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a b s t r a c t

The solubility product of Y2O3 in ferrite and the diffusion coefficient of yttrium in ferrite have been
obtained by fitting a model based on the classical nucleation–growth–coarsening theory of precipitation,
as adapted to an anisothermal heat treatment, to experimental small angle neutron scattering results of
Y2O3 precipitate size distributions in a mechanically alloyed and consolidated Fe–15 at.%Cr–0.13 at.%Y–
0.18 at.%O ferritic alloy. This precipitation model is coupled to a dispersed barrier model of structural
hardening to predict the yield strength of the alloys as a function of heat treatment. The resulting model
and thermodynamic/kinetic properties are then applied to better understand how the precipitation kinet-
ics impact the yield stress in various anisothermal heat treatments, as compared to an isothermal heat
treatment. The modeling results clearly indicate that the anisothermal heat treatments can be tailored
to establish a higher density and a smaller size distribution of Y2O3 precipitates, which also increase
the yield stress.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Advanced ferritic alloys containing a very high number density
of embedded nanoscale Y–Ti–O precipitate clusters, which are an
improved variant of conventional oxide dispersion strengthened
(ODS) alloys, are attractive for future high temperature energy pro-
duction technologies. These advanced ferritic alloys are known for
improved creep resistance at high temperatures compared to other
ODS alloys, and may provide a potent trap for the insoluble helium
produced by transmutation reactions in future fusion energy pro-
duction [1–5]. A key characteristic of these advanced, nanoscale
ferritic alloys (NFAs) compared to more conventional ODS alloys,
is the observation of Ti within the Y–Ti–O nanoscale precipitate
clusters, which is believed responsible for the improved high tem-
perature strength and stability of these alloys, as reviewed recently
by Odette and co-workers [6]. These alloys are currently under
development in the United States and Europe [7–16], as well as
in Japan [17–22].

However many questions still exist as to how the formation,
structure, and thermal stability of these Y–Ti–O nanoparticles af-
fect the optimal processing method and their performance in ex-
treme environments, in addition to asses their promise for
radiation resistance in nuclear environments [6]. It is thus neces-
sary to understand the kinetics of precipitation after both the
ll rights reserved.
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mechanical alloying and the thermo-mechanical consolidation
treatment, which involves in this study an anisothermal heat treat-
ment induced by the consolidation by HIP. As a first stage in devel-
oping understanding of the nanocluster precipitation kinetics, we
will describe here the use of classical nucleation–growth–coarsen-
ing theory to describe the precipitation kinetics of Y2O3 in ferritic
alloys. These models can later be extended to the more compli-
cated situation of the Y–Ti–O nanoclusters in NFA.

The classical nucleation–growth–coarsening theory based on
the model of Langer and Schwartz [23] and modified by Kamp-
mann and Wagner [24] provides an understanding of the kinetics
of precipitation in super-saturated alloys. The precipitation kinet-
ics of a metastable solid solution can be divided into three different
stages: namely, nucleation (N), growth (G) and coarsening (C) of
nuclei of the new stable phase. However, it is well known that
these different NGC kinetic regimes usually overlap and have been
integrated in unified models to study isothermal kinetics of homo-
geneous [25–27] and heterogeneous [28,29] precipitations, or non-
isothermal kinetics of homogeneous precipitation [30–33]. Kinet-
ics of homogeneous precipitation during welding has also been ex-
plored [34,35]. As well, some NGC models have also been coupled
to models of structural hardening to predict the materials yield
stress [27,28,31,34], as has also been done in the current study.

The key physical parameters of classical NGC theory are the
interfacial free energies, the solubility product, and the diffusion
coefficient. Since these parameters are very difficult to estimate di-
rectly from experiments in multi-component systems, especially
those prone to impurity contamination, there is a lack of reliable
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experimental data on these quantities in the complex Fe–Cr–Y–Ti–
O alloy system.

One goal of this study is to provide an estimate of these key
parameters in ternary Fe–Y–O alloys by comparing model predic-
tions to experimental measurements of Y2O3 precipitate evolution
in an Fe–15 at.%Cr or Fe–15 at.%Cr–0.8 at.%W ferrite matrix [36];
and then to understand the effect of anisothermal heat treatment
on the density and the size of these nanometer-sized precipitates.
Starting from this microstructural evolution, the link will be made
with the precipitation hardening. The results of this work provide
the foundation for further study to investigate the kinetic precipi-
tation pathway in quaternary Fe–Ti–Y–O alloys.

