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The precipitation behavior of nanosized binary Y2O3 and complex Y2Ti2O7 precipitates in oxide-
dispersion strengthened ferritic steels was modeled by a nucleation, growth and coarsening thermo-
dynamic approach. Focus was made on non-isothermal treatments that simulate typical consolidation
processes of nanostructured steels. In order to assess the model for fast non-isothermal treatments, a
field-assisted consolidation process was used. The precipitation state was characterized at nanoscale by
transmission electron microscopy, small-angle neutron scattering and atom-probe tomography. Both
simulation and experimental results demonstrated the following precipitation mechanisms: (i) rapid
nucleation of both Y2O3 and Y2Ti2O7 during the heating stage (ii) limited growth and coarsening of
nanoclusters during soaking time and further annealing at high temperature (1100 �C). A new coefficient
diffusion of yttrium in ferrite was proposed to assess the thermal stability of nano-oxides.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Oxide-Dispersion Strengthened (ODS) ferritic steels have been
widely developed these recent years for high temperature appli-
cations. Processed by powder metallurgy, these materials are usu-
ally produced by hot isostatic pressing (HIP), hot extrusion, or more
recently by Spark Plasma Sintering technique (SPS) [1e5]. They owe
their good high-temperature mechanical properties to a fine
dispersion of nanosized oxides that act as efficient obstacles for
dislocations and grain boundaries. Depending upon the chemical
composition and the consolidation technique and parameters,
various kinds of oxides have been reported in the literature. The
most common are yttrium oxides Y2O3 and ternary oxides Y2Ti2O7.
The latter were observed to enhance tensile strength and creep
resistance due to an increased number density and a lower mean
radius of the precipitated particles. They have been the subject of
numerous characterization studies at the nanoscale, including
transmission electron microscopy [6e8], small-angle neutron
scattering [9e11] and more recently atom-probe tomography [12].
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What is widely recognized is that these nanoparticles exhibit an
extraordinary thermal stability [13], even at temperatures close to
the solidus of the ferritic matrix. Thanks to an observation at the
atomic scale, this coarsening resistance was linked to the large
amount of oxygen vacancies (z10%) that could stabilize the clus-
ters [14]. However, another study by Ribis and de Carlan demon-
strated that the morphology of the particles Y2Ti2O7 evolved upon
heating in order to minimize their energy within the system [15].
The shape transition from spherical to cubical geometry was
described as a way to reduce the elastic distortion created at the
interfaces. Thus, the elastic energy governed by the misfit between
the precipitates and the matrix can influence the precipitation of
these fine particles. Whether the coarsening resistance is only of
thermokinetic nature (slow diffusion of yttrium) or related to more
complex phenomena is still questioned.

Most studies were made on extruded or HIPed materials with
stabilized precipitation. Hence, a few data is available on the early
stage of precipitation, specially on the nucleation behavior of these
particles. Since the particles are nanosized, the characterization can
be tedious, expensive and sometimes subject to controversy.
Experimental tools are limited when dealing with the nucleation
kinetics during non-isothermal treatments, which are representa-
tive of the consolidation processes of ODS steels. In this context,
modeling tools are excellent means to understand the precipitation
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mechanisms. For instance, the role of yttrium diffusion or the in-
fluence of the elastic misfit during nucleation and further growth
and coarsening are still debatable. Various models can be used to
simulate the solid-state precipitation in metallic materials. Readers
are referred to [16] for an elaborate review of solid-state precipi-
tation theories and associated calculation algorithms. Three main
categories are distinct and complementary. First of all, the predic-
tive models like DFT (density functional theory) or Monte Carlo
tend to determine analytically the behavior of the material at the
atomic scale [17,18]. Then, semi-predictive models combining
thermodynamic and diffusion databases can model solid-state
precipitation in multi-components systems [19]. Finally, JMAK-
type (Johnson-Mehl-Avrami-Kolmogorov) mathematical formal-
isms allow to describe phase transformation kinetics using both
physical and arbitrary coefficients. These different kinds of model
involve complementary time and space scales. JMAK models
encounter difficulties to reproduce non-isothermal treatments and
physical mechanisms [20]. At the opposite, atomistic models are
powerful tools to understand physical mechanisms but the time
scale is reduced to approximately 10�6 s and involve very long time
calculation for a limited number of atoms [21,22]. For precipitation,
a good compromise consists of thermokinetic model using the
nucleation, growth and coarsening theories [23,24].

Classic thermodynamic modeling consists in calculating the
driving force of the formation of a possible compound (phase) from
a supersaturated solid solution. In ODS steels, some controversial
studies lead to contradictory conclusions on whether yttrium, ox-
ygen atoms transform into a solid solution in the iron matrix.
Indeed, mechanical alloying involves far-from-equilibrium mass
transport, local heating, cold welding and other mechanisms that
are difficult to model [25]. From recent atom-probe tomography,
clustering of yttrium and titanium-rich particles was observed after
a certain milling time [12,26,27]. This is not surprising since perfect
solid solution is always difficult to achieve, especially for highly non
soluble elements. However, the community mainly agrees with the
fact that these subnanometric clusters are quite homogeneously
distributed in the powders. Also, after annealing or consolidation at
high temperature, the clusters tend to crystallize and form stoi-
chiometric phases [7,15,14,28]. Thus, the starting point before high-
temperature consolidation still deals with the need of diffusion-
governed atoms transport to form well-defined, crystalline pre-
cipitates. In this sense, this study applies a diffusion-based pre-
cipitation model using the nucleation, growth and coarsening
theory.

