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In this article, we present a systematic study of precipitation kinetics in a Fe-Si-Ti alloy in the
temperature range 723 K to 853 K (450 �C to 580 �C), combining complementary tools
(transmission electron microscopy (TEM), atom probe tomography (APT), and small-angle
neutron scattering (SANS)). We show that the Heusler phase Fe2SiTi dominates the precipi-
tation process in the investigated time and temperature range, regardless of the details of the
initial temperature history. A numerical model based on the evolution of precipitate size classes
gives very good agreement with the experimental results, and its application to different alloy
compositions provides directions for future alloy optimization.
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I. INTRODUCTION

AMONG the precipitation hardening steels, the
Fe-Si-Ti system has received some attention for nearly
a century,[1–15] particularly before the 1980s and with a
more recent revival. This system is capable of forming a
large volume fraction of intermetallic phases[9,11] that
can substantially increase the material’s strength, with
the possibility of a solution treatment in the ferritic
domain, so that no allotropic phase transformation
occurs during quenching from the solution treatment
temperature. Given the low density of the two solute
elements, this system is an attractive solution for
increasing the strength of steels (e.g., in automotive
applications) in conjunction with substantial weight
savings.

A number of phases can form in this ternary
system.[13,14,16] In addition to the main phases of the
binary Fe-Si and Fe-Ti systems (Fe3Si and Fe2Ti),
Xiong et al.[14] reviewed a large number of stable and
metastable phases that are susceptible to form in the
ternary system.

Several authors agree that at high temperature (above
1070 K (797 �C)), the precipitation in alloys with

composition of the order of Fe-3.5 wt pct Si-1.5 wt pct
Ti is dominated by the Laves phase Fe2Ti.

[3,4,15] At
lower temperatures, most authors consider that the main
phase that forms is the metastable Heusler phase
Fe2SiTi.

[8–10,15] However the stability range of this phase
is not clear, since it has been observed by some authors
to remain for relatively long aging times and by others
to be replaced by the Fe2Ti phase progressively.
The high volume fractions that can be obtained with

this phase and its very small size, associated with its
coherency with the matrix, make it difficult to charac-
terize quantitatively its precipitation kinetics by con-
ventional means, such as transmission electron
microscopy (TEM). Thus, to this day, very few kinetic
studies on this system are available in the literature.[4,11]

A full kinetic study requires the use of a combination
of complementary tools.[17] Structural information
about the precipitate type can be obtained by TEM,
while the chemical composition of the nanoscale pre-
cipitates can be obtained by atom probe tomography
(APT). The evolution of precipitate size and volume
fraction, although in principle accessible by the afore-
mentioned techniques, is obtained with a much higher
precision using small-angle neutron scattering (SANS).
In this article, we will carry out a systematic study
coupling these three experimental techniques to reach a
thorough understanding of the kinetics of precipitate
formation in the temperature range of interest for
precipitation strengthening, namely, 723 K to 853 K
(450 �C to 580 �C). TEM and APT will help determine
the nature and composition of the phases forming along
the investigated heat treatments, and SANS will provide
a quantitative determination of the precipitation kinet-
ics. In addition, the quantitative data from the SANS
experiments will be compared to the outcome of a
precipitation model, providing insight into the thermo-
dynamic and kinetics parameters of precipitation in this
system.

MALIKA PERRIER, formerly PhD Student with SIMAP, INP-
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II. MATERIAL AND EXPERIMENTAL
TECHNIQUES

