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Abstract

Mechanical properties of microalloyed steels are enhanced by fine precipitates, that ensure grain growth

control during subsequent heat treatment. This study aims at predicting austenite grain growth kinetics

coupling a precipitation model and a grain growth model. These models were applied to a titanium and

niobium microalloyed steel. The precipitate size distributions were first characterized by TEM and SEM and

prior austenite grain boundaries were revealed by thermal etching after various isothermal treatments. From

CALPHAD database, a solubility product was determined for (Ti,Nb)C precipitates. A numerical model

based on the classical nucleation and growth theories was used to predict the time evolution of (Ti,Nb)C

size distributions during various isothermal heat treatments. The precipitation model was validated from

TEM/SEM analysis. The resulting precipitate size distributions served as entry parameters to a simple

grain growth model based on Zener pinning. The pinning pressure was calculated using the whole size

distribution. The resulting austenite grain growth kinetics were in good agreement with the experimental

data obtained for all investigated heat treatments.
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1. Introduction

Microalloying elements such as titanium and nio-

bium form precipitates enhancing the mechanical

properties of steels by controlling austenite grain

growth [1] and through precipitation hardening [2].
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Regardless of the intended phase transformation

from the austenite domain, the resulting mechani-

cal properties depend on the prior austenite grain

size. Indeed, austenite grain boundaries act as nu-

cleation sites for ferrite, bainite and/or marten-

site. A finer austenite microstructure thus results

in a finer ultimate microstructure, with enhanced

strength and toughness.

Preprint submitted to Materialia January 14, 2019

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2589152919300298
Manuscript_9075d425f680496a01c4e1d0106acf4d

http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2589152919300298
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2589152919300298


During hot rolling process, the soaking tempera-

ture prior to hot rolling must be carefully selected

to optimize the effects of microalloying elements.

A high soaking temperature ensures a complete

dissolution of the pre-existing precipitates, lead-

ing to the formation of finer precipitates during

and after hot rolling. However, it also results in

coarser austenite microstructures. On the other

hand, a low soaking temperature would maintain

a fine austenite structure but may not dissolve ex-

isting coarse precipitates, decreasing the potential

for precipitation strengthening during the follow-

ing steps. The choice of the soaking temperature

and duration is generally the result of many years

of practical feedback. There is a demand to replace

an essentially experience-based approach with ther-

modynamic and kinetic models.

Grain growth is an important field of study in

materials science and has been the subject of a con-

siderable amount of work [3, 4]. In microalloyed

steels, microalloying elements may interact with the

motion of grain boundary in two ways. In the first

place, a dispersion of precipitates exerts a retard-

ing pressure on grain boundary, which has a pro-

nounced effect on grain growth. The magnitude of

this effect depends on the size, shape and volume

fraction of precipitates [1, 5]. Secondly, a migrating

interface drags a local segregation (atmosphere) of

solute elements, which exerts a retarding force on

it. Thus, solute elements may reduce largely reduce

the grain boundary mobility. This phenomenon is

generally referred to as solute drag effect [6, 7]. In

the case of high velocity grain boundaries, the so-

lute elements can no longer keep up with the grain

boundaries. Thus, the solute drag stays limited in

the case of high temperature heat treatments.

Numerous studies intend to develop numerical

models for austenite grain growth kinetics in steels.

Phenomenological approaches are widely used for

their simplicity [8–13], the grain diameter following

empirical equations of the type:

Dn −Dn
0 = At exp

(
−QGG

RgT

)
(1)

where D is the final grain diameter, D0 is the ini-

tial grain diameter, A and n are empirical parame-

ters, QGG is the activation energy for grain growth,

Rg is the gas constant, T is the temperature, and

t is the soaking duration. However, these types of

models do not take the pinning effect of precipi-

tates into account. Other studies adopt physically

based approaches that account for the influence of

pinning precipitates on grain growth [14–17]. The

austenite grain size is shown to result from the

competition between a driving pressure for grain

growth and a pinning pressure induced by precipi-

tates that evolves during heat treatments. In par-

ticular, Banerjee et al. [16] and Maalekian et al. [17]

present models coupling the evolution of precipi-

tation with austenite grain growth. The pinning

effect of different precipitate species are added up

to calculate the global pinning pressure. Although

Maalekian et al. [17] present a multi-class descrip-

tion of the precipitation state, the pinning pressures

are calculated using the mean volume fraction f of

precipitate, and the mean radius of precipitates r.

More recently, Razzak et al. [18, 19] showed the

importance of using the size distribution of precip-

itates for the calculation of pinning pressure in an

abnormal grain growth model. Considering only

averaged values may lead to erroneous calculated
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pinning pressure, especially in cases where precipi-

tate size distribution is broad and/or bimodal.

The present work aims at coupling a Kampmann-

Wagner Numerical (KWN) type precipitation

model [20] with a grain growth model to predict

the austenite grain size obtained after several heat

treatments. The evolution of a pre-existing popu-

lation of (Ti,Nb)C precipitates was modeled using

a multi-class description of the precipitation state.

