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A B S T R A C T

Alloy 709 (Fe-20Cr-25Ni-1.5Mo-0.26Nb in weight percentages) and its model alloy (Fe-20Cr-25Ni) were sub-
jected to 2 MeV proton irradiation up to 1.5 displacements per atom at ∼670 °C for 90 h. Significant compo-
sitional changes were observed in the irradiated zone of both alloys, which was correlated with the radiation-
enhanced diffusion. The radiation-enhanced diffusion coefficient of Cr was experimentally determined by fitting
the Cr depletion profiles and theoretically analyzed considering vacancy-assisted lattice diffusion, dislocation
pipeline diffusion, etc. The estimation of the radiation-enhanced diffusion in the 20Cr-25Ni type alloy in this
study is useful in predicting its performance in radiation damage environment. The methodology of investigating
radiation-enhanced diffusion adds to the nuclear-material screening capability of ion-irradiation technologies.

Introduction

Austenitic stainless steels (SSs) are widely used as core structural
materials in light water reactors [1]. Because of their superior corrosion
and creep resistance at high temperatures [2, 3], advanced austenitic
SSs are proposed for Generation IV reactor applications. Among them,
alloy 709 [Fe-20Cr-25Ni-1.5Mo-0.26Nb in weight percentage (wt%)] is
being developed for potential applications in sodium-cooled fast re-
actors [4]. Studies on the 20Cr-25Ni type alloys have focused on their
mechanical properties and thermal and radiation stability [4-8]. Ya-
mane et al. have showed the correlation between morphology of grain-
boundary carbides and creep properties for the 20Cr-25Ni alloy in the
temperature range of 780–940 °C [5]. Sourmail and Bhadeshia have
reported a complicated precipitation phenomenon that could lead to
material embrittlement in the so-called NF709 SS after thermal aging at
750 and 800 °C [7]. Chen et al. have presented the correlation between
the localized mechanical properties and the dislocation development in
a model 709 alloy (Fe-20Cr-25Ni) [6]. Kim et al. have quantitatively
correlated the radiation-induced hardening with the formation of

defects and changes in precipitates for the NF709 SS in a neutron-ir-
radiating environment [8]. Recently, Liu et al. have reported the ra-
diation-induced hardening in ion-irradiated alloy 709 [4], showing
agreement to the neutron-irradiation results [8]. Given the obvious
correlation between the mechanical performance and microstructure
demonstrated by previous studies, it becomes critical to understand the
radiation-induced microstructural evolution of this type of alloys to
better predict their performance in nuclear reactors.

One of the key factors determining the microstructural evolution,
such as defect formation, precipitation, dissolution, and radiation-in-
duced segregation, is diffusion, which can be enhanced by the irra-
diation-produced vacancy and is generally a function of damage rate
and sink strength in the material [9-12]. Experiments on radiation-en-
hanced diffusion have been extensively conducted, with some of the
early works summarized by Sizmann [13]. Direct measurements have
been conducted through monitoring radioactive tracers [14-16] which
limited the choice of isotopes for the sake of detection suitability [16].
One of the indirect methods is based on the measurement of the dif-
fusion-assisted changes in concentration profiles [17, 18], which has
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also been broadly used for SSs in the non-irradiated condition [19, 20].
In our study, we applied concentration profile measurements in proton-
irradiated and non-irradiated conditions to determine the diffusion
coefficient of Cr in alloy 709 and its model alloy. Besides filling the
knowledge gap in the radiation-enhanced diffusion for the 20Cr-25Ni
type alloys, the paper introduces a methodology to determine radiation-
enhanced diffusion using ion beam techniques.

Materials and methods

Alloy 709 (named as A709 in this work) was fabricated at a com-
mercial facility with vacuum induction melting and electro-slag re-
melting. After being forged into slabs of ∼25mm in thickness, the
material was annealed at 1150 °C and water quenched to room tem-
perature (RT). As a reference material, model alloy 709 (named as
M709 in this work) was cast using vacuum arc-melting. After being
annealed at 1050 °C, the material was hot rolled at 900 °C and water
quenched to RT. The compositions for M709 and A709 were measured
using energy-dispersive X-ray spectroscopy (EDS) to be Fe-20.4Cr-
25.1Ni and Fe-20.4Cr-25.4Ni-1.4Mo-0.7Mn-0.4Si in wt%, respectively.
Despite of the limited precision of EDS analysis, the as determined
composition from EDS are in good agreement with the nominal com-
positions of M709 and A709, which are Fe-20Cr-25Ni and Fe-20Cr-
25Ni-1.5Mo-0.26Nb in wt%, respectively. Through electron back-
scattered diffraction analysis, the mean grain diameters, disregarding
twin boundaries, of the A709 and M709 were measured to be
120 ± 59 and 40 ± 20 µm, respectively. The relatively large un-
certainty in grain sizes arose from the small statistical number available
on the cross-sectional samples.

