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a b s t r a c t

The effects of irradiation on the precipitation behavior of commercial PH 13-8 Mo maraging steel a.k.a.
Corrax are investigated through in-situ ion irradiation. Samples of the alloy in its solution annealed state
are irradiated up to 10 dpa at 573 and 773 K using 1MeV Kr ions, in-situ in a transmission electron
microscope in order to probe irradiation effects on the precipitation usually observed in this alloy under
thermal aging. Indeed, the alloy is known to develop a relatively fine distribution of precipitates during
thermal aging which gives the martensitic alloy its strength. The effects of irradiation are substantiated
by comparing with the same material thermally aged at 773 and 873 K for similar amounts of experi-
mental time. Both radiation and thermal aging induced segregation and precipitation are characterized
using analytical transmission electron microscopy (TEM) techniques.

The diffusion coefficients under irradiation are estimated using the point defect balance equations
based on Rate Theory and then compared with the thermal diffusion coefficients, demonstrating the
accelerated precipitation of b-phase and Laves-phase in the irradiation case at relatively lower tem-
perature is attributed to the radiation-enhanced diffusion. In addition, a numerical model based on
classical precipitate nucleation and growth theories is introduced and shows a relatively good agreement
with the experimental results in terms of precipitate density. This study serves to generate baseline data
on ion irradiation effects on Corrax to learn how this steel responds to irradiation.

© 2018 Elsevier B.V. All rights reserved.
ineering, North Carolina State
5, USA.
1. Introduction

Maraging steels are low-carbon, high strength steels which are
suited for a variety of different applications including aircraft and
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Table 1
Nominal chemical compositions (wt% and at%) of Corrax (heat No. U74620).

Element Fe Cr Ni Al Mo Mn Si C

wt% Bal. 11.9 9.11 1.78 1.36 0.29 0.24 0.029
at% Bal. 12.52 8.49 3.61 0.78 0.29 0.47 0.13
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aerospace industries (e.g. landing gear, helicopter undercarriages
and rocket motor cases) as well as medical and dental equipments
[1e3]. The high strength of this type of steels results from the
formation of nano-sized intermetallic compounds under thermal
aging [4e7]. Depending on the alloying elements added to mar-
aging steels, different intermetallic compounds can form. The for-
mation of hexagonal h-phase (Ni3(Ti,Al)) precipitates in Ti-
containing maraging steels has been reported in literature [8e11].
Another type of precipitate phase, “G-phase” (Ti6Si7Ni16), was
found in Ti-containing maraging steels when additionally alloyed
with Si [6,11,12]. The shape of the h-phase is thought to be rod-like,
while the G-phase shows a spherical morphology. Furthermore, the
spatial distributions of h-phase and G-phase in thermal aged
maraging steels is usually non-uniform [13,14]. Later studies by
Simm et al. [15] et Gray et al. [16] showed large size precipitates,
namely Laves-phase, also existed in (Co, W)-containing maraging
steels. The Laves-phase has a lower number density and a more
irregular shape compared with h-phase and G-phase.