This work differs from the aforementioned studies

by considering the effect of the whole size distribu-

tion of precipitates instead of using mean param-

eters f and r for calculating the pinning pressure.

Thermodynamic databases were used, accounting

for the alloy thermal history, to estimate the solu-

bility product of (Ti,Nb)C precipitates.

2. Experimental procedure

2.1. Alloy production

The alloy used in this study was produced by vac-

uum induction melting. An ingot of approximate

dimensions 140 × 150 × 50 mm3 was obtained. The

ingot was reheated at 1200 ◦C for 2 hours before hot

rolling. Seven passes were applied, giving a plate of

450 × 150 × 15 mm3. The alloy composition was

measured by inductively coupled plasma mass spec-

trometry (ICP-MS). The key alloying elements are

listed in Table 1.

2.2. Grain growth measurements

A Bähr 805 DIL dilatometer was used to per-

form heat treatments consisting of a 5 ◦C/s ramp

up to the austenitisation temperature TA (950 ◦C<

TA <1250 ◦C), followed by a 10 min holding at TA

and cooling. The temperature was controlled by

welding a type K thermocouple in the middle of

the samples. Cylindrical samples of 10 mm length

and 4 mm diameter were machined from the steel

plate and used to determine austenite grain sizes.

For all temperatures except 1250 ◦C, the austen-

ite grain size was determined by the thermal etch-

ing method [21]. After austenitisation, the heat-

ing was switched off, and the samples cooled down

to room temperature with an average cooling rate

of 10 ◦C/s. A 2 mm wide flat surface was prepared

along the sample length by mechanical grinding and

polishing, finishing with 1µm diamond solution.

During the heat treatments, grooves were formed at

the intersection of austenite grain boundaries with

the flat surface [22, 23]. At 1250 ◦C, thermal etch-

ing turned out to be unsuccessful, and a Béchet-

Beaujard etching [24] was performed instead. Since

a martensitic microstructure is needed for Béchet-

Beaujard etching, the sample was quenched (cool-

ing rate of 100 ◦C/s) with helium after the isother-

mal holding at 1250 ◦C.

Etched samples were then observed using a Nikon

Epiphot 200 optical microscope. For the ther-

mally etched samples, Nomarski microscopy un-

der bright field reflection illumination has been

used. This technique allows highlighting micro-

topographic features, like the thermal grooves [25].

In order to avoid any inaccuracies on the tempera-

ture measurement due to the temperature gradient

of the dilatometer, observations were performed on

the same layer where the thermocouple was welded.

The areas of at least 50 grains were determined us-

ing FIJI [26] by manual detouring. The equivalent

area diameter DA of a circular grain was calculated
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Element C Mn Ti Nb S N

wt% 0.062 1.910 0.085 0.039 0.003 0.006

at% 0.286 1.927 0.098 0.023 0.005 0.024

Table 1: Composition of the studied steel (Key alloying elements) determined by ICP-MS

from each measured grain area A:

DA =

√
4A

π
(2)

The mean grain size D was estimated by multi-

plying the number-based mean equivalent area di-

ameter DA by 1.2, in accordance with [27].

2.3. Precipitation characterization

The precipitation state was studied combining

TEM and SEM techniques in both the as-received

state and in selected heat-treated states. All heat

treatments were realized in horizontal radiative fur-

nace on parallelepiped samples of approximate di-

mensions 3 × 10 × 10 mm3 machined from the as-

received steel plate. In order to avoid excessive ox-

idation and decarburization, heat treatments were

either performed under dynamic secondary vacuum

or in primary vacuum sealed quartz tube. The sam-

ples are directly inserted in the furnace heated up

to the target temperature. After heat treatment,

the samples undergo water quenching.

Carbon extraction replicas were prepared from

selected heat-treated samples. After polishing

down to 1µm and nital (4 %) etching, a carbon layer

was deposited on the etched sample using a SCD500

BALTEC carbon evaporator. Squares of approxi-

mately 2 × 2 mm2 were drawn on the carbon-coated

surface using a cutter blade. Samples were there-

after placed in a 4 % nital solution until the sliced

carbon films start delaminating from the sample

surface. A carbon layer containing the precipitates

was thus obtained. Afterwards, the carbon replicas

were rinsed in three successive ethanol baths, and

placed on nickel or copper grids.