In the next section, the conditions used to obtain experimental
data in the work of Alinger are first discussed [36]. Then, a numer-
ical model based on the classical NGC theory and adapted to the
case of anisothermal heat treatment will describe quantitatively
the various relevant parameters of the precipitation process, such
as the mean precipitate radius or the number density, which can
be compared to the various situations explored experimentally
by Alinger [36]. The NGC model has been coupled with a model
for precipitation hardening, which considers the transition be-
tween precipitate shearing and Orowan looping for dislocation
detachment, which is based on the work by several groups
[27,30,37–39]. For an average precipitate radius smaller than a
transition radius, the precipitates are assumed sheared by disloca-
tions. Otherwise, the precipitates are by-passed by Orowan loop-
ing. In the case of nanostructured ODS alloys, the dislocation
interaction and bypass mechanism is not the same. For small oxide
particle sizes, precipitates are sheared. However, when precipitates
grow and lose their coherency, a model for the effect of an attrac-
tive interaction between dislocation and oxides (considered as a
hard sphere particle) on the process of dislocations by-passed by
local climb was developed [40–42]. This model is explained in Sec-
tion 3. Section 4 is devoted to discussing the effect of the heating
rate in anisothermal heat treatments, and comparison of the pre-
cipitation kinetics between anisothermal and isothermal heat
treatments, and this represents a significant extension of the cur-
rent model compared to studies in the literature. The model will
also be used to evaluate the role of different levels of Y and O
supersaturations on the precipitation kinetics during anisothermal
heat treatment. Finally, the influence of the different microstruc-
tures of precipitation on the micro-hardness obtained during dif-
ferent heat treatment history and alloy compositions will be
analyzed.
2. Determination of the solubility product

2.1. Experimental study

Many experimental studies have investigated the formation of a
high density, and apparently coherent, nm-sized Y–O–Ti precipi-
tate clusters produced by mechanically alloying Fe–Cr–Ti powders
with Y2O3 followed by hot consolidation [1–5,36,43]. The work of
Alinger [36] included a study of Y2O3 precipitation in Fe–Cr alloys,
without the inclusion of titanium, which can be used to obtain an
approximation of both the solubility product of Y2O3 and the diffu-
sion coefficient of yttrium in ferrite.

In Ref. [36], mechanical alloying was used to incorporate Y2O3

powders within a ferrite matrix formed from Fe–15 at.%Cr or Fe–
15 at.%Cr–0.8 at.%W powders. The mechanical alloying process is
highly non-equilibrium, with large levels of plastic deformation
added to the powders. It is relatively well established that the
mechanical alloying process involves significant work hardening
and ultimate fracture of the powders that results in grain size
reductions, increases the dislocation density and incorporates
super-saturated levels of nearly insoluble elements. The mechani-
cal alloying procedure of Alinger [36] utilized an approximately 8 h
mixing in a SPEX 80000 attritor mill, during which the yttrium and
oxygen are absorbed into highly super-saturated solution in the
FeCr ferrite matrix [36]. Alinger et al. [6,36,44] then used hot iso-
static pressing (HIP) to consolidate the powders with an isotropic
pressure of 200 MPa, and various anisothermal heating profiles
with temperature plateau’s of 1125 and 1425 K and a hold-time
of 3 h. The heating rate was generally 0.33 K/s, while the cool down
rate was approximately 0.25 K/s [36]. Small angle neutron scatter-
ing (SANS) was used to determine the average Y2O3 precipitate
size, number density and volume fraction [36].

To summarize the experimental data of Alinger [36], the SANS
measurements for different alloys composition are provided in
Table 1. Thus, anisothermal HIP treatment with a plateau at
1125 K produces many small precipitates, while the higher tem-
perature anisothermal HIP treatment produces significantly fewer,
but larger precipitates, in which it is tempting to conclude that the
precipitation kinetics has already entered the coarsening stage.
Furthermore, the amount of W in the alloys does not appear to
influence the density and radius of precipitates. All these data will
be compared to the model predictions.
2.2. Mathematical modeling

2.2.1. Model assumptions
The homogeneous anisothermal precipitation model developed

is partly based on the work of Langer and Schwartz [23], as modi-
fied by Kampmann and Wagner (MLS) [24]. The three different
NGC stages are treated simultaneously, assuming that precipitates
with a radius smaller than the critical radius dissolve. At each time
step, the nucleation and growth/dissolution equations are simulta-
neously treated, ensuring coarsening of the precipitates driven by
the Gibbs–Thomson effect [45]. This algorithm allows precipitation
at any time within the time–temperature history of any possible
heat treatment (e.g. in our case, an anisothermal aging).