In contrast, the ordered b-phase (Ni,Al), which is formed in PH
13-8 Mo steels containing Ni and Al, exhibits a uniform distribution
within the matrix [6,7,11,17,18]. The b-phase is known to have a B2
(CsCl) super-lattice structure consisting of two interpenetrating
primitive cubic cells, where the Al atoms occupy the cube corners of
the first sub-lattice and the Ni atoms occupy the cube corners of the
second sub-lattice. The lattice constant of the stoichiometric phase
is 0.289 nm [19], which is quite close to the lattice constant of the
Fe-Cr matrix (~0.287 nm [20]). Due to this fact, the b-phase is
coherent with the matrix and has the smallest lattice mismatch
compared with h-phase and G-phase. Such coherent precipitates
with a relatively fine distribution could act as efficient defect sinks
for point defects induced by irradiation. Hence, PH 13-8 Mo mar-
aging steels could be a potential candidate material for nuclear
applications. Unfortunately, the irradiation response of such mar-
aging steels is not very well known. Some recent studies reported
irradiation effects on mechanical properties of PH 13-8 Mo mar-
aging steels [21e25], however, very few studies focused on irradi-
ation effects on the alloy microstructure itself. Van Renterghem
et al. [24] studied the stability of b-phase precipitates in thermally
aged PH 13-8 Mo maraging steel irradiated with neutrons to 2 dpa
at 573 K. Post-irradiation characterization showed that the b-phase
was still present, and the precipitate size did not grow or shrink due
to neutron irradiation. Hofer et al. [25] compared the size and
number density of b-phase precipitates in PH 13-8 Mo maraging
steel before/after proton irradiation to 2 dpa at 273 K. The material
was aged at 773 K for 2 h before irradiation. Therefore, it is not a
surprise that the b-phase was already observed before irradiation
by Atom Probe Tomography (APT). The post-irradiation APT anal-
ysis revealed that the size and number density of the b-phase were
not influenced by proton irradiation. Besides, Hofer et al. [25] also
investigated the effects of proton irradiation at room temperature
on the solution annealed PH 13-8 Mo maraging steel. After 2 dpa
proton irradiation at room temperature, the b-phase was not
observed directly from the 3D reconstructed elemental maps.
However, the frequency distribution analysis detected signs of
decomposition mainly enriched in Ni and Si. Using Rate Theory to
calculate the diffusion coefficients under irradiation, the authors
assumed that the diffusion induced by irradiation was just high
enough to allow decomposition but still too low for a full
precipitation.

So far, for solution annealed PH 13-8 Mo maraging steel, the
effects of irradiation on the microstructure were only investigated
at low doses at room temperature. In this study, we look at the
behavior of solution annealed PH 13-8 Mo steel under ion irradia-
tion to high doses at elevated temperatures. The precipitate
nucleation process and growth kinetics in ion irradiated samples
are followed in-situ in a transmission electron microscope and
compared with similar samples thermally aged also in the micro-
scope for equivalent amounts of time. The resulting precipitate
population is compared for the two cases and using analytical
transmission electron microscopy (TEM) techniques. Point defect
balance equations from Rate Theory are used to estimate the
diffusion coefficients under irradiation and a numerical model
based on classical precipitation nucleation and growth theories is
introduced and compared with the experimental results, in terms
of precipitate density as a function of time. This study serves to
generate baseline data on ion irradiation effects on Corrax to learn
how this steel responds to irradiation.
2. Experimental

The commercial PH13-8Mo maraging steel Corrax (heat No.
U74620) was obtained from Bohler-Uddeholm Corp. Its nominal
compositions in wt% and at% are given in Table 1. The alloy was
solution-heat-treated at 1123 K for 0.5 h and subsequently air
cooled to room temperature, resulting in a hardness of 34 HRC and
a yield strength of 700MPa [26]. The alloy was received in its
solution-annealed state. TEM specimens were prepared using a FEI
Quanta 3D Focused Ion Beam (FIB) instrument. The FIB lift-out
technique used was described in details elsewhere [27]. At the
end of sample preparation, a low energy 2e5 keVGaþ ion beamwas
used to remove TEM-visible FIB surface damage.

In-situ experiments were carried out at the Intermediate
Voltage Electron Microscope (IVEM) Facility at Argonne National
Laboratory. The facility consists of a Hitachi 9000 NAR transmission
electron microscope coupled with a 500 keV NEC implanter. TEM
specimens were irradiated in themicroscope using 1MeV Kr2þ ions
with an incident angle of 30� from the electron beam and typically
~13-16� from the specimen normal. During irradiation, the flux was
kept at 6.25� 1015 ions$m�2$s�1 and measured to an accuracy of
±10% using an annular Faraday cup. The irradiation dose rate in
displacement per atom per second (dpa$s�1) was estimated using
the software package SRIM-2008 [28] under the “Kinchin-Pease
calculation” mode (a.k.a. “quick damage calculation” mode). The
default density of 7.86� 103 kgm�3 and displacement energies of
40 eV for metallic elements and 28 eV for other nonmetallic ele-
ments were used [29]. The blue curve in Fig. 1 represents the
damage profile of 1MeV Kr2þ ions obtainedwith SRIM. The damage
profile is relatively uniform through the first 100 nm of the total
range of 500 nm, resulting in an irradiation dose rate of
~1.07� 10�3 dpa$s�1 in the first 100 nm depth (corresponding to
the thickness of TEM specimens). Overall, twoTEM specimens were
subject to total fluences of 5.86� 1019 ions$m�2 (~10 dpa) at 573 K
and 2.93� 1019 ions$m�2 (~5 dpa) at 773 K, respectively. In order to
investigate thermal effects alone, two other TEM specimens were
held at 773 and 873 K in the microscope for 3 and 1 h, respectively.
The experimental time for aging at 773 K is consistent with the total
time spent during the irradiation experiment at the same tem-
perature. Irradiation and thermal aging temperatures were
measured by a thermocouple attached to the heating cup of the
holder and was kept within ±5 K of the nominal temperature.