The assessment of this model is based on:

(i) the validation of the numerical model thanks to the case
study of unique phase Y2O3.

(ii) Then, the precipitation of complex Y2Ti2O7 is studied in ODS
steels containing yttrium, titanium and oxygen. The numer-
ical results are compared to SANS data after Alinger et al.
[29,30].

(iii) Finally, this model is applied to rapid non-isothermal treat-
ments using field-assisted consolidation process. These re-
sults are compared to experimental data collected in the
present study by Small Angle Neutron Scattering (SANS),
Transmission Electron Microscopy (TEM) and Atom-Probe
Tomography (APT).
Table 1
Mean Composition (in wt%) of the milled powder.

Fe Cr W Y O Ti C

bal. 13.9 1.0 0.16 0.15 0.32 0.04
2. Material and methods

2.1. Materials

A powder of high-chromium ferritic steel was produced by ingot
gas atomization by Aubert&Duval. The powder particles were then
mechanically alloyed with submicronic yttria powder (Y2O3) using
a high-energy attritor by Plansee SE. Milling conditions and
microscopic evaluation of the as-milled powder are recalled in
Ref. [9]. Using Focused Ion Beam (FIB) cross-sectioning of powder
particles, the nanostructure was investigated by scanning electron
microscopy (SEM) and Electron Back Scatter Diffraction (EBSD).
Most of the grains are highly deformed and the smallest nanosized
grains are not indexed due to a huge amount of dislocations,
roughly estimated by Kernel Average Misorientation as over
1� 1016 m�2.

The chemical composition of the milled powder is reported in
Table 1. This powder is representative of common industrial nano-
crystalline powder widely used to process nanostructured mate-
rials. In this particular alloy, yttrium, titanium and oxygen are ex-
pected to form nanoparticles during hot processing.
2.2. Characterization methods

Transmission Electron Microscopy (TEM) characterization was
performed on an apparatus TEM JEOL 2010F equipped with an
Energy Dispersive X-Ray Spectroscopy (EDX) XMAX 80 for chemical
analysis. The thin foils were prepared using the following method:
(i) Mechanical polishing to get a final thickness between 60 and
90 mm (ii) 3-mmdisk stamping and further polishing with diamond
paste up to 3 mm (iii) Electrolytic etching with a solution composed
of 70% of ethanol, 20% ethylene glycol monobutyl ether and 10% of
perchloric acid and cooled to 0 �C (iv) Ionic polishing to eliminate
eventual oxidation before observation. The apparatus was a PIPS
(Precision Ion Polishing System) from Gatan equipped with a
double ion gas gun polishing the surface with an incident angle
from�10 to 10�. Gun energy was set at 4.2 keVwith a magnitude of
20 A.

SANS experiments were performed at the Laboratoire L�eon
Brillouin CEA Saclay, using the PAXY small angle scattering spec-
trometer for high resolution in q-space, under strongmagnetic field
(1.7 T). As mentioned in Refs. [31], a magnetic field of magnitude
1.2 T is sufficient to separate the magnetic and nuclear contribu-
tions. SANS experiments were set to determine the distribution of
particles smaller than 15 nm in radius. This corresponds to a scat-
tering vector q between 0.1 and 1.6 nm�1. This was obtained by
selecting neutron wavelengths of 0.6 and 1 nm (±10% due to
monochromator dispersion) and a distance between sample and
detector of 2 and 5 m, respectively. A 2D detector with area
64� 64 cm2 was used to collect scattered neutrons. As detailed in
Refs. [11], a direct modeling was used in the current study. The
scattering function was calculated for a given distribution of nano-
scatterers and compared to the experimental function. A least
squares method was used to obtain the best fitting parameters. The
particles were assumed spherical - even some can have cuboidal or
ellipsoidal shapes [15] - and of constant chemical composition.
Particle mean radius rm of the scattering population was calculated
assuming a normalized number density function of radii h(r). Given
these assumptions, one can write the scattering intensity as:

Iðq; rÞ ¼ Dr2NpV2
p Fsphðq; rÞSðq; rÞ (1)

where Np is the scatterers density, Vp the volume of a scattering



Fig. 1. (a) General view of the microstructure of the 850 �C consolidated sample, with
the presence of very large grains and (b) Ultra fine grained regions, where a high
dislocation density is visible in the grains.
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particle, Dr the variation in diffusion length densities between the
matrix and the scatterers. Fsph(q,r) is the shape factor for spheres:

Fsphðq; rÞ ¼
3½sinðqrÞ � qr cosðqrÞ�

ðqrÞ3
2

S(q,r) is the structure factor resulting from the particles inter-
action. If the volume fraction of precipitates is observed to be less
than 1% (diluted system), S(q,r) tends to 1. A Gaussian distribution
of spherical particles was chosen for direct modeling:

hðRÞ ¼ 1
s
ffiffiffiffiffiffi
2p

p e�ðr�rmÞ2

2s2
(2)

Considering that the matrix is ferromagnetic, one can verify the
global chemical composition of the nano-scattering particles by
decoupling the nuclear and magnetic contrasts [30,11]. Indeed, the
scattering ratio A is given by:

A ¼ 1þ DrM

DrN

2
(3)

where DrM and DrN are the magnetic and nuclear contrasts,
respectively. Regarding ODS steels, the ratio A depends upon the
composition of the steel and the nature of the oxides. In Fee14Cr
steel, typical values are 2.5 for pyrochloric structure Y2Ti2O7 and 3.2
for cubic Y2O3, as demonstrated in Ref. [11].