Samples of A709 and M709 were cut into 5×5×1 mm3 pieces for
proton irradiation, with their surfaces being mechanically ground and
polished from 400 grit SiC paper to 0.02 µm colloidal silica suspension.
The samples were then cleaned in methanol and ethanol bath in se-
quence. The cleaned samples were irradiated at 670 ± 20 °C with 2
MeV protons at a flux of ∼7.7×1013 ion/cm2/s using a NEC 1.7 MV
tandem accelerator. The irradiation temperature was monitored by two
thermocouples connected to the sample stage. The selection of this
temperature was based on the observation of a minimum ductility
around this temperature in Nb-stabilized 20Cr-25Ni alloy after neutron
irradiation [21]. The pressure of the irradiation chamber was main-
tained on the order of 10−6 torr. An irradiation fluence of 2.25× 1019

ion/cm2 was achieved to obtain 1.5 displacements per atom (dpa) at the
mid-range of the proton projectile (i.e., at 10 µm from the irradiated
surface), based on calculation using the Stopping and Range of Ion in
Mater (SRIM) with the Kinchin-Pease option and a displacement energy
of 40 eV [22, 23]. Two specimens per alloy were simultaneously irra-
diated to 1 dpa, with one of the specimens per alloy taken out for
characterization and the other subjected to another 0.5 dpa irradiation
to achieve a total of 1.5 dpa. As the control group, two A709 specimens
were individually annealed at 670 °C for 90 h, one in air and the other
in high vacuum (10−7 torr).

An FEI Versa 3D focused-ion-beam (FIB) dual-beam system,
equipped with scanning electron microscope (SEM) and EDS detectors,
was employed for imaging and composition analysis. The SEM char-
acterization was conducted with an accelerating voltage of 20 kV and a
working distance of10mm. The chemical concentration profiles of the
samples were obtained using EDS line scans. The step size was
50–200 nm depending on the total scan distance. Each scan took 30–60
min, with dead time of the detection system being ∼15%. The inter-
action volume will influence the spatial resolution of EDS line scans.
The special resolution was estimated to be ∼1 µm using

=R E E0.064( )/C0
1.68 1.68 , with R being the spatial resolution, E0 the

accelerating voltage, Ec the critical excitation energy, and ρ the mean
specimen density [24]. A Bruker D2 phaser with Cu Kα radiation
(λ=1.54056 Å) running at 30 kV was used to conduct X-ray diffraction
(XRD) surveys on the irradiated and unirradiated control samples.

Results and discussion

The cross-section views of the 1.5-dpa-irradiated M709 and A709
samples are shown in Fig. 1a and b, respectively, with proton entering
from the left. An oxide layer about 3.5 µm in thickness was observed on
the irradiated surface of the M709 sample. In contrast, oxide layer was
hardly detected on the irradiated surface of the A709 sample. Extensive
oxide exfoliation was observed on the 1-dpa-irradiated A709 sample
after ∼60 h irradiation at 670 °C, as shown by the exposing light grey
areas in the plane-view image of Fig. 1c. Unlike the irradiated M709
sample with a well-retained oxide layer, the remaining oxide scale on
the 1-dpa-irradiated A709 sample (dark domains in Fig. 1c) was further
exfoliated during the add-on 0.5 dpa irradiation.

Fig. 1d and e plots the concentration depth profiles from free sur-
faces to substrate of the 1.5-dpa-irradiated M709 and A709 samples,
respectively. Fig. 1d indicates that the oxide layer within the depth of
0–3.5 µm is composed of Cr2O3 on the irradiated M709 sample. The
formation of Cr-rich oxide resulted in significant Cr depletion and some
Fe and Ni enrichment within the depth of 3.5–20 µm, compared with
the alloy composition at the deeper region. The Cr depletion primarily
occurred within the projected range of the 2-MeV proton, as illustrated
by the superimposed damage profile simulated by SRIM [22, 23].