In order to keep the model at a reasonable level of simplicity
and number of parameters, some significant simplifications have
been made:

– the stoichiometric Y2O3 phase is the only precipitate phase and
Cr is not involved in the Y2O3 precipitation kinetics;

– the precipitates are spherical and do not induce a strain field in
the matrix;

– there is no interaction between precipitates;
– the precipitate/matrix interfacial energy depends on neither

temperature nor the precipitate size. In Ref. [46], the authors
note that this assumption becomes valid only for precipitate
sizes larger than 20 atoms;

– the interfacial condition is based on the assumption of local
equilibrium, namely that the concentration at the precipitate/
matrix interface is given by the phase diagram (e.g. the solubil-
ity product) corrected by the interface curvature [45];

– the precipitate growth is limited by monomer diffusivity. The
low diffusivity of yttrium is found to be limiting for all stages
of precipitation in the Fe–Y–O alloy system. Whereas, the oxy-
gen atoms are at thermodynamic equilibrium to uniquely
ensure the stoichiometry of the Y2O3 precipitate; and that

– the concentration profile around the precipitates is stationary.

2.2.2. Thermodynamics of the model
Using an ideal solution model, the activities of the elements in

solid solution can be approximately proportional to their atomic
fractions. Assuming that the oxidation reaction can be written as
2Y + 3O ? Y2O3, the driving force for precipitation at any given



Table 1
SANS results for different ODS alloy compositions and different anisothermal heat treatment.

Alloy Alloy elements (at.%) Milling technique Process Consolidation temperature (K) Precipitate radius (nm) Precipitate density (m�3)

Cr Ti W Y O

U14Y 15 – – 0.13 0.18 SPEX HIP 1125 1.37 0.94 � 1024

U14Y 15 – – 0.13 0.18 SPEX HIP 1425 4.88 0.13 � 1023

U14YW 15 – 0.8 0.13 0.18 SPEX HIP 1125 1.43 0.11 � 1025

U14YW 15 – 0.8 0.13 0.18 SPEX HIP 1425 5.39 0.79 � 1022

014Y 15 – – 0.13 0.18 Attritor HIP 1125 1.37 0.69 � 1024

014Y 15 – – 0.13 0.18 Attritor HIP 1275 1.49 0.44 � 1024
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time and temperature within the anisothermal heat treatment can
then be derived as:

Dg ¼ � kT
VY2O3

ln
X3

O � XY2

KY2O3

 !
¼ � kT

VY2O3

ln SY2O3 ; ð1Þ

where VY2O3 is the atomic volume, XO and XY are the atomic frac-
tions of oxygen and yttrium in the bulk, respectively, KY2O3 is the
solubility product of Y2O3 in ferrite, and SY2O3 is the supersaturation
of the solid solution with respect to Y2O3 precipitation. The solubil-
ity product corresponding to pure homogeneous nucleation is un-
known. Thus this parameter has been considered adjustable for
the nucleation of Y2O3 precipitates in ferrite.

From the thermodynamic driving force, the critical radius R* of a
nuclei at a given matrix concentration of yttrium and oxygen can
be derived as:

R� ¼ � 2c
Dg
¼ R0

ln SY2O3

with R0 ¼ �
2cVY2O3

kT
; ð2Þ

where c is the interface free energy between the Y2O3 precipitates
and the matrix.

The nucleation barrier can then be described as:

DG� ¼ 16
3

p
c3

Dg2 ¼
DG0

ðln SY2O3 Þ
2 with DG0 ¼

4
3
pR2

0c: ð3Þ

Here DG* is the energy barrier that must be crossed for a sub-
critical nucleus to grow.

2.2.3. Nucleation, growth and coarsening
2.2.3.1. Nucleation. The nucleation rate is taken as that previously
derived by Christian [47]:

dNn

dt
¼ N0Zb� exp �DG�

kT

� �
1� exp � t

s

� �� �
: ð4Þ

Here, Nn is the precipitate density, N0 is the number of available
nucleation sites per unit volume (=1/VFe), Z is the Zeldovitch factor
that describes size fluctuations of precipitates around R* and b* is
the condensation rate for clusters of a critical size. Assuming that
the limiting step of the adsorption is the last atomic jump of the
solute atom from the matrix toward the surface of the precipitate
of critical size, the condensation rate is given by:

b� ¼ 4pR�2DX
a4

Fe

: ð5Þ

Assuming that yttrium is the slowest diffusing species leads to
the use of X = XY and D = DY. Finally, the incubation time, s, can be
written as:

s ¼ 1
2b�Z

: ð6Þ
2.2.3.2. Growth and coarsening. In the later stages of precipitation,
the nucleation rate in the solid solution progressively decreases
as the level of super saturation decreases, and the alloy experiences
a combination of growth and coarsening. Correspondingly, the evo-
lution of the precipitate radius is given by:

dR
dt
¼ D

R

X
VFe
� Xi

VFe

Xpp

VY2O3
� Xi

VFe

¼ D
R

X � Xi

Xpp

VY2O3
� Xi

: ð7Þ

To evaluate Xi (the atomic fraction at the precipitate/matrix
interface), the local equilibrium assumption is used and stipules
that Xi3

O � Xi2
Y at the precipitate/matrix interface is equal to the sol-

ubility product KY2O3 . As we take into account the curvature effect,
the solubility product becomes:

KY2O3 ðRÞ ¼ KY2O3 exp
R0

R

� �
: ð8Þ

This NGC model reduces to a set of three equations with three
unknowns (dR/dt), Xi

O and Xi
Y, which can be solved numerically.