Atom Probe Tomography samples were prepared using the lift-
out method with a FEI Helios microscope equipped with a Focused
Ion Beam. The APT analyses were carried out on a IMAGO LEAP
3000 XHR, with laser or electric pulses. Analyses were realised at
50 K, with a pulse fraction of 20%, with a laser energy of 0.4 nJ at a
pulse rate of 200 kHz.
3. Experimental results

3.1. Transmission electron microscopy (TEM)

The microstructure of the consolidated material at 850 �C is
reported in Fig. 1. The material presents a bimodal distribution of
grain sizes, with several micrometer large grains surrounded by
ultrafine grained regions with grains with a diameter down to
50 nm. Since these ultrafine grains (UFGs) contain numerous dis-
locations, they originate from the initial deformed nanostructure
and cannot be small recrystallized grains. Dislocation density is still
very high and dislocations walls are visible within the grains (see
Fig. 1)(b).

At this stage, nanosized precipitates were observed in both UFG
and large grains, with diameter ranging from 2 to 4 nm (Fig. 2(a)).
The size distribution was determined in the coarse grain visible in
Fig. 1(a) based on more than 100 particles. A mean radius of 1.2 nm
was found, which is consistent with SANS data (mean radius
1.4 nm), see Fig. 3.

However, their chemical and structural characterization was
difficult due to their small size and only a few number of them
could be identified. Specially, the large precipitate of Fig. 2(b) was
indexed as a Y2Ti2O7 precipitate. This is the first evidence of rapid
nucleation of nanocrystalline Y2Ti2O7 during fast non-isothermal
consolidation, including SPS.

Fig. 4 presents a large spherical Y2O3 precipitate, with a diam-
eter of 85 nm, with parallel facets on two sides. It seems that its
shape transforms from spherical to cuboidal, as predicted by Ribis
and de Carlan, for smaller precipitate size. The facets are parallel to
the 〈200〉 direction of the precipitates and 10� disoriented to the
〈110〉 direction of the matrix. These results confirm that the
morphological change of the nanosized particles most likely ac-
counts for the minimization of the elastic strain energy during
coarsening but also demonstrate that this mechanism occurs much
earlier than ever observed: the cuboïdal geometry is partially
effective after rapid consolidation at 850 �C for few minutes,
whereas Ribis observed this kind of shape after annealing at
1300 �C for few hours. This morphological variation depends on the
type and the size of the precipitate. For example, in the generalized
broken-bond approach (GBB) [32], a size correction can be applied
to the interfacial energy:

gðrÞ ¼ aðrÞ � g0 (4)

where a(r) is a size-correction function that - at constant chemical
composition - only depends on the radius of the precipitate [33].

After consolidation at 1100 �C, no significant changes were
observed in the microstructure; a bimodal distribution of grain size
is still present, as well as the presence of ’coarse’ oxides at grain
boundaries together with nanosized precipitates within the grains.
The ’coarse’ precipitates are mainly titanium oxides, with diameter
ranging from 50 to 80 nm. A complete multiscale characterization,
including the quantification of the coarse precipitation, will be
presented elsewhere.

Focus is here only made on nanosized precipitation. Since it is of
prime importance to verify whether the particles distribution is
homogeneous within themicrostructure, TEM characterizationwas
performed in both coarse grains and ultrafined grains. Evidence of
precipitates located at dislocations are presented in Fig. 5.

An attempt to quantify the nanoparticles number density is
reported in Fig. 6. Number densities were calculated from the for-
mula Np¼N/V, with Np the number density of precipitates, N the
number of precipitates on the 2D TEM micrograph and V the local



Fig. 2. (a) TEM micrograph acquired in g200 to beam conditions revealing the presence of nanosized precipitates in the 850 �C consolidated sample. (b) Enlarged view of the larger
precipitate, of Y2Ti2O7 type.
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Fig. 3. Experimental TEM particles size distribution in ODS SPSed at 850 �C fitted by a
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volume of the foil. The thickness of the foil was determined using
thickness fringes in two-beam mode. Extinction conditions are
related to the local thickness and to the orientation of the grain,
through the tabulated extinction distance xg [34]. Although the
representativeness of these measurements are debatable, the size
Fig. 4. (a) Large Y2O3 precipitate observed in the 850 �C consolidated sample. Parallel facets
Filtered HRTEM micrograph of the interface between the precipitate and the matrix.
distributions are quite similar in ultrafine and coarse grains. Lots of
dislocations were found in the grains, interacting with precipitates.
Thus, heterogeneous nucleation on dislocations is highly probable.
The rapid precipitation of populous nanoparticles is most likely a
key factor of the limited dislocation annihilation. Somehow, the
synergistic combination between high dislocation density and high
density of particles enhances the stability of this metallurgical
state.

Fine particles were detected all over the grains by High-
Resolution TEM (HRTEM) or in two beam conditions. Indeed, the
coherent character of the particles makes it difficult to visualize
these nanoscale precipitates in conventional mode. When
observing in two beam mode (Fig. 7), the misfit between pre-
cipitates and matrix generates so-called Moir�e fringes [15].