Electron microscopy was performed on carbon

replicas using a JEOL 2100 transmission electron

microscope (TEM) operating at 200 kV. The pre-

cipitates were characterized in scanning transmis-

sion electron microscopy mode (STEM) - high an-

gle annular dark field (HAADF) imaging. The

STEM-HAADF technique provides a Z-contrast

[28], which facilitates the observations: a large con-

trast appears between the carbon layer (dark) and

the precipitates (bright). Other observations were

performed on carbon replicas using a ZEISS Supra

55VP Scanning Electron Microscope with a field

emission electron gun (FEG). Using backscattered

electrons (BSE) mode, a chemical contrast was also

obtained. Due to the chemical contrast obtained

with both techniques, it was possible to directly

distinguish precipitates containing different chem-

ical species. Using FIJI [26], an image analysis

procedure was developed to determine the precip-

itates sizes. The projected surface of precipitates

AP was determined and an equivalent radius was

calculated:

r =

√
AP

π
(3)
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Both TEM and SEM were equipped with Oxford

energy-dispersive X-ray (EDX) analysers with sili-

con drift detector (SDD). EDX measurements were

employed to determine the relative contents of the

metallic species such as Ti, Nb and S. Lighter ele-

ments such as C and N cannot be correctly quanti-

fied by EDX. Moreover, carbon quantification was

hindered by the presence of the carbon layer of

the replicas. However, nitrogen can be detected if

present in the precipitates.

Finally, the crystallographic nature of the pre-

cipitates was investigated using selected area elec-

tron diffraction (SAED) on a JEOL 2010F TEM

microscope operating at 200 kV. The composition

of each precipitate analysed by SAED was checked

by EDX measurements. The crystallography data

used for indexing the SAED patterns are extracted

from [29]. Ti4C2S2 precipitates present an hexago-

nal structure of space group P63/mmc with a = b =

0.3210 nm and c = 1.120 nm. TiN, TiC and NbC

all share the same face-centered cubic (fcc) struc-

ture of space group Fm3̄m with respectively a =

0.4235 nm, a = 0.4319 nm, and a = 0.4469 nm.

3. Experimental results

3.1. Austenite grain size measurements

Figure 1 displays optical micrographs from se-

lected heat treatments showing prior austenite

grain sizes (PAGS) revealed by the thermal etch-

ing method. Most of these micrographs allow an

relatively accurate tracking of the austenite grain

boundaries, which gives reliable PAGS. For the

lower temperatures (950 ◦C and 1000 ◦C), thermal

etching was less effective and PAGS determination

was more difficult. Figure 2 shows the PAGS re-

vealed by a Béchet-Beaujard etching for the 1250 ◦C

heat treatment. For all temperatures, some austen-

ite grain boundaries were not revealed, leading to

uncertainties, that were estimated to be 20%.

Figure 3 shows the resulting average PAGS

measurements after 10 minutes isothermal heat

treatments at temperature ranging from 950 ◦C

to 1250 ◦C. As expected, raising temperature re-

sults in increasing PAGS. Up to 1050 ◦C, PAGS re-

mains roughly constant, with values between 10 and

20 µm. Starting from 1100 ◦C, a substantial austen-

ite grain growth occurs. At 1250 ◦C, coarse grains

were obtained, with a final grain diameter around

400 µm.

3.2. Precipitation state characterization

3.2.1. As-received steel

Three types of precipitates were identified in the

initial state, combining STEM-HAADF, EDX (Fig-

ure 4), bright field observations, and SAED (Figure

5):

• The main population observed was com-

posed of precipitates whose radii approxi-

mately range from a few tens of nm to 150 nm.

They exhibited various geometrical forms, but

were mainly spherical and cuboidal (Figure

4a)). Their mean composition in heavy ele-

ments were determined by EDX in SEM and

TEM. Approximately 80 at% of Ti and 20 at%

of Nb were detected. EDX measurements in

SEM and TEM gave similar values (see Figure

7 a)). The indexation of SAED patterns are

coherent with a fcc structure of space group
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10 min – 1000 °C 10 min - 1100 °C 10 min – 1200 °Ca) b) c)

20 µm 50 µm 100 µm

Figure 1: Optical micrographs showing PAGS revealed by thermal etching for 10 min holding treatments at 1000 ◦C, 1100 ◦C

and 1200 ◦C. The manual detouring used to calculate the the equivalent area diameter is shown in blue.

10 min – 1250 °C 

500 µm

Figure 2: Optical micrograph showing PAGS revealed by

Bechet-Beaujard etching after a 10 min holding treatment at

1250 ◦C.
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Figure 3: Evolution of PAGS for 10 minutes heat treatments

at temperatures ranging from 950 ◦C to 1250 ◦C

Fm3̄m, like TiC and NbC (Figure 5 a)). Al-

though no peak of nitrogen emerge from the

EDX spectra acquired from these precipitates,

it is not possible to exclude the presence of N in

quantities below the detection level. As a first

approximation, it can be stated that these pre-

cipitates are mixed titanium-niobium carbides

(Ti,Nb)C.

• Some precipitates presenting larger sizes and

mainly containing Ti and S were found. Small

amounts of Nb were also detected in these pre-

cipitates. SAED patterns can be indexed with

a hexagonal structure of space group P63/mmc

(Figure 5 b)). Their mean EDX composition

was determined (Figure 7 b)). SEM and TEM

measurements were once again similar. The

composition is compatible with Ti4C2S2 (Ti

�S ≈ 2), leaving no doubt on the nature of

this population.