Ion irradiated and thermally aged Corrax specimens were then
characterized using a FEI Titan 80e300 probe aberration corrected



Fig. 1. SRIM calculations showing the damage profile and retention of Kr ions vs. depth
in Corrax irradiated with 1MeV Kr2þ ions.
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scanning/transmission electron microscope. Precipitation and
chemical segregation were examined using the “ChemiSTEM”

method. Previous studies [30,31] have shown that this method is
very efficient for characterizing radiation-induced precipitation
and segregation in ion irradiated Fe-Cr alloys. Precipitates and
dislocations (including radiation-induced dislocation loops) were
also imaged using conventional TEM techniques such as selection
area electron diffraction (SAED), bright field (BF) and dark field (DF)
imaging methods. The specimen thickness was measured using the
electron energy loss spectroscopy (EELS) zero loss method [32].
Hand-counting techniques and the image processing software
ImageJ were used to measure the size and number density of pre-
cipitates and dislocations from elemental maps and TEM-BF
images.

3. Results

3.1. As-received state

As shown in Fig. 2(a), the microstructure of the as-received
Corrax mainly consists of martensitic lath grains, which is in good
agreement with previous XRD measurements reported in
Refs. [33,34]. Neither segregation of alloying elements to grain
boundaries nor precipitation are noticed in the as-received Corrax,
as evidenced in the ChemiSTEM elemental maps of Fig. 2(b).
Fig. 2. (a) The STEM-BF micrograph of the as-received Corrax; (b) ChemiSTEM maps revealin
new phases are observed in the as-received Corrax.
3.2. Thermal aging at 773 and 873 K

Fig. 3(a) shows the depletion of Cr and Mn and the enrichment
of Al, Mo, Ni and P at/near the same grain boundary in the sample
thermally aged at 773 K for 3 h. The observations indicate the high
mobility of alloying elements results from thermal diffusion.
Moreover, the Cr concentration profile across the grain boundary
exhibits a “W” shape, indicating the depletion of Cr is not at the
grain boundary but rather at the troughs of the “W”. In literature, a
similar “W”-shaped Cr depletion profile caused by radiation
induced segregation was observed in austenitic steels under
neutron and proton irradiation [35,36]. Cole et al. [36] attributed
the formation of the “W”-shaped profile to the binding of the Cr
atoms with impurity atoms such as P at the grain boundary. While
the Cr at the boundary is held by the impurity atoms, Cr adjacent to
the boundary can freely diffuse, thus resulting in near boundary
depletion and consequently the “W” profile. Similar mechanism
can be invoked in our thermally aged sample with the diffusion
being thermal in nature.