A. Material and Heat Treatments

The composition of the investigated alloy that was cast
at ArcelorMittal Research S.A. is given in Table I. Apart
from the small carbon content that resulted in the
formation of a small amount of TiC particles, the alloy
is essentially a ternary Fe-Si-Ti alloy. The as-cast ingots
were cut into 50-mm-thick slabs and hot-rolled between
1467 K and 1253 K (1194 �C and 980 �C), followed by
cold rolling down to a final thickness of 0.9 mm. The
alloy was then solution treated in a salt bath at 1173 K
(900 �C) for 5 minutes. At this temperature, the alloy is
fully ferritic and fully recrystallized with an average grain
size of 20 lm. The main heat treatment route was then to
quench and hold the samples in a salt bath for 10 minutes
at the aging temperature (so as to ensure a rapid and
reproducible heating rate) and then to transfer them into
a tube furnace for further aging. In order to evaluate the
possible influence of the early stage temperature history,
other processing routes were investigated. A first alter-
native route was to increase the preaging time in the salt
bath to 30 minutes. A second alternative route was to
perform the entire heat treatment in a halogen furnace,
where cooling from the solution treatment temperature
(1173 K (900 �C)) to the aging temperature (823 K
(550 �C)) was achieved at a rate of 8 �C/s. The last route
(referred as ‘‘as quenched’’) was to quench the sample
from the solution treatment temperature into cold water
and then to perform the heat treatment in the tube
furnace.

B. Characterization Techniques

For TEM studies, specimens were mechanically polished
down to 80 to 100 lm and then twin-jet electropolished
between 289 K (16 �C) and 291 K (18 �C) in a solution of
ethylene glycol monobutyl ether (90 pct) and perchloric
acid (10 pct). Subsequently, the samples were cleaned for
oxidation by ion milling (3 keV PIPS, 5 deg incidence
angle). Observations were carried out on a JEOL*

3010 microscope operating at 300 kV.
For APT analyses, samples of dimensions 300 lm 9

300 lm 9 2 cm were cut and electropolished using the
two-stage method.[18] Experiments were carried out on a
Cameca LEAP 3000HR at IM2NP (Université Paul
Cézanne Aix-Marseille, Marseille, France). All analyses
were in voltage mode, with a pulse fraction of 20 pct and
a base temperature of 80 K. Data were processed using
IVAS 3.5 software.

The small-angle neutron scattering experiments were
carried out at Institut Laue Langevin (ILL, Grenoble,
France) on instrument D11. The samples were kept at the
initial thickness of 0.9 mm, and the measured area was
10 mm 9 10 mm. They were polished on both sides to 1-
lm diamond paste. Experiments were carried out at a
wavelength of 6 Å to avoid any diffraction, under a
magnetic field of 1.5 T, to separate the nuclear and
magnetic contributions to the contrast of neutron
scattering length between the precipitates and matrix.
Three sample-to-detector distances were used, namely,
2 m, 5.5 m, and 16.5 m, which resulted in a measured
range of scattering vectors of [0.004 Å�1, 0.22 Å�1]. Data
analysis was carried out using the GRASP software
developed at ILL. Data were corrected from detector
efficiency and background noise and were normalized to
absolute values using a reference water cell.

III. EXPERIMENTAL RESULTS

A. Hardness Evolution

Figure 1 shows the microhardness evolution for three
aging temperatures, namely, 723 K, 773 K, and 823 K
(450 �C, 500 �C, and 550 �C). When temperature
increases, the precipitation kinetics becomes faster. A
strong precipitation hardening increment is found, with
a maximum hardness of about 420 to more than
450 HV, depending on the aging temperature. The
measured yield strength at peak hardness at 823 K
(550 �C) was about 1200 MPa. In the following, the
precipitation behavior was mainly studied at 823 K
(550 �C). Other aging temperatures were only charac-
terized by SANS.
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Fig. 1—Microhardness evolution during aging at 723 K, 773 K, and
823 K (450 �C, 500 �C, and 550 �C).

Table I. Composition of the Investigated Alloy

Element Si Ti C S Mn P B N

Concentration (Wt pct) 2.54 1.05 0.0072 0.0008 0.005 0.003 <0.001 0.0004

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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B. Transmission Electron Microscopy

We report here TEM observations after 3 hours of
aging at 823 K (550 �C). Figure 2 shows the diffraction
patterns recorded along three zone axes of the Fe matrix,
namely, h100i, h110i, and h111i. The first two zone axes
show superstructure spots, whereas none is visible on the
third zone axis. These diffraction patterns are compatible
with the presence of the Heusler phase Fe2SiTi.

[8] On
dark-field micrographs, it was possible to identify spher-
ical precipitates. However, due to the small precipitate
size and sample oxidation, these observations were of
poor quality and are not shown here.