• Finally, another population of very large

cuboidal precipitates in which Ti and N were

detected by EDX was also identified. They

present a fcc structure of space group Fm3̄m
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Figure 4: STEM-HAADF observation of the 3 populations of precipitates found in as-received steel, with associated EDX

spectra. The Ni lines appearing in the spectra correspond to the grid holding the carbon replica. The blue crosses indicate the

precipitates on which EDX was performed.

(Figure 5 c)), like titanium nitride. These

cuboids were then assumed to be TiN.

The titanium-niobium carbides (Ti,Nb)C were

the most frequently observed precipitates, and also

the smaller ones. Therefore, they are likely to

be the one governing austenite grain growth dur-

ing soaking at high temperature. Using the anal-

ysis routine developed on FIJI, the particle size

distribution was determined from a series of im-

ages taken randomly at the same magnification in

both SEM (BSE mode) and TEM (STEM-HAADF

mode). The resulting precipitate size distributions

are shown in figure 6. Log-normal laws accurately

fit experimental size distributions for both SEM

and TEM. The mean precipitates radius are equal

(56 ± 5 nm for BSE and 58 ± 5 nm for STEM-

HAADF). However the size distribution determined

by SEM is slightly larger than the TEM one, which

could be explained by the lower precision of SEM

observations.

3.2.2. Heat-treated samples

In order to investigate the stability of the

different types of observed precipitates, three

isothermally heat treated states were investigated:

1050 ◦C, 1200 ◦C, and 1280 ◦C. After 240 min at

1050 ◦C, and 30 min at 1200 ◦C, the three types

of precipitates found in the initial state were still

present. The EDX composition determined in SEM

on (Ti,Nb)C and Ti4C2S2 precipitates at 1200 ◦C

are very close to the ones determined on those two

types of precipitates in the initial state (see Fig-

ure 8). After 30 minutes at 1280 ◦C, only TiN pre-

cipitates were found on carbon replicas. There was

no trace of (Ti,Nb)C nor Ti4C2S2 at this tempera-
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Figure 5: Bright field TEM observation of the 3 populations of precipitates found in as-received steel, with associated Selected

area diffraction patterns.
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Figure 8: Mean composition of (Ti,Nb)C and Ti4C2S2 found

after 30 min at 1200 ◦C determined by EDX in SEM.

ture, showing that these two populations of precip-

itates are no longer stable and completely dissolved

at 1280 ◦C.

Additionally, the mean radius of (Ti,Nb)C was

measured after 240 min at 1050 ◦C, and 30 min at

1200 ◦C. Mean radii of 66 ± 5 nm and 67 ± 5 nm

were respectively found.

4. Model

4.1. Equilibrium calculations

Modelling the evolution of precipitation state

with time and temperature requires having a cor-

rect estimation of the stability domain of phases.

In particular, the solubility product of the precipi-

tates is an essential parameter. In the present case,

the key population is (Ti,Nb)C, whose sizes makes

it effective for grain boundary pinning. Two types

of calculations were performed and compared to es-

timate the stability of the observed precipitates.

First calculations were performed in austen-

ite domain using the commercial Thermo-

Calc software [30] with TCFE8 Steels/Fe-alloys

database [31]. The steel composition determined

by ICP-MS (Table 1) was used as input.

According to TCFE8 database, manganese sul-

fide MnS is found to be more stable than titanium

carbo-sulphide Ti4C2S2. Since no MnS were exper-

imentally observed, equilibrium calculations were

performed ruling out MnS and all related phases

(dormant phases), in order to better describe the

actual microstructure. Figure 9 a) shows the results

of these calculations. Three populations are present

in austenite: (Ti,Nb)C, Ti(C,N) and Ti4C2S2. The

stability of (Ti,Nb)C phase goes up to approx-

imately 1200 ◦C and the maximum volume frac-

tion remains below 0.001 · The volume fraction of

Ti(C,N) population stays roughly constant around

0.001 and start decreasing once the (Ti,Nb)C pop-

ulation is not stable anymore. Ti4C2S2 precipi-

tates are stable over the entire temperature range

studied, with a volume fraction of approximately

0.0002 ·

These first full-equilibrium calculations are not

in agreement with experiments (see section 2.3) be-

cause:

• The stability of Ti4C2S2 is overestimated since

it was here experimentally established that

these precipitates were no longer stable at

1280 ◦C.

• The calculations also predict a complete dis-

solution of the (Ti,Nb)C population around

1200 ◦C whereas an intensive population of

these precipitates were found on carbon repli-

cas after a heat treatment of 30 minutes at this

temperature.

• Furthermore, the calculated composition of
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Figure 9: Equilibrium volume fractions of precipitates a) resulting from Thermo-Calc calculations with TCFE8 database for

all precipitates and b) assuming that all N and S react to form respectively TiN and Ti4C2S2 and using Thermo-Calc for

calculating the solubility product of (Ti,Nb)C.

(Ti,Nb)C gives approximately 57 % of titanium

and 43 % of niobium. This composition is quite

different from that obtained experimentally by

EDX on this population of precipitates (see

Figures 7 and 8).