In addition to the chemical segregation/depletion profile, early-
stage precipitation is also observed in the same sample aged at
773 K. As shown in Fig. 3(b), the (Ni, Al)-rich precipitates with
diameter of 2e4 nm nucleate along the grain boundary where Ni
and Al also segregate. However, no precipitation is observed inside
the martensitic laths. In contrast, intra-granular precipitation (i.e.
inside the martensitic laths) is clearly observed in Corrax thermally
aged at 873 K for 1 h. Fig. 4(a) shows the precipitates are enriched in
Ni and Al, and exhibits a uniform distribution within the matrix.
These (Ni,Al)-rich precipitates are also known as the b-phase. The
SAED analysis shown in Fig. 4(b) reveals the presence of super-
lattice reflections in addition to the matrix reflections near the
[100] zone axis in Corrax aged at 873 K. The super-lattice reflections
corresponding to the b-phase are identified as a B2 (CsCl) super-
lattice structure consisting of two interpenetrating primitive cu-
bic cells, where the Al atoms occupy the cube corners of the first
sublattice and the Ni atoms occupy the cube corners of the second
sublattice [17,18]. The lattice constant of the super-lattice is
measured as ~0.281 nm, which is quite close to the nominal lattice
constants of b-phase (~0.289 nm [19]) and the matrix of Fe-Cr
(~0.287 nm [20]). The b-phase precipitates are also observed in
the TEM-DF micrograph imaged with the ð100Þ super-lattice
reflection, as evidenced in Fig. 4(b).

Apart from the b-phase, another type of precipitates (Laves-
phase) is also observed in Corrax thermally aged at 873 K. Fig. 5(a)
g neither segregation of alloying elements to grain boundaries nor precipitation of any



Fig. 3. Corrax thermally aged at 773 K: ChemiSTEM maps showing (a) the depletion of Cr, Mn and segregation of Al, Mo, Ni and P to the same grain boundary; (b) the Al-rich
precipitates nucleate along with the grain boundary to which Ni and Al also segregate.
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shows the Laves-phase precipitates are depleted in Fe and enriched
in Cr, Mn and Mo. These precipitates are further observed in the
TEM-BF and -DF micrographs, as evidenced in Fig. 5(b). In contrast
with the b-phase, the Laves-phase exists both in spherical and
elongated elliptical shapes. To the best of the authors’ knowledge,
the Laves-phase precipitation in PH 13-8 Mo maraging steel (Cor-
rax) under thermal aging has never been reported in literature.
However, the formation of Laves-phase were observed in other (Co,
W)-containing maraging steels under thermal aging. Simm et al.
[15] studied a low-Al maraging steel by Atom Probe Tomography
(APT) and observed aMo-rich Laves-phase after austenitization and
aging at 813 K for 7.5 h. A Laves phase was also observed using the
same characterization method by Gray et al. [16] in a novel
maraging steel F1E austenitized at 1098e1233 K for 1 h. Moreover,
after thermal aging the same material at 793e833 K for times be-
tween 1 and 24 h, the same authors reported the formation of a
new Laves phase. Both Laves-phases were identified as (Mo, W)-
rich precipitates with an irregular elliptical shape and the authors
suggested that the nature of the Laves-phase precipitates strongly
depended on chemical compositions of maraging steels and tem-
peratures of the austenitization and aging processes.

3.3. Ion irradiation at 573 and 773 K

ChemiSTEM maps of Corrax irradiated to 10 dpa at 573 K are
shown in Fig. 6. Radiation-induced segregation of Ni at the grain



Fig. 4. Corrax thermally aged at 873 K: (a) ChemiSTEM maps showing the formation of (Ni,Al)-rich precipitates (a.k.a b-phase); (b) The SAED analysis showing the super-lattice
reflections of b-phase and reflections of the martensitic matrix near the [100] zone axis. The precipitates are observed in the TEM-DF micrograph imaged with the ð100Þ super-
lattice reflection.

Fig. 5. Corrax thermally aged at 873 K: (a) ChemiSTEM maps showing the formation of (Cr,Mn,Mo)-rich precipitates (a.k.a Laves-phase); (b) TEM-BF and corresponding TEM-DF
micrographs showing the formation of Laves-phase precipitates.
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boundary is observed, however, neither b-phase nor Laves-phase
precipitates are found within martensitic grains at 573 K. In
contrast, radiation-induced precipitation is observed in the sample
irradiated at the higher temperature.The formation of b-phase in
Corrax irradiated at 773 K is evidenced by ChemiSTEM mapping
and SAED analysis, as seen in Fig. 7(a and b), respectively. In



Fig. 6. Corrax ion irradiated to 10 dpa at 573 K: ChemiSTEM maps showing Ni segregates to the grain boundary.
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addition, the (Cr, Mn, Mo)-rich Laves-phase precipitates with both
spherical and elongated elliptical shapes are also observed in Cor-
rax irradiated at 773 K, as evidenced in Fig. 8(a and b).