C. Atom Probe Tomography

APT observations were carried out for different aging
times at 823 K (550 �C), namely, 2, 3.5, 6, and 20 hours.
The three-dimensional spatial distribution of solute
atoms in these four samples is shown in Figure 3. Such
images do not provide useful information on chemistry;
however, they give a good visualization of the precip-
itate morphology and scale. In all cases, the microstruc-
ture consists of a relatively homogeneous distribution of

near-spherical precipitates, the size of which clearly
increases with aging time. It also can be very clearly
observed that the solute remaining in solid solution
becomes scarcer when aging proceeds.
Precipitates were isolated from the matrix using

isoconcentration surfaces. The interface between the
matrix and each precipitate was chosen as the surface
linking all the loci having a local concentration value of
(Ti + Si) = 25 at. pct. The defined isosurfaces matched
perfectly the precipitates observed in atom maps. For
each of these aging conditions, solute profiles were drawn
using the proxigram method.[19] Concentrations are
calculated at increasing distances from the previously
defined isosurfaces, which are considered as the interface
between the precipitate and matrix. The distances are
positive on the precipitate side of the interface (within the
particles) and negative on the matrix side. The resulting
proxigrams (averaged on all precipitates obtained in the
measured atomprobe volume) are shownFigure 4 for the
different aging times corresponding to Figure 3. In all
cases, a diffuse compositional layer is found between the
matrix and the precipitates. This diffuse interface extends
over 1 nmon each side, partly due to the sampling lengths
used in isosurface and proxigram calculations. Another

Fig. 2—Diffraction patterns of the alloy aged 3 h at 823 K (550 �C) showing the spots compatible with the Fe2SiTi phase in the following zone
axes: (a) h100i axis, (b) h110i axis, and (c) h111i axis.
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source of artificial interface spread could be due to
differences in evaporation fields between the two phases
(local magnification effect). As a consequence, at this
stage, no information related to an actual composition
gradient across the interfaces can be derived from the
presented data. However, away from the interface, the
proxigram shows a stable composition of the precipitate’s
core, with equal proportions of Ti and Si, and an Fe
content between 50 and 60 at. pct. Each concentration
value is obtained over more than 10,000 ions, making the
standard deviation on each value smaller than 0.1 at.
pct,[20] so that statistical fluctuations are a negligible
source of uncertainty. As the proxigrams were calculated
over the full population of precipitates, the obtained
values are averaged over all precipitates, which could hide
important scatters around averaged values. The individ-
ual composition of each particle, therefore, was mea-
sured, and the result is presented in Figure 4(e) for the
alloy aged 6 hours. No significant deviation from the
average composition is observed. Therefore, it can be
concluded that the analyzed samples contained a single
population of precipitates, whose composition is fully
compatible with the Heusler phase Fe2SiTi. The slightly
higher Fe content as compared to that of the Fe2SiTi
phase could be due to a small substitution of Fe to Si and
Ti within the phase.

D. Small-Angle Neutron Scattering During Aging at
823 K (550 �C)
Figure 5 shows an example of a neutron scattering

image obtained on a sample aged 3.5 hours at 823 K
(550 �C). The anisotropic scattering contrast is clearly
visible, as expected under a saturating magnetic field
when precipitates are magnetic holes in a saturated
ferritic matrix. Using an angular fit of the intensity such
as done, e.g., in Reference 21, it is possible to separate
the magnetic and nuclear scattering intensities, which
are shown for this particular example in Figure 5 in a
Kratky plot IÆq2 vs q (where I is the scattered intensity
and q the scattering vector) and in a Guinier plot of ln(I)
vs q2.
When the microstructure consists of a distribution of

spherical precipitates, it was shown in Reference 22 that,
provided that the width of the precipitate size distribu-
tion is in a reasonable range (relative standard deviation
of about 20 pct), the measurement of the Guinier radius
using a self-consistent iterative procedure leads to a very
good approximation of the average precipitate radius.
Thus, the following procedure for precipitate size
measurement was used in the present study.
First, the pseudo-Guinier radius was measured from

the scattering vector qmax, where IÆq
2 shows a maximum

value (maximum of the Kratky plot):