The apparent disagreement between full-

equilibrium thermodynamics calculations and

experimental results can be explained by the fact

that full equilibrium is not reached. The alloy’s

thermal history starting from high temperatures

has therefore to be accounted for.

As a consequence, the stability of the precipitates

was reconsidered using several assumptions. TiN

are known to be amongst the most stable precip-

itates [5]. They form at the earliest stages of the

casting process [32], even from liquid state. There-

fore, here it was assumed that the total amount

of N reacted with the corresponding amount of Ti

to form a stoichiometric TiN population. All N as

well as the corresponding amount of Ti was removed

from the input composition.

Since Ti4C2S2 are also known to be very stable

in austenite [33], it was assumed that they undergo

limited dissolution over the temperature range of

interest(i.e. between 950 ◦C and 1250 ◦C). As a

first approximation, all S and the corresponding Ti

and C were also removed from input composition.

The new input composition obtained is listed in Ta-

ble 2.

TCFE8 database [31] gave a relatively constant

composition of (Ti,Nb)C over the studied tem-

perature range: (Ti0.69±0.05,Nb0.31±0.05)C0.96±0.02.

Thus, a simplified average composition between Ae3

and the dissolution temperature was taken. It was

also assumed that the number of metallic (Ti and

Nb) atoms was equal to the number of carbon atoms

(no vacancy in precipitates), giving the following

precipitate composition: Ti0.7Nb0.3C.

Using the evolution of austenite composition with

temperature, the solubility product was evaluated

10



Element C Mn Ti Nb S N

Initial (at%) 0.2861 1.927 0.0984 0.0233 0.0052 0.0237

Subtracting TiN and Ti4C2S2 (at%) 0.2757 1.927 0.0643 0.0233 0 0

Table 2: Calculation of the input composition (at%) for Thermo-Calc calculations of (Ti,Nb)C stability assuming that all N

and S react with Ti to form TiN and Ti4C2S2, respectively.

at each temperature using:

KS = (Xeq
Ti)

0.7(Xeq
Nb)0.3Xeq

C (4)

with Xeq
i the atomic fraction of element i in austen-

ite. Then by linearly fitting the evolution of

log10KS with 1/T , the following expression was

taken for the solubility product of (Ti,Nb)C:

log10KS = −9626 K

T
+ 0.44 (5)

Figure 10 compares the obtained solubility prod-

uct for Ti0.7Nb0.3C with values of the literature.

This precipitate is found more stable than NbC and

TiC, probably due to entropy effects.

6.5 7.0 7.5 8.0 8.5
104/T (K 1)

7

6

5

lo
g(

K
S)

This work
NbC - Gladman 97
TiC - Gladman 97

950105011501250
Temperature (°C)

Figure 10: Comparison of the solubility product used (equa-

tion 4) and reference solubility products of TiC and NbC

from Gladman [5].

Figure 9 b) shows the stability domain of

(Ti,Nb)C using the aforementioned solubility prod-

uct, considering complete precipitation of TiN and

Ti4C2S2 over the whole range of temperature. The

resulting stability of (Ti,Nb)C significantly differs

from the first calculations performed with the raw

alloy composition. Their volume fraction is also

higher (above 0.0014 instead of less than 0.001 ).

(Ti,Nb)C completely dissolve around 1250 ◦C in-

stead of 1200 ◦C. Thus, assuming complete pre-

cipitation of TiN and Ti4C2S2 leads to a stability

domain of (Ti,Nb)C in better agreement with ex-

perimental observations (Figure 9 b)).

4.2. Grain growth model

A Zener-type model accounting for the competi-

tion between driving pressure for grain growth PD

and precipitate pinning pressure PP was used. Un-

der the influence of pinning precipitates, the grain

diameter D growth rate can be expressed by:

dD

dt
=

 M(PD − PP ) if PD − PP > 0

0 if PD − PP < 0
(6)

M is the interface boundary mobility, described

by an Arrhenius law:

M = M0 exp

(
−QGG

RgT

)
(7)

Here M0 is a pre-exponential factor, Rg is the gas

constant and QGG is the activation energy for grain

boundary mobility.

The driving pressure for grain growth is given by:

PD = β
γ

D
(8)
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Where β is a coefficient, γ is the austenite inter-

face energy and D is the mean grain diameter.

Zener [34], originally considered that β = 4. This

value is actually overestimated as several experi-

mental and modelling work seem to prove that the

correct expression of the driving pressure for grain

growth in polycristalline materials is four times

lower [35–38]. Thus, β is taken equal to 1 in the

present work.

Numerous expressions for pinning pressure can

be found in literature (see the reviews by Manohar

et al. [39], and by Huang and Logé [40]). The pin-

ning pressure PP is generally calculated with the

following expression:

PP = αγ
f

〈r〉
(9)

Where α is a coefficient, f is the mean volume frac-

tion of precipitates, and 〈r〉 is the mean precipitate

radius.