The distance between the fringes can be related to the inter-
planar distance of the planes generating the fringes with the
following relationship:

Dfr ¼ dp,dm��dp � dm
�� (5)

where dp and dm are the inter-reticular distance of the precipitate
and the matrix, respectively.
indicate that the precipitate morphology evolves from spherical to cuboïdal. (b) Wiener



Fig. 5. (a) Nanoparticles in a coarse grain and interacting with dislocations (b) TEM image on nanoparticles in ultrafine grains. Some of these are also located on dislocations.
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Fig. 7. (a) Nanoparticles observed in two beam conditions in the 1100 �C annealed sample. In (b), precipitates numbered 1 are fcc Y2O3 whereas precipitates numbered 2 are fcc
Y2Ti2O7.
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Fig. 7 presents different kind of precipitates observed in the
sample annealed at 1100 �C for 16 h. Both coherent Y2O3 and
Y2Ti2O7 were identified. On Fig. 8(a), two cuboidal fcc precipitates
were evidenced presenting the following OR1 with the matrix:
f100gFe
������ f100gfcc and<100> Fe

������ <100> fcc

fcc being Y2Ti2O7 or Y2O3. The lattice parameters of Y2Ti2O7 and
Y2O3 bcc phase are too close to strictly distinguish between the two



Fig. 8. Nanoprecipitates observed in the 1100 �C annealed sample: (a) 5e7 nm cuboidal fcc precipitates of Y2O3 or Y2Ti2O7 type in OR1 with the matrix, (b) Y2O3 precipitate
presenting OR2 relative to the matrix, (c) Y2Ti2O7 precipitate presenting a cube-on-cube OR with the matrix, (d) 2.5 nm diameter Y2Ti2O7 precipitate.
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phases.
Fig. 8(b) illustrates a fcc Y2O3 precipitate observed in (110)Fe two

beam conditions, which presents the following OR2 with the
matrix:

f001gFe
���� f001gY2O3

and < 110> Fe
���� < 110> Y2O3

A Y2Ti2O7 precipitate presenting a cube-on-cube OR with the
matrix is presented in Fig. 8(c), whereas smaller precipitates of the
same type were also observed, see Fig. 8(d). It has to be noted that
the predominant type of precipitates seem to be Y2O3. However,
indexation was done on the larger precipitates (d> 5 nm), that are
more easily detected, whereas the smaller particles (d < 2 nm)were
more difficult to identify. When assuming that the ratio between
Y2Ti2O7 and Y2O3 is the same for small precipitates and large pre-
cipitates, Y2O3 would then be the predominant type of precipitates
in this sample. It also appears preferentially with a spherical shape.

The precipitates observed and the orientation relationship (OR)
found are in agreement with what was previously observed by
Ribis and de Carlan [15] in an ODS steel extruded at 1100 �C and
then annealed at 1100 �C. Three types of precipitates were detected
in this sample:

(i) Y2Ti2O7 pyrochlore-type oxide with a face-centered cubic
structure, with a lattice parameter a ¼ 10.1 Å;

(ii) Y2O3 with a body-centered cubic structure, with a lattice
parameter a ¼ 10.6 Å;
(iii) Y2O3 with a face-centered cubic structure, with a lattice
parameter a ¼ 5.2 Å. Note that the Y2Ti2O7 cell is twice larger
than the fcc Y2O3 cell.
3.2. Atom-probe tomography (APT)

The reconstruction volume of the tip from SPS 850 �C is given in
Fig. 9. There is no major clustering of yttrium atoms whereas tita-
nium atoms have clearly diffused to form clusters. Also, a ’coarse’
titanium oxide was detected with an equivalent diameter of 43 nm.
This is not surprising, given that numerous titanium oxides were
detected at grain boundaries and within the bulk of ODS steels
SPSed at 850 �C.

Then, there is a much higher tendency of yttrium and oxygen
atoms clustering in the ODS steel SPSed at 1100 �C. In Fig. 10, not
only Ti and TiO ions but also Y and YO ions are seen in the nano-
clusters. This demonstrates that yttrium diffusion is indeed lower
than that of titanium and oxygen and most likely constitutes the
diffusion limiting species for the formation of oxides.

This first analysis pointed out the presence of yttrium, titanium
and oxygen in the clusters (Fig. 10). Then, a ”nanocluster analysis”
was performed on the two tips in order to study the composition
and the size of the nanoparticles. This was done using the
’maximum separation algorithm’. This consists in detecting parti-
cles or clusters within the matrix by an algorithm governed by
clustering parameters, which were chosen after C. Williams [35]:



Fig. 9. Reconstruction volume of the tip milled from the sample SPS 850 �C.

Fig. 10. Reconstruction volume of the tip milled from the sample SPS 1100 �C.
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�
Dmax ¼ 0:6 nm
Nmin ¼ 8 (6)

Dmax is the maximum distance between two atoms within a
cluster and Nmin is the minimum number of atoms in a cluster. A
complete description of this method can be found in Ref. [35]. The
cluster analysis (CA) gives the number density of the detected
clusters with the associated composition and size. The mean radius



X. Boulnat et al. / Acta Materialia 107 (2016) 390e403 397
and number density from APT are 0.7 nm and 1.8 1024 m�2 in SPS
850 �C and 0.7 nm and 3.7 1024m�2 in SPS 1100 �C. Themean radius
is twice lower than that from TEM and SANS. Few reasons can
explain this difference. First, the results from the CA are more
sensitive to subnanometric clusters compared to TEM, which can
explain this discrepancy. Indeed, the precipitates visible in TEM
already present a crystallographic contrast, whereas the smaller
ones might not be completely crystalline. Also, there is a large
difference in the probed volume between APT and TEM, and at
higher extent between APT and SANS.