Fig. 3—APT reconstructions after 2, 3.5, 6, and 20 h at 823 K (550 �C). Fe atoms are not represented, and Si and Ti atoms are presented with a
red color.
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Rgð1Þ ¼
ffiffiffi

3
p

qMax

½1�

Then, the Guinier radius Rg(I+1) is determined by a
linear fit to the Guiner plot ln(I) vs q

2 using the fit
boundaries [1.2/Rg(i), 2.8/Rg(i)] until convergence is
obtained:

Rgðiþ 1Þ ¼
ffiffiffiffiffiffiffiffiffiffi

�3 a
p

½2�

where a is the slope of the Guinier plot. The precipi-
tate radius is then taken equal to the final value of Rg:

R ffi RgðnÞ ½3�

For the precipitate volume fraction, the integrated
intensity Qo is first calculated using the measured
scattering intensity Qmes

o :

Qmes
o ¼

Z

q2

q1

IcorðqÞ q2dq ½4�

where Icor(I) = I(q) � Iconst, Iconst being the constant
intensity due to Laue scattering and incoherent scattering,

measured using the asymptotic Porod behavior at large
scattering vectors I(q) = KÆq�4. q1 and q2 are the
boundaries of the measured range of scattering vec-
tors. The total integrated intensity is then evaluated by
using appropriate extrapolations outside the measured
q range (Reference 23 provides details):
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Fig. 4—(a) Concentration profiles from APT analysis across the ma-
trix-precipitate interfaces after 2, 3.5, 6, and 20 h at 823 K (550 �C)
and (b) measured concentrations for the sample aged 6 h for several
precipitates.

0

0.2

0.4

0.6

0.8

1

(a)

(b)

(c)

0 0.05 0.1 0.15 0.2 0.25

Nuclear

Magnetic

I.q
2  (

A
.U

.)
q (Å

-1
)

20

22

24

26

28

0 0.005 0.01 0.015 0.02 0.025 0.03

Nuclear

Magnetic

ln
(I

)

q
2
 (Å

-2
)

Fig. 5—(a) Example of SANS image for the sample aged 3.5 h at
823 K (550 �C). (b) Extracted nuclear and magnetic scattered intensi-
ties in a Kratky plot, normalized by the contrasts using the assump-
tions of magnetic hole for the magnetic intensity and of a precipitate
composition of Fe2SiTi for the nuclear intensity. (c) Same data in a
Guinier representation.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 43A, DECEMBER 2012—5003



Qo ¼
Icorðq1Þ q31

2
þQmes

o þ K

q2
½5�

The volume fraction fv is then simply calculated from
the classical two-phase relationship:

Qo ¼ 2p2fv 1� fvð ÞDq2 ½6�

where Dq is the contrast in neutron scattering length
density between the precipitates and matrix:

Dq ¼ bp

Xp
� bm

Xm
½7�

where bp and bm are the average scattering length per
atom in the precipitate and matrix, and
Xp = 11.62 Å3 and Xm = 11.73 Å3 are the average
atomic volumes in the precipitate and matrix. For the
nuclear intensity, bTi = �3.438 9 10�5 Å, bSi =
4.1491 9 10�5 Å, and bFe = 9.45 9 10�5 Å. The
matrix nuclear scattering length is approximated from
the initial alloy composition, and the precipitate nucle-
ar scattering length is calculated assuming a composi-
tion of Fe2SiTi:

bnuclm ¼ 9:31� 10�5Å and bnuclp ¼ 4:90� 10�5Å

For the magnetic contrast, precipitates are considered
to be magnetic holes so that

bmag
m ¼ 5:98� 10�5Å and bmag

p ¼ 0

Figure 6 shows the evolution of precipitate size and
volume fraction, measured both from the nuclear and
magnetic scattering curves for different aging times at
823 K (550 �C). These curves show that the data

obtained from the two contributions are always very
consistent. This further validates the hypotheses made
for the volume fraction calculations, namely, a precip-
itate composition of Fe2SiTi for the nuclear contribu-
tion and nonmagnetic precipitates for the magnetic
contribution.
The initial precipitate radius is of the order of 2.5 nm.