These equations are:

dR
dt
¼ DY

R

XY�X
Yi

X
Ypp VFe

VY2O3
�X

Yi

¼ DO

R
XO � Xi

O

Xpp
O

VFe
VY2O3

� Xi
O

Xi2
Y � Xi3

O

¼ KS exp
R0

R

� �
: ð9Þ

To treat the coarsening stage, it is assumed that coarsening is
completely included in the growth stage. Because the Gibbs–
Thomson effect is included in Eq. (9), the dissolution of the smaller
precipitates is assured. Furthermore, precipitates with a radius
smaller than the critical radius dissolve. Finally, since the concen-
tration of solute atoms in the bulk is recalculated at each time step
by performing a global solute balance that subtracts the quantity of
solute atoms contained in the Y2O3 stoichiometric precipitates
from the initial solute concentration, the total concentration in sol-
ute atoms is conserved.

2.2.4. Numerical solution of the model
The numerical method used to solve the NGC equations is a

‘‘size class model”. It allows us to solve a variable number of inde-
pendent differential equations, giving the nucleation rates and the
growth of each precipitate class at each time step.

Thus at each time t, Nclasses(t) classes of particles of volume den-
sity Ni(t) are associated with particles of radius Ri(t) with
i 2 ½1;NclassesðtÞ�. A set of differential equations is then solved using
the finite difference method with an elementary time step Dt: (i)
the nucleation equation provides the number DN of sub-critical
nuclei per unit volume during Dt, and (ii) Nclasses(t) of growth equa-
tions provide the radius variation DRi of each class i of particles
during Dt. After each step, the temperature can be adjusted to ac-
count for anisothermal heat treatments. The temperature is in-
creased by 0.33 K/s, as was followed in the HIPing procedure of
Alinger [36]. A very small elementary time step (e.g. Dt = 0.05 s)
is chosen to ensure a quasi-continuous description.

A new class of precipitates is added whenever DN is higher than
a given fraction of the total precipitate density, which we have cho-
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sen to be 10�8. This procedure avoids having precipitate size clas-
ses that contain too high of a number density. A size class of pre-
cipitates is removed when the radius becomes less than 1/10 of
the critical radius.

2.2.5. Parameters fit to the model
The key parameters of this model are the interface energy,

the diffusion coefficient of yttrium in ferrite, and the solubility
product KS as a function of temperature. KS is assumed to follow
the form:

ln KY2O3 ¼ �
A
T
þ B: ð10Þ
Model 1123K
Model 1273K
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Fig. 1. Comparison between experimental data summarize in Table 1 and the
theoretical model of the evolution of the density (a) and size (b) of precipitates, and
(c) yield stress as a function of time for the different anisothermal heat treatments
given in (d). The alloy compositions are given in Table 1. The temperature varies
from 1125 K to 1425 K.
Because there is no experimental data available on these
parameters, they have been treated as adjustable parameters with-
in our NGC model to fit the experimental data of Alinger [36]. The
resulting model predictions are presented in Fig. 1 and compared
to the available data of Alinger [36]. As shown in Fig. 1, a satisfac-
tory agreement has been obtained for a temperature heating rate
of 0.33 K/s with a hold temperature of either 1125 or 1275 or
1425 K in an Fe–0.13 at.%Y–0.18 at.%O alloy by choosing:

A ¼ 29;200 K
B ¼ 1:33
c ¼ 0:4 J m�2

DFe
Y ¼ 1� 10�5 exp � 3:25

kT

� �
m2 s�1

: ð11Þ

The interface energy is low but on the same order of magnitude
as that found in the literature for incoherent and semi-coherent
interfaces (between 0.3 and 2.5 J m�2) [48]. The solubility product
is also weak. The decreased solubility product and the low diffu-
sion coefficient have the effect of accelerating the nucleation and
the growth stage, and slowing down the coarsening stage of the
Y2O3 precipitation kinetics.