Among these expressions, the one given by Zener

in 1948 [34], and the one given by Rios in 1987

[41] are particularly relevant, and somehow define

a lower and an upper bound for the pinning pres-

sure. Zener [34] considered that grain boundaries

bypass precipitates following a pass-through mecha-

nism and obtained α = 3/2. Considering that grain

boundaries bend round and envelope pinning pre-

cipitate (enveloping mechanism), Rios [41] derived

a pinning pressure two times higher than Zener’s:

α = 3.

Additionally, the present model took into account

the effect of several classes of precipitates with dif-

ferent sizes instead of adopting a mean-radius ap-

proach. The expression for pinning pressure was

thus modified as:

PP = αγ
∑
i

fi
ri

(10)

where i is a summation index representing all the

present precipitates classes of different radius ri and

having the volume fraction fi.

4.3. Precipitation model

In this work, the software Preciso [42, 43] was

used to follow the evolution of precipitation state

during heat treatments. It is based on the clas-

sical nucleation, growth and coarsening theories,

fully described in [20]. The precipitation state was

characterized by the whole precipitate size distribu-

tion (Lagrange-like approach). Since only reversion

experiments are to be modeled, only growth and

coarsening equations are presented here (no nucle-

ation).

4.3.1. Growth and coarsening

The diffusion of solute elements governs the

growth of nucleated precipitates. The diffusion co-

efficient of an element i, noted Di, follows an Ar-

rhenius law D0
i exp(−Qi/(RgT )). D0

i is the pre-

exponential factor, and Qi is the energy activation.

The growth rate of a precipitate is given for element

i by:

dr

dt
=
Di

r

Xm
i −X

eq
i (r)

αvXP
i −X

eq
i (r)

(11)

αv = vmat/v
p
at is the ratio of matrix to precipitates

atomic volumes, and XP
i (r) is the atomic fraction

of element i at the interface between matrix and a

precipitate of radius r.

In fact, the presence of an interface between ma-

trix and precipitates (i.e. the interface curvature)
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modifies the local equilibrium and atomic fractions

at the interface (Gibbs-Thomson effect [44]). Thus,

the concentrations of solute elements at the inter-

face of a TixNbyCz precipitate are given by the sol-

ubility product modified by a factor traducing the

effect of interface curvature:

Xeq
Ti(r)

x
Xeq

Nb(r)
y
Xeq

C (r)
z

= KS exp

(
2γP (x+ y + z)vPat

rkBT

) (12)

Eqs. 11 and 12 provide a system of 4 equations (3

diffusion equations - Ti, Nb and C - plus solubility

product) with 4 unknown (dr/dt and Xeq
i ).

At each timestep, growth of all existing classes is

performed using eqs. 11 and 12. Consequently, pre-

cipitate coarsening (Ostwald ripening) is implicitly

accounted for in this approach.

4.3.2. Mass balance

Finally, mass balance is performed to update the

new solute content of all elements:

Xm
i =

X0
i − αvfX

P
i

1− αvf
(13)

where X0
i is the total amount of solute i.

4.4. Coupling between precipitation and grain

growth models

Precipitation and grain growth models are cou-

pled but run separately. The precipitation model

was first run providing the precipitate size distribu-

tions at each time step in the form of a large output

file. Then, in a second stage, this file is read and,

at each time step, the pinning pressure is calculated

and the grain growth equation (eq.6) is integrated.

4.5. Model parameters

The evolution of precipitation was modelled for

several holding treatments and coupled with the

grain growth model, with the aim of reproducing

the results obtained in section 3.1. Only (Ti,Nb)C

precipitates were considered in the precipitation

model. As discussed in section 3.2, given their re-

spective sizes, TiN and Ti4C2S2 populations have

a very limited pinning effect. The chemical compo-

sition of the matrix used in the precipitation model

is given in Table 2.

The precipitation model used the solubility prod-

uct given in equation 5. The diffusion coeffi-

cient of alloying elements were calculated from the

MOBFE3 Steels/Fe-Alloys Mobility Database [46]

(see Table 4). Precipitate/matrix interface energy

was taken equal to 0.7 J·m−2, in agreement with

Maalekian et al [17].

The initial distribution of (Ti,Nb)C precipitates

experimentally determined by TEM (Figure 6 b))

served as an input for the precipitation model. The

STEM-HAADF distribution was used because of

the better precision and resolution of TEM mea-

surements compared to SEM. Based on a log-

normal fitting curve, a theoretical precipitate dis-

tribution of 100 classes was calculated. The follow-

ing expression was used for the probability density

function:

f(r, µ, σ) =
1

rσ
√

2π
exp

(
− (ln(r/nm)− µ)2

2σ2

)
(14)

with µ = 3.991 and σ = 0.369. The total number

of precipitates was adjusted in order to give an ini-

tial volume fraction of (Ti,Nb)C of 0.0014 , which is
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Parameter Value Source/Comment

M0 104 m4J−1s−1 Fit parameter.

QGG 390 kJ/mol Uhm et al [45].

Initial austenite grain diameter 10 µm Grain growth measurements.