It corresponds to a very low volume fraction and,
therefore, is probably close to the nucleation radius.
Then the precipitate radius rapidly increases to about
4 nm and stabilizes. The volume fraction is observed to
increase rapidly as well, almost reaching the saturation
value of 4 pct after 2 hours of aging.
Some variations on the precipitate radius are observed

along the aging curve. However, after having repeated
some experiments, we do not believe that these variations
have a physical meaning. They are probably due to some
variability of the process from sample to sample, such as
in the alloy chemistry or some steps of the heat treatment.

E. Effect of Aging Procedure on Precipitation at 823 K
(550 �C)
In order to check if the details of the temperature

history during the initial stages of precipitation have an
influence on the precipitation kinetics, several thermal
paths were applied for the 823 K (550 �C) aging
treatment (Section II–A), where the temperature path
from the solution treatment temperature to the aging
temperature was either monotonously decreasing (trans-
fer from the 1173 K (900 �C) salt bath to the aging salt
bath) or interrupted by quenching to room temperature
and reheating. Possible effects of early stage temperature
history could include changes in vacancy concentrations
or changes in the precipitate nucleation rate and, thus,
precipitate number density.
Figure 7 shows the evolution of precipitate radius and

volume fraction along the 823 K (550 �C) heat treat-
ment. The influence of the aging procedure on the
precipitation kinetics appears to be very limited, both in
terms of radius and volume fraction. The results of the
different thermal paths cannot be discriminated within
experimental uncertainty.

F. Effect of Temperature on Precipitation Kinetics

Last, the influence of temperature on the precipitation
kinetics was investigated in the range 723 K to 853 K
(450 �C to 580 �C). For all temperatures tested, except
823 K (550 �C), as reported previously, only SANS
experiments were performed, preventing any direct
evidence of the nature of precipitates that form. How-
ever, at 823 K (550 �C), the dominant phase was the
metastable Fe2SiTi phase, which is coherent with the Fe
matrix. At temperatures lower than 823 K (550 �C), it is
likely that the same coherent metastable phase will have
an even stronger tendency to form. It is assumed that
this is also the case at 853 K (580 �C), a temperature
close to 823 K (550 �C). The comparison between the
nuclear and magnetic scattering intensities in the entire
temperature range is actually consistent with this
hypothesis.
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Figure 8 shows the evolution of precipitate radius and
volume fraction for the different aging times and
temperatures investigated. As expected, the precipitate
radius increases with temperature at a given aging time.
The time ranges investigated are too limited to draw a
conclusion about the influence of temperature on
nucleation radius. The evolution of volume fraction is
faster as temperature increases, showing that all the
chosen temperatures are below the nose of the C curve
for precipitation kinetics. It is expected that the equi-
librium volume fraction would increase with decreasing
temperature. Although the investigated time ranges do
not enable direct illustration of this tendency, it seems to

be confirmed by the fact that the lower temperatures
show a positive slope of volume fraction evolution at
values close to the saturating volume fraction of higher
temperatures.

IV. MODELING OF PRECIPITATION KINETICS

An overview of the precipitation model that was used
to describe the experimental data follows. A class
modeling approach was used, as described numerous
times in the literature.[24–26] In this model, the precipitate
size distribution is discretized into classes of age. Each
class of age evolves with time according to a growth/
dissolution law that only depends on the solid solution
concentration of the matrix; i.e., no spatial interaction
between neighboring precipitates is considered. Nucle-
ation of new (young) particles introduces new classes in
the distribution. In the present case, we have used a
model implementation of the ‘‘Lagrangian’’ type such as
described in Reference 27; namely the different size
classes do not have a constant size: during the micro-
structural evolution the size of the classes evolves by
growth or dissolution. Specific algorithms were devel-
oped to adjust the number of precipitate classes when
they became too numerous (such as during nucleation)
or too scarce (such as during coarsening).
The solubility of Si and Ti in the Fe matrix with

respect to the Fe2SiTi phase is described by a thermally
activated solubility product:

XSi
eq X

Ti
eq

� �1=4

¼ Keq Tð Þ ½8�

where XSi
eq and XTi

eq are the atomic fractions of Si and Ti
at equilibrium.
The classical nucleation theory is used to assess the

nucleation rate J of new particles:

J ¼ Zb�

Xp
exp �DG�

kBT

� �

1� exp � t

s

� �� �

½9�

where Xp is the average atomic volume in the precipi-
tate and Z is the Zeldovich factor:

Z ¼ Xp

2pR�2

ffiffiffiffiffiffiffiffiffi

c
kBT

r

½10�

c is the interfacial energy between the precipitates and
the matrix, and R* is the critical radius defined by

R� ¼ �Ro

S
½11�

where Ro is the capillarity radius:

Ro ¼
2 c Xp

kBT
½12�

and S the supersaturation:

S ¼ ln
Ks

Keq

� �

; where Ks ¼ XSi XTi
� �1=4 ½13�
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Xsi and XTi are the atomic fractions in the ferrite solid
solution of Si and Ti. b* is the critical attachment rate
that we calculate as the geometrical average (weighted
by the precipitate compositions) of the attachment rates
for Si and Ti:

b� ¼ 4pR�2

a4
1

0:25
DSiXSi þ 0:25

DTiXTi

½14�

where DSi and DTi are the diffusion coefficients for Si
and Ti and a is the lattice parameter of ferrite. DG* is
the activation barrier that is simply given by

DG� ¼ 4pR2
o c

3S2
½15�

and s is the incubation time defined by

s ¼ 2

pb�Z2
½16�

New particles are brought in the precipitate size
distribution at a size R�eff slightly larger than the critical
radius, so as to allow for subsequent growth:

R�eff ¼ R� þ 1

2

ffiffiffiffiffiffiffiffiffi

kBT

p c

s

½17�

After it has nucleated, a precipitate grows or shrinks
following the classical Zener law that can be applied
either on Si or Ti:

dR

dt
¼ DSi

R

XSi � XSi
i

XSi
p � XSi

i

¼ DTi

R

XTi � XTi
i

XTi
p � XTi

i

½18�

where XSi
i and XTi

i are the atomic solute fractions of Si
and Ti in equilibrium with the precipitates of size R
(that are considered equal to the interfacial atomic
fractions under the hypothesis of local equilibrium).
These concentrations are calculated by equating the
two growth rates in Eq. [18] and using the Gibbs–
Thomson modified solubility product:

XSi
i XTi

i

� �1=4¼ Keq exp
2 cXp

RkB T

� �

½19�

The evolution of volume fraction and solute concen-
tration is then simply calculated by integrating the
precipitate size distribution and using a mass balance
between the precipitates and matrix.

For the model adjustment to the experimental data,
the diffusion coefficients for Si and Ti were taken from

the literature,[28,29] and the values are reported in
Table II. The only adjustable parameters left at a given
temperature, therefore, were the value of the solubility
product Keq(T) and of the precipitate interfacial energy
c. We chose to keep this last parameter constant as a
function of temperature, as it is expected that in the
investigated temperature range the change in interfacial
energy would remain small. The model presented here
assumes a homogeneous nucleation mechanism for the
precipitates within the classical nucleation theory frame-
work; therefore, no adjustable parameter related to
nucleation was needed.
Figure 9 shows the comparison between the experi-

mental results and the model (Table II shows the model
parameters). The diffusion coefficients for Si and Ti were
taken from the literature;[28,29] the interfacial energy
between the precipitates and the matrix was taken
constant with temperature using a relatively low value of