3.4. Precipitate size and number density measurements

Both b-phase and Laves-phase precipitates observed in Corrax
irradiated at 773 K are similar to those observed in Corrax aged at
873 K, in terms of precipitate shape and chemical compositions.
However, the precipitate size and number density are quite
different. For the b-phase (see Fig. 9(a)), the average precipitate
sizes are 5.0 nm and 11.9 nm and the number densities are
1.3� 1023m�3 and 1.8� 1022m�3 for the sample irradiated at 773 K
and the sample thermally aged at 873 K, respectively. For the Laves-
phase (see Fig. 9(b)), the average precipitate sizes are 10.5 nm and
15.9 nm and the number densities are 1.3� 1022m�3 and
4.0� 1021m�3 for the sample irradiated at 773 K and the sample
thermally aged at 873 K, respectively. Overall, both the b-phase and
Laves-phase observed in Corrax irradiated at 773 K have smaller
average precipitate sizes and higher number densities compared
with those observed in Corrax aged at 873 K, as indicated by a shift
in the size distributions to larger precipitate size (Fig. 9(c and d)).
Note that in terms of radiation resistance, a finer dispersion of
higher number density is preferable.

3.5. Summary of observations

Both radiation and thermal aging induced precipitation and
segregation in the PH 13-8 Mo maraging steel Corrax have been
characterized. The comparisons among these results are summa-
rized below:

� As for the thermal aging experiments, at the lower aging tem-
perature (773 K), only early-stage precipitation occurs at grain
boundaries whereas thermal aging-induced precipitation of b-
phase and Laves-phase occurs significantly within martensitic
grains at 873 K for an even shorter aging time (1 h vs. 3 h).

� As for the ion irradiation experiments, neither the b-phase nor
the Laves-phase form under irradiation at 573 K up to 10 dpa
whereas both precipitate population form under irradiation at
773 K. This suggest the existence of a threshold temperature for
radiation enhanced precipitation to occur between 573 K and
773 K.

� As for the thermal aging and ion irradiation experiments per-
formed at the same temperature (773 K) for a similar amount of
experimental time (3 h), no precipitation occurs within
martensitic grains in thermal aged Corrax whereas radiation-
induced precipitation strongly occurs within martensitic
grains in irradiated Corrax.

4. Discussion

4.1. Radiation-enhanced diffusion

The observations indicate radiation enhanced precipitation at
773 K due to two possible contributing factors, one on the nucle-
ation aspect and one on the diffusional aspect. Indeed the higher
number density of precipitates registered under irradiation may be



Fig. 7. Corrax ion irradiated to 5 dpa at 773 K: (a) ChemiSTEM maps showing the formation of (Ni,Al)-rich precipitates (a.k.a b-phase); (b) The SAED analysis showing the super-
lattice reflections of b-phase and reflections of the martensitic matrix near the [100] zone axis. The precipitates are observed in the TEM-DF micrograph imaged with the ð100Þ
super-lattice reflection.
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due to an increased number of nucleation sites such as dislocations
loops/segments since the irradiation produces such loops that can
grow into a dislocation network. As shown in Table 3, the difference
in dislocation density between thermal aging cases and irradiation
cases is noticeable. Similar heterogeneous nucleation of (G-phase)
precipitates and segregation of alloying elements at dislocations
were experimentally observed in previous studies of ion irradiated
Ferritic/Martensitic steels [30,31]. For those Ni and Si bearing alloys,
cluster dynamics simulations indicated that both heterogeneous
nucleation and radiation-induced segregation at dislocations are
indeed necessary for the formation of G-phase [37]. Similarly, in
this study, the higher density of dislocations in irradiated Corrax
could provide more nucleation sites for the b-phase and Laves-
phases.