Austenite grain boundary energy 0.5 J·m−2 -

(Ti,Nb)C solubility product log10KS = −9626 K/T + 0.44 See equation 5.

(Ti,Nb)C initial volume fraction 0.0014 Close to maximum.

(Ti,Nb)C initial distribution µ = 3.991 and σ = 0.369 STEM-HAADF (Figure 6 a)).

(Ti,Nb)C/matrix interfacial energy 0.7 J·m−2 Adjusted to fit (Ti,Nb)C growth.

Table 3: Modelling parameters used.

Element D0 [m2·s−1] Q [J·mol−1]

C 2.4× 10−5 147800

Ti 1.5× 10−5 251000

Nb 8.9× 10−5 266400

Table 4: Diffusion coefficient used in the precipitation model,

calculated from the MOBFE3 mobility database of Thermo-

Calc.

close to the maximum precipitate volume fraction

given by mass balance.

An initial austenite grain diameter of 10 µm was

assumed, based on the experimental results given

in part 3.1. An austenite grain boundary energy of

0.5 J/m2 was assumed. Concerning grain boundary

mobility, Uhm et al [45] determined an expression

of the activation energy by multiple regression anal-

ysis for steels containing C, Mn, Ni, Cr, Mo and Si.

Based on this study, a value of 390 kJ/mol was used.

The mobility factor M0 is the only fitting parame-

ter: it was taken equal to 104 m4J−1s−1.

5. Modelling Results

5.1. Precipitation

Several reversion heat treatments were performed

in the stability domain of (Ti,Nb)C in austenite.

Figure 11 shows the main output results of the pre-

cipitation model. The volume fraction of (Ti,Nb)C

rapidly decreases as a result of the dissolution pro-

cess. Meanwhile, a slight diminution of the mean

precipitate radius and a consequent decrease of the

number density (i.e. the number of precipitates

per cubic meter) are observed. After precipitate

shrinkage, coarsening occurs, causing a decrease

in precipitate number density, and an increase in

mean radius, while volume fraction remains con-

stant. Eventually, the volume fraction reaches the

equilibrium value given by the solubility product at

1200 ◦C.

Microalloying elements are released in solid solu-

tion in the austenite phase due to the dissolution

of precipitates. The observations made on number

density and mean radius of the (Ti,Nb)C popula-

tion can also be performed looking at the evolution
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Figure 11: Effect of a simulated 1200 ◦C heat treatment on a) volume fraction, b) number density and c) mean (Ti,Nb)C radius

and d) austenite solute content of C, Ti and Nb.
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Figure 12: Evolution of the precipitate size distribution of

(Ti,Nb)C with time for a 1200 ◦C isothermal holding.

of the precipitate size distribution with time, which

is shown in Figure 12.

Figure 13 shows the simulated evolution of the

volume fraction and mean precipitate radius of

the (Ti,Nb)C population for several reversion heat

treatments ranging from 1000 ◦C to 1250 ◦C. Ex-

perimentally determined mean radii are also plot-

ted. The kinetics of precipitate dissolution is

temperature-dependent: higher temperature leads

to faster dissolution. At 1250 ◦C, the precipitates

are finally completely dissolved. The kinetics of

precipitate growth is also temperature-dependent:

as expected, higher temperature leads to faster

growth kinetics.

5.2. Austenite grain growth

The pinning effect of (Ti,Nb)C particles is largely

affected during heat treatments due to the massive
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Figure 13: Evolution of the a) volume fraction and b) mean precipitate radius of (Ti,Nb)C for several isothermal heat treatments.

evolution of the precipitation state. Figure 14 illus-

trates the effect of the evolution of the precipitation

state on pinning pressure at 1200 ◦C. On this fig-

ure, the pinning pressure was calculated according

to Rios (α = 3). The effect of the α coefficient was

discussed in section 6. Figure 14 a) shows the evo-

lution of the pinning ratio (defined as either from

averaged values f/〈r〉, or from the actual size dis-

tribution (
∑

i fi/ri). It must be noted that taking

averaged parameters f and 〈r〉 leads to an overesti-

mation of the initial pinning pressure of more than

31 %.

Figure 14 b) shows the time evolution of driving

and pinning pressures. Pinning pressure exerted by

(Ti,Nb)C particles decreases during holding, as the

precipitate number density decreases. The differ-

ence between the driving pressure for grain growth

and the pinning pressure on grain boundaries is pos-

itive, leading thus to grain growth (according to

equation 6) as illustrated in figure 14 c)). As the

austenite grain diameter increases, the driving pres-

sure decreases, until both pressures become equal.

6. Discussion

Almost all modelling parameters were extracted

from literature and/or thermodynamic databases.

Two parameters were unknown, however: the ini-

tial volume fraction of (Ti,Nb)C and the precipi-

tate/matrix interface energy. It was chosen to set

the initial volume fraction at 0.0014 , which is close

to the maximum volume fraction. Since the initial

state was obtained through hot rolling and air cool-

ing, there is a high probability that the precipitate

volume fraction is maximum. The precipitate/ma-

trix interface energy was set to 0.7 J·m−2 by fit-

ting the experimental data on precipitate growth.