Unlike the stabilized ∼10 wt% Cr beneath the oxide layer on the
irradiated M709 in Fig. 1d, the Cr content continuously reduced to ∼3
wt% at the surface of the irradiated A709 in Fig. 1e, suggesting that the
exfoliating Cr-rich oxide on A709 resulted in continuous consumption
of Cr from the substrate. Meanwhile, an Fe peak at the depth of 1.8 µm
with an elevated tail to the surface indicates some remaining Fe-rich
oxide in conjunction with the metal. Furthermore, Mo increased to ∼5
wt% near the free surface from the ∼1.4 wt% Mo in the A709 bulk. The
increased Mo content near the free surface suggests that volatile MoO3

might have formed, causing oxide exfoliation [3]. The extensive oxide
spallation on the irradiated A709 is believed to be a result of volatile
MoO3 formation [3] and the radiation-induced surface sputtering and
surface stresses [19].

As a reference, only some scattered oxide particles were observed on
the plan-view (Fig. 1f) and cross-section view (Fig. 1g) of the A709
control sample that was annealed in high vacuum at 670 °C for 90 h. The
oxide particles, shown in dark contrast between the deposited protective
Pt layer and the sample matrix in Fig. 1g, were identified to be Cr-rich
oxides by EDS analysis. EDS depth profiles across one of the oxide par-
ticles into substrate are shown in Fig. 1h, indicating minor Cr depletion
to ∼12 wt% (with a depletion zone less than ∼0.5 µm) beneath the
oxide particle. The air-annealed control sample exhibited ∼200 nm thick
oxide layer with composition profiles similar to the high-vacuum-an-
nealed sample, except for the more significant surface depletion of Cr and
enrichment of Ni to 11 wt% and 38 wt%, respectively. The higher partial
pressure of oxygen for the air-annealed sample led to faster kinetics of
oxidation, resulting in its thicker oxide layer.

Compared with the control samples, the irradiated samples showed
more significant depletion of Cr, indicating a stronger flux of Cr toward
the sample surface through the radiation-enhanced diffusion. On the
other hand, the difference in vacuum condition is believed to play a
secondary role. As will be shown later, the normalized Cr profiles for
the two control samples are quite similar despite the difference in
oxygen partial pressure of nine orders of magnitude. As the continuous
oxidation at the sample surface is a driving force for the Cr depletion,
investigation of the surface oxidation is necessary.

The crystal structures of the surface oxides were investigated using
XRD. Silicon powder was applied to the surface of some sample as a
reference. Fig. 2 plots the XRD patterns of the samples of 1.5-dpa-ir-
radiated M709 and A709, the 1.0-dpa-irradiated A709 sample, and the
vacuum-annealed control A709 sample. Compared with the 1.5 dpa
M709 sample with a corundum phase (α-Cr2O3) as the primary form of
oxide, the 1.5 dpa A709 sample only shows a typical pattern of face-
centered-cubic (fcc) structure from the austenitic matrix in addition to
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the Si standard peaks, which shows agreement to the microstructure
observations in Fig. 1a and b. The XRD pattern of the 1.0 dpa A709
sample contains low intensity peaks from both the corundum phase and
a spinel phase [e.g., (Fe,Cr,Ni)3O4]. No patterns for oxide were resolved
from the high-vacuum-annealed sample due to the limited amount of
oxide as shown in Fig. 1f and g.

The observations indicated that, firstly, the formation of surface Cr-
rich oxide consumed Cr and led to the Cr depletion beneath the oxide
surface; secondly, the oxidation was significantly enhanced by irra-
diation primarily because of the radiation-enhanced diffusion; thirdly,
the oxide formed on the A709 sample tends to spall, which is possibly
due to the presence of minor alloy elements, e.g. Mo. The formation of
cohesive corundum oxide on the M709 sample impeded its continuous
oxidation, resulting in the composition profile presented in Fig. 1d. The
spallation of surface oxide on the A709 sample enabled continuous
oxidation that consumed Cr presumably at a constant rate, so the
composition profile in Fig. 1e reflects the steady-state flux and thus can
be used to calculate the diffusion coefficient of Cr.

Evans [19, 20] demonstrated that, for SSs oxidized in a CO2 en-
vironment at elevated temperatures, the surface Cr depletion can be
correlated with the interdiffusion coefficient D using the following
approximation:

=C x C
C C

x
Dt

( ) erf
2

I

B I (1)

where C(x) is the concentration of the solute in wt% at distance x from
the oxide–metal interface, CB the bulk concentration, CI the interfacial
concentration, and t the time. The interdiffusion coefficient D de-
termined by Cr depletion analysis in a Nb-stabilized 20Cr-25Ni alloy
was in good agreement with the tracer diffusion coefficients for Cr
lattice diffusion [20], likely due to the comparable level of the diffu-
sivities of Fe, Cr and Ni [25, 26].