The other contributing factor to the enhanced precipitation
observed under irradiation is the enhanced diffusion due to the
presence of large concentrations of point defects (vacancies and
interstitials) generated by irradiation. In order to demonstrate the
role of radiation-enhanced diffusion, diffusion coefficients under
thermal aging and ion irradiation are estimated and compared with
each other.

Only the analysis for the b-phase precipitation is described in
detail below but the approach is similar for Laves-phase precipi-
tation. Furthermore, in order to simplify the calculation and further
model the precipitation, the multicomponent intermetallic b-phase
is assumed as a single-component system, where the constituent
with the slowest diffusivity in Fe controls the evolution kinetics.
This simplification has been widely applied to studies of multi-
component particles in Ni- and Fe-based alloys [38,39]. As seen in
Table 2, the diffusion coefficients of Al in Fe at 773 K and 873 K are
two orders of magnitude higher than those of Ni in Fe at the same
temperatures [40,41]. Thus the diffusion coefficient of Ni can be
considered to be the controlling factor for the kinetics of NiAl (b-
phase) growth. Therefore, for Daging at 773 and 873 K, we use the
diffusion coefficients of Ni which are 3.54� 10�21 and
4.14� 10�19m2 s�1 at 773 and 873 K, respectively.

During irradiation, a large number of vacancies and interstitials
are generated so that both the excess vacancies and interstitials
may contribute to the radiation-enhanced diffusion. The enhanced
diffusion coefficient (Dirr) is calculated using the approach which
was applied to a similar problem as demonstrated in Hofer et al.
[25]. Dirr is thus described as:

Dirr ¼ DvCv þ DiCi (1)

where Dv and Di are diffusion coefficients of vacancies and in-
terstitials, and Cv and Ci are their concentrations.

The diffusion coefficients for vacancies Dv and Di can be



Fig. 8. Corrax ion irradiated to 5 dpa at 773 K: (a) ChemiSTEMmaps showing the formation of (Cr,Mn,Mo)-rich precipitates (a.k.a Laves-phase); (b) TEM-BF and corresponding TEM-
DF micrographs showing the formation of Laves-phase precipitates.

Fig. 9. (aeb) The average precipitate sizes and number densities of b-phase and Laves-phase in Corrax irradiated at 773 K and thermally aged at 873 K, respectively; (ced) The
precipitate size distributions of b-phase and Laves-phase, respectively. The bin size is set uniformly to 2 nm.
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simplified using the well-known Einstein formula:

Dx; x¼v or i ¼
1
6
*zðAa0Þ2vDexp

�
�Exm
kT

�
(2)
where z is the number of nearest neighbors, Aa0 is the jump dis-
tance which is related to the lattice parameter a0 by the coefficient
A. The values of z and A depend on the diffusionmechanism and the
crystal structure. In the case of the vacancy mechanism of diffusion
in a Body Centered Cubic (bcc) structure, z ¼ 8 and A ¼

ffiffiffi
3

p
2 .



Table 2
Summary of diffusivity values: The thermal diffusion coefficients are obtained from
Refs. [34,35], and the radiation-enhanced diffusion coefficients are calculated using
the equations described in section 4.1.

Thermal aging at 773 K at 873 K Reference

DNi (m
2$s�1) 3.54� 10�21 4.14� 10�19 [40]

DAl (m
2$s�1) 3.24� 10�19 2.96� 10�17 [41]

Ion irradiation at 573 K at 773 K
Dv (m2$s�1) 8.78� 10�12 6.41� 10�10 Section 4.1
Cv 3.80� 10�9 1.19� 10�10

Di (m
2$s�1) 2.58� 10�10 1.31� 10�9

Ci 2.07� 10�10 9.28� 10�11

Dirr (m
2$s�1) 6.68� 10�20 1.52� 10�19
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Similarly, for the simple interstitial diffusion mechanism in a bcc
structure, z ¼ 4 and A ¼ 1

2.
vD is the Debye frequency taken as z1013s�1, and Evm and Eim are
the vacancy migration energy and the interstitial migration energy,
which are taken as ~0.63 eV [42,43] and ~0.31 eV [42,44], respec-
tively. The vacancy and interstitial concentrations are then calcu-
lated based on the point defect balance equations derived from
Rate Theory [45]. At steady state, the vacancy and interstitial con-
centrations (Css

v and Css
i ) in the material are given by:

Css
v ¼ �KisCs

2*Kiv
þ
"
K0Kis

KivKvs
þ K2

isC
2
s

4*K2
iv

#1
2

(3)

Css
i ¼ �KvsCs

2*Kiv
þ
"
K0Kvs

KivKis
þ K2

vsC
2
s

4*K2
iv

#1
2

(4)

In the above equations, K0 represents the defect production rate
which can be obtained from the SRIM calculation. Cs represents the
defect sink concentration. In our case, the most important sinks in
irradiated Corrax are dislocations and therefore, the dislocation
density rd in Corrax irradiated at 573 and 773 K shown in Table 3 is
included in the equation for the sink concentration:

Cs ¼ rd
a0

(5)

The interstitials and vacancies are considered to migrate by
random walk diffusion, being absorbed at unsaturable fixed sinks,
or annihilating each other by mutual “recombination”. In the pro-
posed modeling effort, sinks and defects are assumed to be
distributed homogeneously and no preferential absorption of spe-
cific point defects at specific sinks occurs. Thus, the vacancy-
interstitial recombination rate Kiv, the interstitial-sink reaction
rate coefficient Kis and the vacancy-sink reaction rate coefficient Kvs

are as follows:
Table 3
Inputs used for modeling b-phase precipitation kinetics in thermal aged and irradiated C

Parameter

Molar volume of NiAl Vm (m3$mol�1)
Interfacial energy of NiAl g (J$m�2)

Thermal aging Diffusion coefficients Daging (m2$s�1)

Dislocation density rd (m�2)

Ion irradiation Diffusion coefficients Dirr (m
2$s�1)

Dislocation density rd (m�2)
Kivz4*p*riv*Di (6)

Kis ¼ 4*p*ris*Di (7)

Kvs ¼ 4*p*rvs*Dv (8)

where riv, ris and rvs are interaction radii for the reactions between
the species. ris and rvs are approximately equal to the lattice
parameter a0, and riv is about twice as much [25,45].

Combining Eqs. (1)e(8), Dirr are calculated to be 6.68� 10�20

and 1.52� 10�19m2 s�1 at 573 and 773 K, respectively.
Based on the above calculations, it is found that (i) the estimated

Dirr at 773 K is two orders of magnitude higher than Daging at the
same temperature; (ii) the estimatedDirr at 773 Khas the sameorder
of magnitude as the thermal diffusion coefficient Daging at 873 K.
These calculation results are in agreement with the experimental
results reported above, indicating that the precipitation observed in
Corrax irradiated at 773 K is due to radiation-enhanced diffusion. It
is to note that Hofer et al. [25] performed similar calculations but
tracked the diffusion of Fe instead of Ni in the same material. The
thermal diffusion coefficient Daging at 773 K reported in Hofer et al.
[25] is different from our calculation which is likely based on
different input values due to the different element considered.

4.2. Modeling of precipitation kinetics

Classical precipitate nucleation and growth theories are used to
estimate the nucleation rate and growth of the precipitates in our
system. Theories are briefly reviewed with an emphasis on the
three basic equations describing the nucleation, growth and
coarsening processes. The nucleation rate of new precipitates is
given by Ref. [46]:

J ¼ N0Zb
*exp

0
B@�

4pgp
�
r*p
�2

3kBT

1
CAexp

�
�t

t

�
(9)

where N0 ¼ rd
a0

is the number of nucleation sites (m�3) for precipi-

tation, Z ¼ Vm
2pr*p

ffiffiffiffiffiffi
gp

kBT

q
, b* ¼ 4pr*2p DX

a40
and t ¼ 2

pb
*Z2

are constants

dictated by the b-phase precipitate's molar volume Vm, critical
radius for nucleation r*p, interfacial energy gp, the diffusion coeffi-
cient D, the matrix mean solute atom fraction X, the temperature T ,
the Boltzmann constant kB and the lattice constant a0.