More relevant is the composition of the solid solution after
extracting the clusters from the matrix (Table 2). The small content
of yttrium remaining in solid solution is consistent with the onset
of precipitation during consolidation. The amount of oxygen is still
high and may come from either contamination during consolida-
tion or from the APT data treating (segregation at grain boundaries
or potential coarse oxides not extracted out from the
measurement).

4. Numerical study

4.1. Modeling approach

The path to model the precipitation of a second phase within a
host phase from a supersaturated solid solution of given solutes
(here yttrium, oxygen, titanium) comprises the calculation of:

(i) the nucleation rate dN/dt at which particles form;
(ii) the growth rate dR/dt of the nucleated particles;
(iii) the coarsening kinetics during which the larger precipitates

grow at the expense of the smaller ones that dissolve.

These calculations were made step-by-step by solving the
classic nucleation, growth, coarsening equations that are fully
detailed in Ref. [36].

4.1.1. Nucleation
In the case of spherical particles, this competition between the

volume energy against interface energy is illustrated by the
following equation:

Dgtot ¼ 4
3
pR3ðDgch þ DgelÞ þ 4pR2g (7)

The volume energy is thus defined by two components: the
chemical driving force Dgch and the elastic energy Dgel.

Then, the nucleation critical radius that allows the Gibbs free
energy to be maximized, thus above which the nucleus will be
stable, is given by:

dDGðRÞ
dR

��
R¼R* ¼ 4pR*2ðDgch þ DgelÞ þ 8pR*g ¼ 0 (8)

Which gives R*:

R* ¼ �2g
ðDgch þ DgelÞ

(9)
Table 2
Composition (at%) of yttrium, titanium and oxygen from APT measurement. Calcu-
lations were made by removing the particles using the maximum separation
method.

Sample Yttrium Titanium Oxygen

SPS 850 �C 0.09 0.21 0.22
SPS 1100 �C 0.06 0.16 0.21
Once R* is known, one can derive the thermodynamic barrier for
nucleation:

DG* ¼ DG
��
R¼R* ¼ 16

3
p

g3

ðDgch þ DgelÞ2
(10)

The chemical driving force Dgch can be calculated from the solid
solution supersaturation s, which quantifies the excess of the solute
elements compared to the amount needed to form the precipitates
at the equilibrium. For a given precipitate, for instance Y2Ti2O7, the
supersaturation s is given for a diluted regular solution by:

s ¼ ln

 
X2
YX

2
TiX

7
O

Xeq2
Y Xeq2

Ti Xeq7
O

!
(11)

The driving force is logically proportional to this distance from
equilibrium:

Dgch ¼ �kBT
Vp
mol

,s ¼ �kBT
Vp
mol

,ln

 
X2
YX

2
TiX

7
O

Xeq2
Y Xeq2

Ti Xeq7
O

!
(12)

Vp
mol is the molar volume of the precipitate, kB the Boltzmann

constant, T the temperature. Ks ¼ Xeq2

Y Xeq2

Ti Xeq7

O defining the equi-
librium is called the solubility product and is assumed to follow this
form:

log10ðKsÞ ¼ 1
lnð10Þ �

�
DHf � TDS

kBT

�
¼ �A

T
þ B (13)

Ks can be interpreted as the solubility limit of one element
extrapolated at n dimensions, n being the number of species
forming the precipitate. A and B are well known for nitrides [23],
carbides [37,38] and carbonitrides [24] in steels [39] or silicates in
Aluminum alloys [40,41]. At the opposite, the value of Ks for oxides
in steels is debatable.

The influence of elastic energy is not taken into account in this
article, thus we assume Dgel¼ 0.

Once DG* and R* are known, the nucleation rate is given by the
Kampmann and Wagner's equation [42]:

dN
dt

¼ N0Zb
* exp

��DG*

kBT

�
,f ðt; tÞ (14)

N0 is the number of nucleation sites available for the nuclei. If
the precipitation is homogeneous and occurs wherever in the
material, then N0 ¼ 1=Vm

at where Vm
at is the atomic volume of the

matrix (N0¼ 8.3� 1028 m�3 in ferrite). However, in industrial alloys
where numerous defects can constitute preferential sites for pre-
cipitates, N0 is lower and is governed by the number of particular
defects: dislocations [43], grain boundaries or existing second-
phase particles like dispersoids [44]. In this case, the nucleation is
referred as heterogeneous. Heterogeneous nucleation is the most
realistic phenomenon that not only fits solid-state precipitation,
but also most of physical phenomenon (see for instance rain in
clouds [45] or bubbles in a glass of champagne or mineral water).

b* is the frequency at which atoms can migrate from interstitial
position to another and equals to [36,46]:

b* ¼ 4pR*2

a4

 X
i

Xp
i

DiXi

!�1

(15)

where a is the lattice parameter, Xp
i the atomic fraction in the

precipitate, Di the diffusion coefficient in the matrix and Xi the
atomic fraction in solid solution of the species i. The expression of
b* is sometimes simplified and only the diffusion coefficient of the
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slowest element is taken into account. This simplification was used
for precipitation of Y2O3 where yttriumwas limitant for nucleation
[47]:

b*z
4pR*2

a4
DYXY

Xp
Y

(16)

The incubation time function f(t,t) varies in the literature. In the
present model, f(t,t)¼1�exp(�t/t) was used since it matches
atomistic models for precipitation of carbonitrides in steels [23]. t
is the incubation time and is given by Ref. t¼2/(pbZ2) [46].