Table II. Parameters for the Precipitation Model

Parameter
Interfacial Energy

Diffusion Si Diffusion Ti Solubility Product

c Do
Si QSi Do

Ti QTi A B

Unit J m�2 m2 s�1 kJ mol�1 m2 s�1 kJ mol�1 — J
Value 0.13 9.2 9 10�5 200.88 3.15 9 10�4 248 0.716 2.27 9 10�20
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Fig. 9—Comparison between the experimental results and the results of
the precipitation kinetics model for the different aging temperatures, in
terms of precipitate size, volume fraction, and number density.
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interfacial energy of 0.13 J m�2, which is reasonable
given the coherent nature of the interface and the high
Fe content in the precipitates. The solubility product
was adjusted at each temperature. Figure 10 shows an
Arrhenius plot of its evolution with temperature. The
evolution is approximately linear, so that a solubility
product Keq = A exp(�B/kBT) (compositions in atomic
fractions) provides a good description of all our
experimental data, with A = 0.716 and B = 2.27 9
10�20 J. The agreement is good at all temperatures,
especially given the fact that the nucleation was
described by a simple classical nucleation theory, which
provides in many systems an insufficient nucleation rate.

Now that the model is validated over a range of
temperatures on the investigated alloy, it can be
tentatively applied to other compositions. Particularly,
it is interesting to evaluate the possible influence of the
Si:Ti ratio on the precipitation kinetics. The studied
alloy has a significant excess of silicon, and titanium
diffuses slower and, therefore, should control the pre-
cipitate growth kinetics. The model was run on different
compositions (Table III), which have the same value of
the initial solubility product XSiÆXTi, so that the initial
alloy supersaturation is the same for all alloys.

Figure 11 shows the different precipitation kinetics
predicted by the model, assuming that the same phase,
Fe2SiTi, is forming in all alloys. We find a relatively
small influence of the Si/Ti ratio on the evolution of

precipitate sizes. Only the alloy containing more tita-
nium than silicon is predicted to have a markedly
different evolution of radius with time. This lack of
influence could be due to the fact that titanium is the
diffusion-controlling element and, thus, controls the
kinetics. However, an important increase in volume
fraction with increasing titanium content is observed.
This is consistent with the experimental observations
made by Abson et al.[5] and with the fact that, except for
alloy 5, all other alloys have excess Si. Logically, the
maximum volume fraction is obtained for a Si:Ti ratio
close to 1.
This parametric study shows that maximizing the

strengthening potential of these precipitation hardening
alloys requires approaching the Si:Ti stoichiometry line,
since the volume fraction can be substantially increased
without much detrimental effect of the precipitate size.
Of course, this does not include more complex effects,
such as a possible change of precipitate type with alloy
composition or the effect of solid solution on the
plasticity behavior of the alloy (especially silicon).
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Fig. 10—Evolution of the solubility product Ks determined to obtain
the model results shown in Fig. 9 as a function of temperature.

Table III. Composition of Alloys Used for Modeling the Influence of Alloy Composition on the Ageing Kinetics; the Reference

Alloy is the Alloy Used for the Experimental Investigation

Alloy 1 2 Reference 3 4 5

Si (at. fraction) 0.117 0.059 0.0492 0.039 0.029 0.02
Ti (at. fraction) 0.005 001 0.0119 0.015 0.02 0.029
Si/Ti 23.4 5.8 4.1 2.6 1.5 0.7
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Fig. 11—Effect of the Si:Ti ratio (corresponding alloy compositions
are given in Table II) on the evolution of precipitate size and volume
fraction predicted by the model during aging at 823 K (550 �C).
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V. CONCLUSIONS

We have carried out a systematic study of precipita-
tion kinetics in a Fe-Si-Ti alloy for a range of aging
times and temperatures, combining complementary
tools (TEM, APT, and SANS). Our results show that
in the temperature range 723 K to 823 K (450 �C to
550 �C), precipitation was dominated by the Heusler
phase Fe2SiTi, whose stoichiometry was slightly en-
riched in Fe. The precipitation kinetics obeys a classical
behavior as a function of time and temperature and has
been shown to be independent of the details of the initial
temperature history (such as a direct aging at the aging
temperature or a reheating from room temperature).
Numerical models based on the evolution of precipitate
size classes were shown to be in very good agreement
with the experimental results, using a simple hypothesis
such as thermodynamics described by a solubility
product, a classical nucleation theory approach, and a
Gibbs–Thomson corrected Zener growth rate for indi-
vidual size classes. The application of the model to
different alloy compositions was also investigated and
was shown to provide potential directions for alloy
optimization.
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