The precipitate growth rate is given by Zener's law [39,47]:

drp
dt

����
growth

¼ D
�
X � Xi�

rp
�
aXp � Xi

� (10)
orrax.

Value Reference

1.00� 10�6 [39]
0.0204

at 773 K 3.54� 10�21 [40]
at 873 K 4.14� 10�19

at 773 K 2.40� 1014 Measured
at 873 K 2.30� 1014

at 573 K 6.68� 10�20 Table 2
at 773 K 1.52� 10�19

at 573 K 1.30� 1015 Measured
at 773 K 1.12� 1015



Fig. 10. Experimental and simulated precipitate number densities of b-phase as a function of time for thermal aging and ion irradiation at different temperatures.
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where Xp and rp are precipitate's molar composition and radius,
respectively, X is the mean solute mole fraction in the matrix, and
Xi is the equilibrium solute mole fraction at the matrix/precipitate
interface which is given by the Gibbs-Thomson relation [48]:

Xi ¼ Keqexp
�2gpVm

rpRgT

	
(11)

The critical radius dictates the minimum size to reach the crit-
ical energy for nucleation is then given as:

r*p ¼ 2gpVm

RgT ln
�

X
Keq

� (12)

where Rg is the gas constant and Keq is a constant related to the
mean solute mole fraction.

The precipitate coarsening rate is also given be the Gibbs-
Thomson relation [46,48]:

drp
dt

����
coarseining

¼ 4R0DXi

27r2p
�
aXp � Xi

� (13)

Eqs. (9)e(13) were encoded into the Matlab© where the pa-
rameters that define the number density were calculated at
different times (t). The input parameters for the modeling are listed
in Table 3. Plots of number density as a function of time were then
able to be graphed. Fig. 10 shows the comparison between the
experimental results and the modeling results, in terms of b-phase
precipitate number density as a function of time.

� Comparing the aging and irradiation at 773 K, the simulation
curve of irradiation is several orders of magnitude higher than
that of aging. The simulation results support the assumption
that diffusion is enhanced at 773 K due to irradiation so that the
precipitation is accelerated at that temperature.

� For thermal aging at 873 K, the simulation curve is in good
agreement with the experimental result. However, for the
irradiation at 773 K, the simulation curve is lower than the
experimental result.

The discrepancies between the experimental results and the
simulation results may be attributed to several possible reasons.

� Firstly, the experimental number density could be over-
estimated. Indeed, it is generally accepted that the thickness
measured by EELS has an error of ~10%, as suggested by Malis
et al. [32]. And the hand-counting process also contributes some
error to the experimental results (by 10e15%).

� Secondly, dislocations are considered as primary nucleation
sites for precipitation so that the nucleation rate is highly de-
pends on the dislocation density. As a result, an under-
estimation of dislocation density would also induce the simu-
lated number density to be lower than the experimental one.

� Finally, the input values for the interstitial and vacancy migra-
tion energy are self-interstitials for Fe in pure a-Fe. We do
recognize the fact that self-interstitials for Fe are likely different
from segregation of alloying element Ni (and Al) in pure a-Fe.
Therefore, the diffusion coefficient under ion irradiation could
be under-estimated, inducing the simulated number density to
be lower than the experimental one.

5. Conclusions

In this study, samples of Corrax were irradiated up to 10 dpa at
573 and 773 K using 1MeV Kr ions, in-situ in the transmission
electron microscope. The effects of irradiation were substantiated
by comparing with the same material thermally aged at 773 and
873 K for similar amounts of experimental time.

The results indicate that both b-phase and Laves-phase pre-
cipitates form under irradiation in Corrax, with no aging treatments
needed prior to irradiation. The precipitates formed under irradi-
ation are characterized by a larger number density and finer size
than under thermal aging. Using Rate Theory, it is demonstrated
that radiation-enhanced diffusion can explain the formation and
growth of the precipitates in the ion irradiated samples. Further-
more, a numerical model based on classical nucleation and growth
theories for precipitation is introduced and shows a relatively good
agreement with the experimental results in terms of precipitate
density. This study serves to generate baseline data on ion irradi-
ation effects on Corrax to learn how this steel responds to
irradiation.
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