Thus, the grain
size evolution can be just described with a representative
mean value. The absence of abnormal grain growth may
be attributable to the rapid heating conditions. Using
thermodynamic and diffusion data from the literature,
fine Nb-rich precipitates are predicted to dissolve very
rapidly once a sufficiently high-temperature region is

(a) (b)

(d) (e) (f)

(c)

Fig. 11—(a) through (c) Predicted precipitate volume fraction and (d) through (f) simulated austenite grain size evolution during three heating
ramps at (a) and (d) 10, (b) and (e) 100, and (c) and (f) 1000 K/s up to an austenitization temperature of 1623 K (1350 �C) followed by a hold
of 0.5 s.

Fig. 12—Comparison between measured and simulated mean austen-
ite grain sizes for continuous heating treatments.

Fig. 13—Comparison between measured and simulated austenite
grain size for thermal cycles involving heating and cooling.
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reached. For a heating rate of 1000 K/s, dissolution times
are just fractions of a second. Such short dissolution
times appear to prevent the formation of bimodal grain
size distributions that are otherwise frequently observed
in standard isothermal grain growth tests that are
conducted in the dissolution temperature range. Consid-
ering that typical migration rates of grain boundaries
may be on the order of micrometers per second,
maximum migration distances during dissolution times
may be less than a micrometer. In essence, a sharp
transition from strongly pinned to weakly pinned grain
growth occurs during rapid heating. One may propose to
describe this transition in a first approximation with a
dissolution temperature that is a function of heating rate.

Another important simplification that has been made
is that just mean particle sizes of the as-received steel,
i.e., the base metal, have been used as input into the
dissolution model. Neither particle size distributions nor
particle coarsening are considered even though some
indications of coarsening of the fine Nb-rich particles
have been concluded from the TEM studies of samples
heated at 10 K/s. This simplification leads to an
underprediction of grain growth for lower temperatures;
i.e., simulated grain sizes for the 1423 K (1150 �C) peak
temperature are smaller than the measured grain sizes,
since for a given volume fraction, finer precipitates exert
a larger pinning pressure. However, a number of
assumptions would have to be made to predict particle
coarsening in the HAZ. Coarsening rates in ferrite may
be substantially augmented by fast diffusion along
dislocations and subgrain boundaries. However, while
coarsening during heating at 10 K/s may be appreciable,
i.e., increase of minimum particle radius from 1 to
3.5 nm, this effect will be much smaller for heating at
1000 K/s, which is more relevant for the HAZ. Further,
predicted dissolution temperatures would somewhat
increase with precipitate radius, e.g., from 1473 K
(1200 �C) for 2 nm to 1543 K (1270 �C) for 4 nm
during heating at 1000 K/s.

The advantages of the proposed approach outweigh
by far the potential drawbacks of the simplifying
assumptions. The dissolution model is based on litera-
ture data and takes into account the precipitate types
and sizes of the base metal eliminating the introduction
of any fit parameters related to precipitation coarsening.
The particle pinning pressure is calculated from the
dissolution model, and this provides the coupling to a
grain growth model describing the mean grain size.
Using the grain boundary mobility as a fitting param-
eter, the model is calibrated to describe quantitatively
the grain sizes observed for peak temperatures near the
fusion line, in the present study 1623 K (1350 �C). To
translate this model into a tool that can predict the grain
size evolution in the HAZ, one will have to consider the
thermal cycles in each position and the associated spatial
temperature gradients. This can be accomplished with
mesoscale models using Monte Carlo techniques or
phase field modeling.[37,38] Explicit consideration of spa-
tial temperature gradients is critical to account for the
so-called thermal pinning effect, i.e., grains in a homog-
enous temperature field will grow quicker than grains in
a temperature gradient.[37]

VII. CONCLUSIONS

Nonisothermal austenite grain growth has been
investigated in a Nb-Ti-Mo microalloyed X80 linepipe
steel for heating conditions that are typical for the HAZ.
In addition to austenite grain growth, the precipitate
evolution has been studied. It has been found that rapid
dissolution of Nb-rich particles enables grain growth
above the dissolution temperature. For heating rates
larger than 100 K/s, the austenite grain size is primarily
a function of the peak temperature and rather indepen-
dent of heating rate.
Based on the experimental observations, a rather

pragmatic phenomenological austenite grain growth
model is proposed that is coupled to a dissolution
model for Nb-rich precipitates. Mo-rich precipitates are
assumed to dissolve in ferrite and TiN is assumed to
have a stable particle size distribution. The dissolution
model requires information on mean particle sizes
observed in the base metal and predicts then dissolution
temperatures for each particle family using thermody-
namic and diffusion data from the literature. Particle
dissolution leads to a decrease of the pinning pressure
for grain growth. The austenite grain growth kinetics is
then described by just using the grain boundary mobility
as a fit parameter. A very good agreement between
measured and simulated grain sizes is observed for many
different thermal conditions.
The combination of a dissolution model with a grain

growth model gives a better understanding of the causes
of austenite grain growth: it is due to a complex
combination of kinetic (mobility of grain boundary) and
thermodynamic (precipitate stability) aspects, which can
hardly be individually observed during a welding cycle.
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