Since there are few experimental data points, many sets of
parameters were tested. All of them required a low solubility limit
and a small diffusion coefficient to match the experimental data.
Nevertheless, we have three adjustable parameters and five data
points, which should be enough to provide a qualitative
estimation.
3. Precipitation hardening modeling

The aim of this model is to describe the complete aging se-
quence during an anisothermal heat treatment and therefore the
transition between shearing and by-passing of nanoparticles,
which controls the peak strength of the material along with the
interparticle spacing. The ultra high density of nanoclusters is the
major source of dispersed obstacle hardening. Many other contri-
butions must be included to accurately represent the yield
strength. These include: (1) the contribution to strengthening in
an unalloyed polycrystalline iron matrix including minor impuri-
ties, (2) the intrinsic lattice resistance to dislocation slip, (3) the
high dislocation density, and (4) the fine grain size. The details of
these different contributions are summarized in this sub-section:

– as estimated in [36], the unalloyed Fe offers a contribution rU of
125 MPa at ambient temperature and the contribution rI of the
impurities in solid solution for a concentration of 15 at.%Cr and
0.8 at.%W contribute 250 MPa;

– the forest hardening contribution to the flow stress is given by:

rFD ¼ MaGb
ffiffiffiffi
q
p

; ð12Þ

where a is a material dependent constant between 0.15 and 0.5
[49], M is the Taylor factor equal to 3.06, G is the shear modulus
equal to 80 GPa, b is the Burgers vector (taken to be equal to about
2.5 � 10�10 m) and q is the dislocation density. It is ranged from
1013 m�2 (for fully recrystallized nano-structured ferritic alloys) to
3 � 1015 m�2 (for as-milled powders). We took an average value
equal to 5 � 1014 m�2.

– the contribution of the grain size is taken to be equal to:

rGS ¼
kgffiffiffiffiffi
dg

p ; ð13Þ

where kg is the Hall–Petch factor estimated to 0.2 MPa and dg is the
grain size. Depending on the anisothermal heat treatment history, it
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is ranged from 0.5 � 10�6 to 50 � 10�6 m. We took an average value
equal to 1 � 10�7 m.

– the contribution of the dispersed obstacles depends on the dis-
location interaction and bypass mechanism. When oxide pre-
cipitates are coherent with the ferritic matrix and the applied
strain is sufficient [50], precipitates are sheared by dislocations.
Otherwise, the mechanisms are likely much more complex.
According to Refs. [40–42], the line tension of the dislocation
around an oxide nanoparticle is totally or partially relaxed.
The dislocation is pinned and a constraint is required for dislo-
cation motion. When the limiting mechanism is the climb of the
dislocation, the critical constraint is proportional to the Orowan
stress. It depends on both the interparticle distance k and the
size of the particle r. Note that if the interparticle distance 2k
is much higher than the radius r of the oxide particles, the Oro-
wan stress only depends on 1/k. When the limiting mechanism
is the detachment of the dislocation, the critical constraint is
inversely proportional to k and does not depend on the size of
the particle. Thus, the yield stress seems strongly to depend
on the interparticle distance as well as the radius of the particle.
Transmission Electronic Microscopic studies [51] seem to sup-
port these conclusions.

The model used in this study for the contribution from the pre-
cipitates to the yield stress is derived from Orowan hardening
models, based on the bypass mechanism for hard obstacles [40–
42]. This has been treated in detail previously; see Ref. [36]. The
contribution from the precipitates to the flow stress can be ex-
pressed as:

rP ¼ 0:8MTtransðrÞ
Gb
Sp
; ð14Þ

where Sp is the particle spacing in the glide plane depending on the
average size r of the obstacles and the volume fraction fv:

Sp � 1:18rffiffiffiffi
fv

p � 0:81r: ð15Þ

Finally, Ttrans(r) is the strength factor that may depends on the
obstacle size. It has been fitted to experimental yield stress mea-
surements by Alinger [36] and is given by:

TtransðrÞ ¼ �0:017þ 0:374 ln
r

2b

	 

: ð16Þ

Full details of the fit can be found in Chapter 6 (Section 6.5) in
Ref. [36]. This strength scaling is the same as for the lnðrbÞ

2p term in
Orowan hardening models, based on the bypass mechanism for
hard obstacles, and is rationalized from attractive dipole interac-
tions between highly bowed dislocation segments. Taking
b = 2.5 � 10�10 m, we have two different cases; if r < 5� 10�10

expð0:0026738ð17þ 1000 T transÞÞ; then the precipitates are
sheared by the dislocation, otherwise the dislocation bypass the
precipitates by Orowan looping.