Z is the Zeldovitch factor, which is given for the case of spherical
particles by

Z ¼ Vp
mol

2pR�2

ffiffiffiffiffiffiffiffi
g

kBT

r
(17)

where Vmol is the molar volume of the precipitate.
4.1.2. Growth and coarsening
The growth of nucleated particles is then governed by diffusion.

Like nucleation, diffusion-governed growth and coarsening are
thermally activated. The temperature dependence is traduced by
the diffusion coefficient that follows the Arrhenius law:

DiðTÞ ¼ D0
i � exp

��Qi

RgT

�
(18)

where D0
i is the pre-exponential factor in m2.s�1, Qi the activation

energy in J.mol�1, Rg¼ 8.314 J.K�1 mol�1 the gas constant and T the
temperature in K.

For spherical particles of radii R of composition Y2Ti2O7:8>>>>>>>>>>><
>>>>>>>>>>>:

dR
dt

¼ DY

R
Xm
Y � Xi

Y ðRÞ
aXp

Y � Xi
Y ðRÞ

dR
dt

¼ DTi

R
Xm
Ti � Xi

TiðRÞ
aXp

Ti � Xi
TiðRÞ

dR
dt

¼ DO

R
Xm
0 � Xi

OðRÞ
aXp

O � Xi
OðRÞ

(19)

where a is the ratio between the atomic volume of the matrix Vm
at

and of the precipitate Vp
at . DY, Xm

Y , Xp
Y and Xi

Y ðRÞ are the diffusion
coefficient of yttrium in a-iron, the atomic fraction of yttrium in
solid solution, in the precipitate and at the interface, the latter
being dependent of the radius R.

Indeed, the solubility product is modified by the curvature of the
precipitate and thus depends on the precipitate radius. The solu-
bility in the presence of small particles with a large ratio of surface
area to volume is larger than that for larger ones [42]. This is due to
the minimization of the interfacial energy that is actually higher for
smaller precipitates. This size-dependence is called the Gibbse-
Thomson effect and is traduced for the case of Y2Ti2O7 by equation
(20) [48]:

Xi2
Y ðRÞXi2

TiðRÞXi7
O ¼ Ks,exp

 
2gVp

mol
RgkBT

!
(20)

This gives rise to coarsening, which is traduced by a general in-
crease in the mean radius when smaller particles are diluted
into the larger ones. During this process also commonly referred
to as Ostwald ripening, the precipitate number density can
be reduced from Ref.z 1025 m�3 to less than 1019 m�3 in
typical two-phase alloys during aging [42]. Even if the coarsening
process is considered to be confined to the latest stages of
precipitation, it may accompany the growth process or may
even start while the system is still in its nucleation
period, depending on the initial supersaturation of the solid
solution.

4.2. Numerical results

4.2.1. Calibrating the model
Four parameters are used in this model: A and B for the solu-

bility product, the interfacial energy g and finally the coefficient
diffusion of yttrium in ferrite DY. The key-parameters used for the
simulations are given in Table 3.

Specially, the yttrium coefficient not only governs the nucle-
ation onset but also determines the growth rate. Indeed, since it is
the slowest solute element in the precipitate compared to tita-
nium and oxygen, it will regulate the diffusion from the matrix
into the precipitate. The ’calculated’ diffusion coefficient of yttrium
in a-iron suggested that yttrium diffused 400 times lower than
iron self-diffusion at 850 �C [17], which confirmed the role of
yttrium as diffusion-limiting species for the precipitation process.
There is no reliable direct experimental measurement of yttrium
coefficient diffusion in either ferrite or austenite, which makes the
coefficient after [17] a unique value to work with [15]. An alter-
native expression was determined by Murali et al. [49] by density
functional theory (DFT). The diffusion coefficient determined by
Hin was fitted with experimental data in a limited temperature
range, up to 1150 �C. This was indeed restricted to the range of
typical consolidation temperatures of ODS steels. However, all
recent studies prove that the coarsening behavior of Y2O3 and
more importantly Y2Ti2O7 is observed at higher temperature,
typically 1200 �C, 1300 �C and 1400 �C. Consequently, if the
diffusion coefficient accurately reproduces the precipitation ki-
netics of Y2O3 during consolidation, it seems to overestimate the
diffusivity of yttrium at higher temperature. This induces a
much too high coarsening rate compared to that calculated from
the aforementioned studies at very high temperatures. As a
consequence, a new expression of the diffusion coefficient is
proposed:

DY ¼ 10�7 exp
��260 ½kJ=mol�

RgT

�
(21)

The pre-exponential factor was decreased so that the diffusion
of yttriumwas retarded and sowas the nucleation. Also, the growth
rate of precipitates was proportionally decreased. In the same
manner, the activation energy was decreased down to 260 kJ mol�1

instead of 320 kJ mol�1, thus the temperature dependency of the
diffusion mechanism (the slope in the Arrhenius' plot) was
decreased. The present value is equal to that from Hin at low
temperatures but significantly deviates into lower values at high
temperatures. At 1300 �C, 1.2� 10�15 for the former value versus
2.3� 10�16 for the new value.