The Cr depth profiles of the 1.5-dpa-irradiated A709 sample and the
thermal-annealed control samples were fitted according to Eq. (1) and
plotted in Fig. 3a and b, respectively. For the irradiated sample, the
fitting yielded an effective diffusion coefficient of 3.4×10−12 cm2/s.
The diffusion coefficients determined for the high-vacuum- and air-
annealed control samples were 5.1×10−16 and 2.3×10−16 cm2/s,
respectively. The vacuum condition had a very limited influence on the
Cr depletion profiles shown in Fig. 3b and the diffusion coefficients
determined using the Evans’ method. For the air-annealed sample, a
thin cohesive oxide layer formed impeding the continuous oxidation
and reducing the Cr consumption rate. As a result, the diffusion coef-
ficient determined for the air-annealed sample is slightly lower.

Fig. 3c shows the fitted diffusion coefficients for the proton-irra-
diated sample in solid triangle and for the control samples in an empty
square (air) and a solid circle (vacuum). The black dotted line extra-
polates the experimental lattice diffusion tracer values (solid line) in
Nb-stabilized 20Cr-25Ni [25] to the temperature range of this study,
which is ∼1 order of magnitude higher than the diffusion coefficient

Fig. 1. Secondary electron micrographs showing the cross-sections of the 1.5-dpa-irradiated samples of (a) M709 and (b) A709, together with (c) the surface of a 1.0-
dpa-irradiated A709 sample. The protons entered from the left for (a and b). The concentration depth profiles of the 1.5-dpa-irradiated (d) M709 and (e) A709
samples, surveyed approximately following the dotted lines in (a and b) with SEM-EDS across the irradiated region. The secondary electron micrographs of the (f)
surface and (g) cross-section of the thermal-aged control A709 sample, together with (h) the concentration depth profile of the control A709 sample in (g).

T. Chen et al. Nuclear Materials and Energy 17 (2018) 142–146

144



determined from the thermal-annealed sample. On the other hand, the
effective D determined from the irradiated sample is sitting between the
lattice and grain boundary (GB) diffusion coefficients (black dashed
line) of the literature data [25].

Comparing with the control samples, the diffusion coefficient for Cr
in the irradiated sample was enhanced by ∼4 orders of magnitude. To
understand that, computation modeling on radiation enhanced diffu-
sion was developed to simulate the lattice diffusion coefficients of Cr in
a Fe-20Cr-25Ni ternary system. The simulation took thermal vacancy,
irradiation-induced point defects, interstitial-vacancy recombination,
and the defect-sink recombination at different dpa rates into con-
sideration. The diffusion flux equations were formulated through the
linear theory of the thermodynamics of irreversible process. The mo-
bility model was employed to describe the preferential atom-vacancy
coupling whereas an interstitial binding factor was introduced to ac-
count for the atom–interstitial coupling. Details of the modeling can be

found in Ref. [27]. The model firstly simulated an extremely low da-
mage rate of 1×10–20 dpa/s to create a low concentration of vacancies
mimicking the “thermal-equilibrium” scenario. Then, the higher dpa
rates, i.e., 5× 10−6 and 9× 10−5 dpa/s, were applied to simulate the
dpa rates at the half-projected range and the dpa peak for the proton
irradiation in the experiment.

The simulated lattice diffusion coefficient of Cr for the thermal-
equilibrium condition was 3.6× 10−16 cm2/s, plotted in Fig. 3c as an
empty circle. This value is in good agreement with the experimental
values for the control samples reported above. The radiation-enhanced
lattice diffusion coefficients of Cr were determined to be 5.3×10−15

and 2.5×10−14 cm2/s by the simulation, for the dpa rates of 5×10−6

and 9×10−5 dpa/s, respectively, plotted in Fig. 3c as empty triangles.
The simulation results indicate that the irradiation could enhance Cr
lattice diffusion coefficient by up to ∼ 2 orders of magnitude.