Finally, the contributions of the yield stress ry are assumed to
sum linearly, and thus, the yield strength can be expressed as:

ry ¼ ru þ ri þ rFD þ rGS þ rP: ð17Þ
4. Numerical model results

This section is devoted to understanding the precipitation
kinetics for alternate time–temperature histories associated with
either anisothermal or isothermal heat treatment, using the set
of parameters fit to the experimental data of Alinger [36]. All the
anisothermal heat treatments start at 600 K. Bellow this tempera-
ture, the diffusion coefficients of the different species are too small
to observe an influence on the precipitation kinetics.

Results for different anisothermal heat treatments will first be
analyzed, and then the role of the anisothermal versus isothermal
heat treatments on the density and size of the precipitates will be
discussed. A final section will discuss the effect of different yttrium
and oxygen supersaturations on the Y2O3 precipitation kinetics. In
each case, the yield stress will be determined and analyzed as a
function of precipitate density and size.

4.1. Density of precipitates and average radius: comparison between
SANS experimental data and numerical model

Anisothermal heat treatments were performed with a tempera-
ture ramp of 0.33 K/s up to 1125 K (case 1), 1273 K (case 2) and
1425 K (case 3) for an Fe–0.13 at.%Y–0.18 at.%O alloy. The model-
ing results are presented in Fig. 1, in which the precipitate number
density, average radius, and yield stress are shown as a function of
time, along with the temperature history for each case.

In Fig. 1a, corresponding to case 1, the density of precipitates in-
creases during the ramp rise up to the temperature plateau at
1125 K, where it continues to increase to a density approaching
1 � 1024 m�3. The average precipitate radius (Fig. 1b) and the yield
stress (Fig. 1c) also increase during the temperature ramp. Then,
the precipitate density slowly decreases (8 � 1023 m�3). This is
consistent with a transition of the precipitation kinetics to the
growth and coarsening stage. The average radius is about 1 nm,
as shown in Fig. 1b. However, the coarsening stage evolves very
slowly. It seems to be frustrated due to the weak solubility product
and the small diffusion coefficient. Since both precipitate size and
density evolve very slowly, the interparticle spacing evolves simi-
larly. This means that the yield stress exhibits a plateau. The peak
resulting from the shearing to Orowan looping bypass transition is
not observed in this case.

For the second and the third heat treatment cases, which have
higher temperature plateaus, the modeling predictions of the pre-
cipitation kinetics are indeed different. The precipitate number
density increases only during the initial part of the temperature
ramp (up to 1150 K) and then begins to decrease more rapidly dur-
ing the anisothermal heat treatment. The yield stress exhibits the
same behavior, namely that the strength increases only during
the first part of the temperature ramp. Since the driving force for
precipitation is a function of temperature, the higher temperature
lowers the driving force. Moreover, with increasing temperature,
both oxygen and yttrium have higher diffusion coefficients in the
ferrite. Both favor a lower density of precipitates as a result of a
more rapid transition to coarsening mediated growth (Fig. 1a) with
increasing consolidation temperature. The coarsening stage
evolves faster in both cases 2 and 3 than in case 1. The interparticle
spacing of the oxide particles increase as the coarsening stage
evolves. In both cases, a transition from dislocation bypass by
shearing to one of Orowan looping is predicted. In the third case,
the transition is more pronounced than in the second case.

After 25,000 s (�7 h) of heat treatment, the average precipitate
radius in case 2 is twice that in case 1, and the number density of
precipitates is around four times lower. For the heat treatment of
case 3, the system has clearly reached the coarsening stage after
25,000 s. The precipitate number density is approximately 400
times less than compared to case 1, while the average radius is
eight times larger in case 3 than in case 1. The difference in the
yield strength between cases 1 and 3 is about 1.2. However, this
difference in ratio is only observed at longer times. For the short-
time, the yield stress predicted for cases 2 and 3 are of the same
order of magnitude as the yield stress of case 1. Thus, many aniso-
thermal heat treatments can give the same yield stress: they de-
pend on the kinetic paths of precipitation. Note that the
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predicted yield strengths are in the range between 1500 and
2000 MPa. These values are very consistent with the experimental
data of Alinger [36], notably for the U14Y alloys where yield stres-
ses have been experimentally determined, although there are a
large number of assumptions inherent in the strength prediction.