4.2.2. Precipitation of Y2O3

Since Y2Ti2O7 are known to preferentially form in steels con-
taining titanium, only Ti-free ODS steels were considered to model
the precipitation behavior of Y2O3. The ODS steels with published
experimental nanoscale characterization that were used for this
study are summarized in Table 4. In order to compare to the pre-
cipitation state of ODS steels produced by HIPing or extrusion, non-
isothermal treatments were simulated at the possible consolidation
temperatures (850, 1000, 1100 �C).



Table 3
Thermodynamic and diffusion parameters used for the precipitationmodel of Y2O3 and Y2Ti2O7. In red color are the fitted parameters. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Parameter Value source Value Source

bcc ferrite
lattice parameter a ¼ 2:886� 10�10 m [This work]
atomic volume vaat ¼ 1:202� 10�29 m3

diffusion coeff. D0 [m2.s�1] Q [kJ.mol�1]
Yttrium 1� 10�5 299 [18]
Yttrium 1� 10�7 260 [This work]
titanium 0.21 293 [50]
oxygen 3� 10�5 139 [51,52]
bcc Y2O3

atomic volume solubility product vY2O3
at ¼ 1:49� 10�29 m3 [This work]
logðKSÞ ¼ �20000

T � 4
interfacial energy gY2O3 ¼ 0:35 J.m�2 TEM [15]

gY2O3 ¼ 0:60 J.m�2 [This work]
Pyrochlore type Y2Ti2O7

atomic volume
solubility product

vY2Ti2O7
at ¼ 9:9� 10�30 m3 [This work]
logðKSÞ ¼ �19000

T � 25
interfacial energy gY2Ti2O7 ¼ 0:25 J.m�2 TEM [15]

gY2Ti2O7 ¼ 0:48 J.m�2 [This work]

Table 4
Composition of Y, Ti and O, treatments and resulting precipitate states of Ti-free ODS steels used for comparison with the numerical results.

Cr Y O Ti Treatment Rm [nm] Np [m�3] Ref.

(wt%/at%) 18/19.2 0.24/0.15 0.06/0.22 0 850 �C - 1 h 1.5 9.1 � 1023 [53]
1100 �C - 1 h 6 9.0 � 1021

(wt%/at%) 13.9/15 0.21/0.13 0.05/0.18 0 HIP 850 �C -3 h 1.43 1.1 � 1024 [29]
HIP 1100 �C - 3 h 5.39 7.9 � 1021

X. Boulnat et al. / Acta Materialia 107 (2016) 390e403 399
Fig. 11 describes the temporal evolution of the mean radius
and the number density of Y2O3 during non-isothermal treat-
ments simulating the HIP process usually made on the milled
powder with composition recalled in Table 4. The HIP cycle
chosen here consists of a heating at 20 K.min�1 up to the
consolidation temperature and then a soaking stage of 3 h [29].
In order to illustrate the influence of the interfacial energy on the
precipitation, the figure reports the precipitation kinetics with
four different interfacial energies, from 0.3 to 0.6 J m�2. Within
the temperature range, the nucleation of Y2O3 is rapidly ach-
ieved, mainly during the heating stage of the HIP cycle. Then, the
mean radius increases whereas the number density decreases,
which corresponds to the coarsening stage. Based on these re-
sults, the nucleation of Y2O3 seems to be completed before that
the maximum temperature is reached. Thus, coarsening occurs
early during the consolidation at the maximum temperature,
from 850 �C to 1150 �C. The mean radius of Y2O3 after HIP is well
reproduced at 850 �C but slightly differs from SANS results at
1000 and 1100 �C since the simulated mean radius is
overestimated.

Fig. 12 describes the temporal evolution of the simulated mean
radius and number density of Y2O3 and the comparison of pub-
lished experimental data of the same composition from Ratti et al.
[54]. The simulation also reproduces consistent results at 850 �C
but slightly underestimates the mean radius observed by SANS at
1100 �C. Since at 1000 �C and 1100 �C the mean radius of Y2O3 after
Alinger and Hin is at the contrary overestimated, one can conclude
that there is no biased tendency of the model to underestimate/
overestimate the coarsening behavior of Y2O3. Instead, the nu-
merical results are in very good agreement with the experimental
data from SANS. The interfacial energy giving rise to the best match
between experiments and simulations is gY2O3

¼ 0.6 J m�2, which is
higher than those from either Hin (0.4 J m�2) or Ribis (0.35 J m�2)
but this is still consistent with semi-coherent particles. However,
the interfacial energy used in this study can be considered as the
parameter that takes into account any evolution in morphology,
misfit energy and relationship effect of the precipitates with
regards to thematrix. As such, the absolute value cannot be directly
compared to assumed experimental value or purely thermody-
namic calculation.

4.2.3. Precipitation of Y2Ti2O7

The simulated precipitation behavior of Y2Ti2O7 during HIPing is
represented in Fig. 13. The kinetics is quite similar to that of Y2O3
since it is governed by the diffusion of yttrium (Fig. 11). The main
difference is the higher number density for Y2Ti2O7 compared to
Y2O3, which can be explained by the larger solute content available
for the precipitation of Y2Ti2O7 (see Table 5).