It is believed that the simulated coefficients for the lattice diffusion
of Cr are underestimated because the roles of carbon and hydrogen as
vacancy stabilizers were not taken into account in the simulation. The
as-received A709 alloy contains niobium carbide as a strengthening
element. The dissolution of carbides due to radiation damage was ob-
served previously in alloys with similar compositions [8, 28]. The dis-
solution of niobium carbide is likely to occur under proton irradiation
at 670 °C, which was also evidenced by the microstructural character-
ization reported earlier [29]. The radiation-induced dissolution of
carbide would inevitably increase the carbon concentration in the
matrix. At the same time, the depletion of Cr from the matrix increases
the matrix solubility of carbon, driving the dissolution of carbide as
well [30]. Carbon solute in austenitic steels can stabilize vacancies and
increases their equilibrium concentration in the matrix, and thus the
lattice diffusivity [31]. Similarly, the implanted hydrogen, diffusing fast
at 670 °C and distributed in the proton projected range, also stabilized
vacancies [32] and enhanced the diffusivities in the alloy system. The
additional vacancy stabilizers introduced into the system by irradiation,
which was not taken account into the simulation, is one of the reasons
for the difference between the simulation and experimental values for
radiation-enhanced diffusion coefficients of Cr.

In addition to the enhanced lattice diffusion, the high-temperature
irradiation led to dislocation networking with a density of 3.3×1013

m−2 in the A709 sample [29], which is one order of magnitude increased
from the solution-annealed state. Similar to GBs, dislocations are high
diffusion pathways with a diffusion coefficient orders of magnitude
higher than that of lattice diffusion [33]. The contribution of dislocation
pipe diffusion was estimated to be 5.7×10−14 cm2/s, assuming that Cr
has a same diffusivity through dislocations as of GBs and the pipe radius
being 0.5 nm, following the recommendation of Mehrer [33].

The inverse Kirkendall effect, which governs oversized and under-
sized solute atoms diffusing up and down, respectively, in respect to the

Fig. 3. The Cr profiles, fitted to the error function in Eq. (1), of the (a) 1.5-dpa-irradiated and (b) control A709, together with (c) the diffusion coefficients of Cr
derived from this study and the results of radiation-enhanced diffusion simulation, superimposed with literature data of 20Cr-25Ni/Nb lattice and GB diffusion
coefficients in solid line (extrapolated with dotted line) and dash line, respectively.

Fig. 2. XRD patterns for the 1.5 dpa M709, 1.5 dpa A709, 1.0 dpa A709, and
control A709 samples, from top to bottom, respectively, together with identi-
fied phases of Si (added standard, PDF-99-0092), corundum (Cr2O3, PDF-38-
1479), spinel (Fe3O4, PDF-19-0629) and fcc (substrate, PDF-47-1405).
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vacancy gradient, could also enhance the surface depletion of Cr [34,
35]. As predicted by Lam [36], inverse Kirkendall effect would lead to
elemental redistribution near the damage peak, which was not observed
in this study. Given that the full width at half maximum of the damage
peak profile is wider than both the step size and the spatial resolution of
the EDS line scans, the absence of elemental redistribution is less likely
a result of limited accuracy of EDS profile, rather, an indication that the
back diffusion of Cr overwhelms the defect-flux induced solute flow at
670 °C [34].

Ion-beam enhanced inward diffusion, as has been observed and
noted by different groups of researchers [37-39], might take place in
this study. First, it has been shown that ion-beam can exert a dragging
force to the residual oxygen and nitrogen in the chamber through
Coulomb interaction, enhancing the concentration of oxygen and ni-
trogen migrating to the target material following the ion beam [37].
Second, as some of the oxygen or nitrogen become interstitials in the
target material, their mobility can be enhanced by ion beam through a
quasiparticle-enhanced mobility mechanism [38-39]. However, given
the high vacuum maintained through the experiment, the influence of
the ion-beam enhanced inward diffusion is expected to be insignificant.
No experimental evidence for enhanced inward diffusion was observed
by EDS under the current experimental conditions.

Conclusions

Metallurgical changes were observed and studied in two 20Cr-25Ni
type alloys subjected to proton irradiation up to 1.5 dpa at 670 °C for
90 h. The irradiation resulted in up to 85% and 50% Cr depletions for
A709 and M709 samples, respectively. The Cr depleted zone covers the
whole projected range of 2 MeV proton. An effective diffusion coeffi-
cient of 3.4× 10−12 cm2/s was determined from the Cr depletion
profile for A709, which is ∼4 orders of magnitude higher than that of
the thermally annealed condition. The radiation-enhanced Cr diffu-
sivity was a result of the synergic effects of radiation-enhanced vacancy
production, vacancy stabilization from dissolved carbon and injected
hydrogen, and pipe diffusion through radiation-induced dislocation
networks.
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