4.2. Effect of temperature heating rate on precipitation kinetics

Model calculations were performed to investigate the effect of
heating rate on the Y2O3 precipitation kinetics. Heating rates equal
to 0.25 K/s, 0.33 K/s and 0.41 K/s have been modeled up to 1125 K
(Fig. 2) or 1425 K (Fig. 3), and compared with an isothermal heat
treatment at 1125 K (Fig. 2) or 1425 K (Fig. 3) for the Fe–
0.13 at.%Y–0.18 at.%O alloy. Again, the precipitate number density
and average radius, and the yield stress are plotted as a function
of time.
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Fig. 2. Evolution of the density (a) and the size (b) of precipitates, and (c) the yield
stress as a function of time during different anisothermal heat treatment depending
on the speed of the temperature ramp (d). The alloy composition is Fe–0.13 at.%Y–
0.18 at.%O and the temperature is 1125 K.
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stress as a function of time during different anisothermal heat treatments and
different temperature ramp speeds (d). The alloy composition is Fe–0.13 at.%Y–
0.18 at.%O and the temperature is 1425 K.
In Fig. 2a, it is clear that the precipitate density increases with
higher heating rates. However, this effect appears short-lived, since
after 750 s, all the precipitate densities are approximately the same
regardless of the temperature ramp; the average radii and the yield
stress show similar behavior (Fig. 2b and c). As explained in the
previous section, the peak resulting from the shearing to Orowan
looping transition is not predicted to occur for the anisothermal
heat treatment with a plateau at 1125 K.

Comparing the anisothermal to the isothermal heat treatment,
the precipitate density initially increases much more rapidly for
the isothermal heat treatment at 1125 K, but after 750 s the den-
sity remains lower and the difference between the four cases is
not so significant. Similar behavior is also observed for the average
radius and the yield stress. Thus, it is concluded that even if the ini-
tial time evolutions of the precipitate kinetics are different, the ef-
fect of heating rate is negligible for longer aging times at 1125 K,
although the isothermal heat treatment at 1125 K produces
slightly larger, slightly less numerous precipitates.



0.0004at.
0.001at.
0.0013at.
0.002at.
0.0025at.
0.003at.

(a)

(b)

(c)

(d)

0.0004at.
0.001at.
0.0013at.
0.002at.
0.0025at.
0.003at.

(a)

(b)

D
en

si
ty

 o
f p

re
ci

pi
ta

te
s 

(m
-3

)

0.0004at.
0.001at.
0.0013at.
0.002at.
0.0025at.
0.003at.

R
ad

iu
s 

(m
)

0

300

600

900

1200

Time (s)

Te
m

pe
ra

tu
re

 (K
)

1500

1700

1900

2100

Y
ie

ld
 S

tre
ss

 (M
P

a)

(a)

(b)

0                       1.104 2.104 3.104

0                       1.104 2.104 3.104

0                       1.104 2.104 3.104

0                       1.104 2.104 3.104

5.10-10

1.10-9

2.10-9

0

0

2.10-24

4.10-24

6.10-24

8.10-24
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Fig. 3a shows a similar comparison to investigate the effect of
heating rate for a plateau of temperature at 1425 K. As in the previ-
ous lower temperature case, the precipitate density initially in-
creases faster with increasing heating rate. However, multiple
peaks describing the maximum of precipitate densities appear
(Fig. 3a), which are also observed in the prediction of the maximum
yield stress (Fig. 3c). The maximum of the precipitate density corre-
spondent to the maximum of the yield stress with the condition that
precipitate should have an average radius equal to 2.5 nm (see line in
Fig. 3b). Then, the precipitate densities decrease, while the average
radii increase. The coarsening stage of the Y2O3 precipitates is ob-
served to occur since the plateau temperature is much higher than
in the previous case, and hence the Y atoms diffuse more rapidly.
Since the precipitate density decreases, the interparticle spacing in-
creases. The yield stress then decreases during the coarsening stage,
and correspondingly the model predicts that a shearing to Orowan
looping transition occurs. After 800 s, both the density and radius
of the Y2O3 precipitates, and the yield stress are of the same order
of magnitude, independent of the anisothermal heat treatment.

Concerning the isothermal heat treatment case at 1425 K, the
density of precipitates is always smaller than during an anisother-
mal heat treatment, which is quite different to the case at 1125 K.
For example, after 1000 s, the average radius of precipitates ob-
tained during an isothermal heat treatment is about twice that of
the anisothermal heat treatment, while the density of precipitates
is about 1000 times smaller and the yield stress is 12% lower. Dur-
ing an isothermal heat treatment, the driving force for precipita-
tion is always lower than during an anisothermal heat treatment.
In addition, at the beginning of the thermal heat treatment, the dif-
fusion coefficient is faster during an isothermal heat treatment
than during an anisothermal heat treatment. This means that a
quick nucleation stage is more rapidly followed by the growth
stage. Fig. 3b shows that the precipitate average radius increases
rapidly at short time. After 25,000 s, the precipitate number den-
sity is about 100 times that of the anisothermal heat treatment,
and the average radius is twice as large. However, these significant
differences at the end of the heat treatment have only a moderate
effect on the predicted yield stress, which is only 5% lower. This is
ascribed to the fact that the coarsening decreases the precipitate
density and thereby increases the interparticle spacing, but in-
creases the precipitate size and thereby the obstacle strength due
to the transition in bypass mechanism.