Also, the thermal stability of the oxides was assessed using the
model. The annealing treatments were taken from Miao et al. [55]
who performed annealing treatments for very long time (3000 h)
on an extruded ferritic steel. Fig. 14 reports the precipitation
behavior during successive hot extrusion and annealing at either
900, 950 or 1000 �C for 3000 h. At long annealing treatments, the
model slightly anticipates the coarsening stage compared to what
was observed by Miao et al.

In order to assess the model for rapid non-isothermal treat-
ments, the present model was applied to the precipitation kinetics
during SPS consolidation. Fig. 15 shows the comparison between
experimental data collected by SANS, ATP and TEM and numerical
data from the model. Given the scattered experimental data of the
mean radius and the number density, the numerical results are
acceptable. However, it seems to accentuate the effect of the tem-
perature on the coarsening behavior because the difference in the
number density between SPS850 �C and SPS1100 �C is higher than
that observed experimentally.

The GibbseThomson effect was applied assuming a spherical
shape of the precipitates, which may not be fully accurate. Indeed,



Fig. 11. Time evolution (linear scale) of simulated mean radius and number density of Y2O3 particles during non-isothermal HIPing at (aeb) 850 �C, (ced) 1000 �C, (eef) 1100 �C.
SANS data from Alinger et al. [29,30] and [47].
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Ribis showed that a deviation from spherical into ellipsoidal or
cuboidal shape occurred upon annealing at high temperature,
which was even confirmed during rapid consolidation by the pre-
sent study. In this context, the coarsening kinetics would be
impacted, which may explain the difference in coarsening kinetics
between experimental and numerical results.

5. Conclusions

The precipitation kinetics of Y2O3 and Y2Ti2O7 from a super-
saturated solid solution of yttrium, oxygen and titanium during
non-isothermal treatments similar to industrial high-temperature
consolidation was simulated. Despite of strong assumptions (ho-
mogeneous nucleation, stoichiometric phases, etc), the model gave
rise to interesting results. Since the driving force is dependent on
the level of saturation in the solid solution (chemical composition),
the readership must keep in mind that the present results are not
directly applicable to any alloy and further calculations must be
made with the proper chemical composition and the suitable
thermal treatment.

A new expression of the diffusion coefficient of yttrium in ferrite
was proposed. First, the nucleation was achieved during the heat-
ing stage of the non-isothermal treatment, nearly 600 �C. This early
nucleation is in very good agreement with the literature and with
the actual precipitation state within the ODS SPSed in a few mi-
nutes at 850 �C and 1100 �C. The simulations reproduce the pre-
cipitation kinetics during non-isothermal treatments in the
temperature range of typical consolidation cycles (from 850 �C to
1100 �C).

The model also predicts the thermal stability of Y2O3 and
Y2Ti2O7 but seems to overestimates the coarsening stage compared
to the published experimental data. The number density from the
simulation is higher than that measured on SPSed ODS steels. This
can be explained by the assumption of a unique and stoichiometric
phase in the simulation whereas in the reality the particles may
observe variation in the composition, not only in yttrium, titanium



Fig. 12. Time evolution (linear scale) of simulated Mean radius and number density of Y2O3 particles during non-isothermal pressure-free heat treatments at (aeb) 850 �C and (ced)
1100 �C. SANS data are from Ratti et al. [53,54].

Fig. 13. Time evolution (linear scale) of simulated Mean Radius and Number Density of Y2Ti2O7 particles during non-isothermal heat treatments at (aeb) 850 �C, 1000 �C and
1100 �C. SANS data are from Alinger et al. [29,30].

Table 5
Composition of Y, Ti and O, heat treatments and resulting precipitate states of ODS steels used for comparison with the numerical results.

Cr Y O Ti Treatment Rm [nm] Np [m�3] Ref.

(wt%/at%) 13.9/15 0.21/0.13 0.05/0.18 0.4/0.4 HIP 850 �C -3 h 1.25 2.57 � 1024 [29]
HIP 1000 �C - 3 h 1.53 8.5 � 1023

HIP 1100 �C - 3 h 1.71 3.02 � 1023
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and oxygen but also in the enrichment in other solutes like
 aluminum, silicon or chromium. The latter has been located in



Fig. 14. Time evolution of simulated Mean radius and Number Density of Y2Ti2O7 particles. The inset focuses on the mean radius evolution during extrusion. Experimental values
after [55].

Fig. 15. Time evolution of simulated Mean radius and Number Density of Y2Ti2O7 particles compared to experimental data from TEM (circle), SANS (star) and APT (cross).
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nanosized particles [56] or under the form of a shell surrounding
the particles [8]. This deviation is probably emphasized in SPSed
ODS steels compared to HIPed materials because SPS gives rise to
very rapid treatments during which particles may have no time to
reach their equilibrium state. Hence, the assumption of stoichio-
metric particles instead of probable far-from-equilibrium nano-
clusters is most likely not applicable. Also, the excess vacancies
were neglected, in terms of both diffusion and atomic volume of the
’compound’. The latter have been reported to play a role on the
nanoparticles stability [14]. Most importantly, the effect of
morphological change upon heating was not taken into account in
the present model. The modification of the GibbseThomson effect
due to morphological variations on their effect on the coarsening
kinetics will be discussed in a future article.
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