This value is close to the one calculated by [17] for

NbC from a nearest neighbour broken bond model

(0.66 J·m−2). This parameter has only little influ-

ence on reversion kinetics, since nucleation does not

take place during reversion.
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Figure 15 compares experimental (see section

3.1) and predicted grain sizes for 10 minutes heat

treatments at temperatures ranging from 950 ◦C to

1250 ◦C. The experimental data globally lies be-

tween the values predicted using Zener (α = 3/2)

and Rios (α = 3) approaches (see section 4.2).

Note that the whole precipitate size distribution

was used to evaluate the pinning pressure, whereas

many other authors used averaged volume fraction

and radii [14, 16, 17, 47]. It has been shown (Figure

14 a)) that using averaged parameters leads to an

overestimation of the pinning pressure. Figure 14

c) compares the austenite grain growth kinetics at

1200 ◦C obtained using averaged parameters or size

distribution for pinning pressure calculations. The

gap between the two kinetics is non negligible.
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Figure 16: Comparison of the pinning pressure (Rios’s ex-

pression) induced by three different size distributions of pre-

cipitates. The three size distributions present a mean radius

of 50 nm and a mean volume fraction of 0.001 ·

In order to investigate the effect of the distribu-

tion shape on grain growth kinetics, three differ-

ent precipitate size distributions with exact same

mean radius and volume fraction were compared

(see figure 16). While a pinning pressure equal to

0.03 MPa was obtained (Rios’s expression) using av-
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eraged parameters, the actual pinning pressures re-

sulting from the three different size distributions

can be significantly lower. For narrow size distribu-

tion the error remained small, but was significantly

increases for wider size distributions. This error

could be even greater in the case of more complex

distributions such as multimodal ones. Taking ac-

count of the size distribution is therefore important

for the calculation of pinning pressures.

The present grain growth model neglected the

pinning effect of TiN and Ti4C2S2. It was con-

sidered that only (Ti,Nb)C are small enough to

be effective pinning particles. If it is reasonably

assumed that TiN and Ti4C2S2 have a mean ra-

dius of approximately 500 nm, the pinning contri-

butions of both populations can estimated to be

0.001 75 MPa using mean parameters. It represents

approximately 7 % of the initial pinning contribu-

tion of the (Ti,Nb)C population. Thus, the error re-

sulting from not considering the pinning effect TiN

and Ti4C2S2 remains limited, especially for rela-

tively short treatment times.

The modelling results were based on a solubility

product calculated with Thermo-Calc under the as-

sumptions that all N and S reacts entirely to form

TiN and Ti4C2S2, respectively. These two popula-

tions were not considered to evolve for all consid-

ered heat treatments. This hypothesis may sound

slightly exaggerated for the highest temperatures,

where Ti4C2S2 have not been observed at 1280 ◦C.

Slight amounts of Ti and C may be released in solid

solution for the highest temperatures, increasing

thus the stability domain of (Ti,Nb)C. Therefore,

the present model may not be accurate for temper-

atures above 1250 ◦C.

However, using thermodynamic databases for all

populations of precipitates without making any hy-

pothesis leads to significantly different stability do-

mains that come in contradiction with experiments.

Using those calculations to estimate the solubil-

ity of each precipitate leads to a misrepresentation

of the precipitation state for a given temperature.

Thus, the CALPHAD approach provides a powerful

framework for estimating solubility products, but

needs to be used with caution.

7. Conclusions

In the present work, the evolution of the precipi-

tation state and austenite grain growth were stud-

ied in a Ti-Nb microalloyed steel during reversion

treatments, i.e. starting from a fully precipitated

state and performing thermal treatments between

950 ◦C and 1250 ◦C.

• Based on acquired experimental data, a multi-

class precipitation model was developed and

used to predict the evolution of (Ti,Nb)C size

distribution during thermal treatments.

• The resulting precipitate size distributions

served as entry parameters to a simple grain

growth model based on Zener pinning.

• The chemistry of the modeled alloy was modi-

fied to account for the amount of solute atoms

actually available for precipitation, i.e. sub-

tracting chemical elements already involved

in existing and stable precipitates (TiN and

Ti4C2S2).

• Extensive SEM and TEM characterization

leaded to similar initial precipitate size distri-
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butions, which served as initial distributions in

the precipitation model.

• The chemistry and stability of (Ti,Nb)C pre-

cipitates was calculated from the TCFE8 ther-

modynamical database.

• Both precipitation and grain growth models

did not contain any adjustable parameter, ex-

cept the mobility factor M0. All other model

parameters were extracted either from thermo-

dynamical databases or from literature.

• Accounting for the whole precipitation size dis-

tribution, rather than using average values,

significantly influenced the calculated pinning

pressure.

• The modeled austenite grain diameters were

consistent with the experiments for all investi-

gated heat treatments.
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