Thus it has been demonstrated that anisothermal heat treat-
ments, by favoring the higher number of smaller precipitates com-
pared to an isothermal heat treatment (especially as the
thermodynamic driving force is decreased), can strongly influence
the size and number distribution of the precipitates and corre-
spondingly, increase the yield stress up to a factor 1.2 (Fig. 3c).

4.3. Effect of Y and O supersaturation on the precipitation kinetics

The model was also used to simulate anisothermal heat treat-
ments for different of Y and O supersaturations with a heating rate
of 0.25 K/s to a plateau of 1125 K. The precipitate number density
and average radius are plotted in Fig. 4 as a function of time. For
the sake of brevity, only the yttrium concentrations are provided
in the caption, whereas the corresponding oxygen concentration
is obtained by multiplying the yttrium concentration by 1.5.

Fig. 4a and b shows that for a yttrium concentration between
0.1 and 0.3 at.%, and corresponding oxygen concentration between
0.15 and 0.45 at.%, the effect of higher concentration is to increase
the precipitate number density and lower the average radius,
thereby enhancing the nucleation rates, as expected.

The yield stress, which depends on the density and precipitate
size, begins to increase as the precipitate number density increases
with a precipitate radius larger than 0.5 nm (Fig. 4c). As in the pre-
vious simulations with a temperature plateau of 1125 K, the pre-
cipitate size remained below the threshold for a transition
between the shearing and Orowan looping mechanism, indepen-
dent of the Y and O super saturations investigated here. Again, it
is believed that the weak solubility product and the low diffusion
coefficient have a similar effect, namely to accelerate the nucle-
ation and early growth stages, but to slow down the subsequent
coarsening of the precipitate distribution.

For the lowest concentration of 0.04 at.%Y and 0.06 at.%O, the
results are completely different. The precipitate density remains
lower than at higher super saturations for all times during the
anisothermal heat treatment. Yet, Fig. 4b shows that the precipi-
tate size increases more slowly than for higher supersaturations.
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This can be explained by the fact that the nucleation–growth
stages are reached more rapidly at higher supersaturations, while
the system is still in a nucleation stage at lower concentrations.
The largest precipitate number density occurs between the highest
and the lowest concentration limits simulated here. After 25,000 s,
the precipitates are about 450 times more numerous for the high-
est concentration of 0.3 at.%Y, as compared to the lower concentra-
tion of 0.04 at.%Y. As well, the average radius is about 1.5 times
smaller, and the yield stress is 35% higher with the higher level
of super saturation.

Similar behavior is observed for the different cases of anisother-
mal heat treatments. We can thus conclude that finer precipitate
size distributions are obtained for cases of higher supersaturations
within the range of heat temperature treatments studied here. The
finer precipitate size distribution also produces the largest strength
increases.
5. Conclusion

The precipitation kinetics of Y2O3 in ferrite has been studied
using a classical precipitate nucleation–growth–coarsening mod-
el, adapted to treat anisothermal heat treatment conditions as
well as to predict the strength using a dispersed barrier harden-
ing model. The key parameters within the model are the solubil-
ity product of Y2O3 in ferrite and the diffusion coefficient of
yttrium atoms in ferrite, which are very difficult to determine
from either experiments or first principles calculations. Thus,
these parameters have been estimated by fitting the model pre-
dictions to experimental small angle neutron scattering results of
Y2O3 precipitate size distributions in a mechanically alloyed and
consolidated Fe–15 at.%Cr–0.13 at.%Y–0.18 at.%O ferritic alloy. The
structural hardening model incorporates both the precipitate size
and number density to predict the yield strength, and includes a
size dependent strength parameter that involves a transition
from precipitate shearing at small size to Orowan looping for lar-
ger precipitates.

It has been demonstrated that anisothermal heat treatment,
by favoring the higher number of smaller precipitates compared
to an isothermal heat treatment, increases the yield stress. We
conclude that, to obtain the highest density of fine precipitates
and consequently the highest yield stress, an anisothermal heat
treatment with a low temperature plateau (e.g. 1125 K) and a
high supersaturation of Y and O are preferred. In this case, the
yield strength can be multiply by a factor 1.35 compared to
the precipitate distribution when the alloy composition has a
lower concentration of Y and Ti during an isothermal heat treat-
ment. Thus, it is important to carefully optimize both the heat
treatment and the alloy composition in order to better control
the kinetic path of precipitation and correspondingly, the result-
ing mechanical strength.
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