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Alkrothal 720 and Kanthal APMT™, two commercial FeCrAl alloys, were neutron irradiated up to damage doses of
7.0 displacements per atom (dpa) in the temperature range of 320 to 382 °C to characterize the o’ precipitation in
these alloys using small-angle neutron scattering. Both alloys exhibited o’ precipitation. Kanthal APMT™ exhib-
ited higher number densities and volume fraction, a result attributed to its higher Cr content compared with

Alkrothal 720. Trends observed as a function of damage dose (dpa) are consistent with literature trends for
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both FeCr and FeCrAl alloys.
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High chromium (Cr) ferritic/martensitic steels are frequently inves-
tigated for applications requiring elevated temperatures and oxidation
and/or corrosion resistance. The elevated Cr content (typically >7-
8 at.%) enables acceptable oxidation and corrosion resistance in a
range of elevated-temperature environments such as air, water, and
steam. Many of these ferritic steel alloys are susceptible to embrittle-
ment at service temperatures of ~500 °C or below. This embrittlement
phenomenon is classically referred to as “475 °C embrittlement,” and
decades of research have been dedicated to understanding its cause. It
is now accepted that the embrittlement results from a miscibility gap
below 500 °C in the Fe-Cr phase diagram, where precipitation of the
Cr-rich o’ phase occurs through either a nucleation and growth process
or spinodal decomposition in the Fe-rich o matrix when the Cr content
of the alloy exceeds ~8.5 at.% [1,2].

Detailed studies of the Fe-Cr system show that the mechanism, rate,
and magnitude of the precipitation of the o’ phase depend on both the
service temperature and composition of the ferritic-based stainless steel
[3]. For example, Grobner [4] and Courtnall and Pickering [5] summarize
the effects of alloying and show most practical alloying elements, such
as Ti, Mo, and Nb, lead to an increased rate in hardening linked to o’
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precipitation. Additional studies [2,6] show the detrimental effect of in-
creased Cr content in FeCr alloys upon o’ precipitation and the resulting
mechanical performance. It appears that traditional metallurgy prac-
tices have little effect on mitigating o’ embrittlement. However,
renewed interest in FeCrAl-based alloys for applications below ~500
°C has triggered the rediscovery of the benefits of significant additions
of aluminum (Al) (22.5 at.%) [7,8] on o precipitation. Although Al
additions often provide a benefit in suppressing o’ precipitation,
many industrial alloys—such as PM2000, MA956, and AISI Type
406—have proved to still be susceptible to o’ formation [9-14].

This study seeks to expand the current database of o’ precipitation in
commercially available FeCrAl alloys to provide insight into their viability
in industrial applications in which service temperatures reside below 500
°C. Specifically, the interest of this study is to examine candidate FeCrAl
alloys for accident tolerant fuel (ATF) cladding applications where service
temperatures are expected to be near 300 °C but off-normal conditions
can exceed temperatures above 1000 °C [15]. Coupons of commercial
alloys were neutron irradiated and then characterized using small-
angle neutron scattering (SANS). Neutron irradiation has been shown
to increase the rate of o’ precipitation [2,6,16-18] and hence accelerate
the speed of detection of o’ and rapid progression to the growth-based
regime for alloys where nucleation and growth is expected. SANS is wide-
ly used for characterization of o’ precipitation in both FeCr [13,18-21]
and FeCrAl alloys [3,17,22,23], and our recent work shows good agree-
ment can be achieved between SANS and more time-intensive atom
probe tomography studies [17].

Two commercial FeCrAl alloys, Kanthal APMT™ and Alkrothal 720,
were used for this study. Kanthal APMT™ is a 21.95 at.% Cr-9.64 at.%
Al-1.52 at.% Mo, powder-metallurgy-derived FeCrAl alloy; the heat
and hence composition is the same as in Ref. [24]. Alkrothal 720 is a
13.13 at.% Cr-8.22 at.% Al, wrought FeCrAl alloy; its composition and
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starting microstructure are found in Ref. [25]. Only two commercial
alloys were studied due to the limited sample volume capacity of the
neutron irradiation rig used. The selected alloys represent two uniquely
different alloy types: one in which o’ precipitation is expected to occur
in great magnitude (Kanthal APMT™) and one in which little or no o’
precipitation is expected (Alkrothal 720) but both alloys still exhibit
high temperature (1200 °C) steam oxidation resistance, a key require-
ment for ATF cladding applications [26,27]. Additionally, the Mo addi-
tions in the Kanthal APMT™ alloy allow for possible insights into any
additional effects due to minor alloying additions or powder metallurgy
fabrication approach. Bulk Kanthal APMT™ was fabricated in rod form
and bulk Alkrothal 720 specimens in thin sheet form.

Neutron irradiations were conducted in Oak Ridge National
Laboratory's (ORNL's) High Flux Isotope Reactor (HFIR). Full details
regarding the specimen configuration and irradiations are found in
Refs. [16,17,23-25]; only a brief description is provided here. Kanthal
APMT™ was neutron irradiated to 0.3, 1.8, and 7.0 displacement
per atom (dpa) at temperatures of 334.5 4+ 0.6 °C, 381.9 + 5.4 °C, and
319.9 £ 12.7 °C, respectively. Alkrothal 720 was neutron irradiated to
0.8, 1.8, and 7.0 dpa at temperatures of 355.1 + 3.4 °C, 381.9 + 54 °C,
and 319.9 £ 12.7 °C, respectively. The dose ranges represent the
transient regime for the mechanical properties of FeCrAl alloys
under irradiation conditions relevant toward early- to mid-life clad-
ding conditions during light water reactor operation [24]. All irradi-
ations were conducted with a neutron flux between 8.54 x 10'* and
8.84 x 10'*n/cm? s (E > 0.1 MeV), resulting in dose rates in the range
of 7.7 x 1077 t0 8.1 x 10~ 7 dpa/s.

Tensile coupons of both the as-received and neutron-irradiated con-
dition were tested in a shielded hot cell facility; data from these tests are
presented elsewhere [24,28]. Following the tensile tests, one-half of
each broken tensile specimen was prepared and shipped to the HFIR
General Purpose SANS [29] beam line. The SANS detector configuration
and data reduction techniques were identical to those described in Ref.
[17].

Scattering intensities were modeled using a simplified approach in
which o’ precipitates are considered monodispersed spheres within
the oo matrix and exhibit a hard-sphere potential. Additionally, an inher-
ent background contribution was found owing to large impurities, pre-
cipitates, and grain boundaries in the alloys that result in an additional
low-q inverse power law completed in summation [30]. No contribution
of the reactive element-rich particles in the Kanthal APMT™ specimens
in the g-range studied were observed due to their large particles sizes
(100-500 nm) [31]. The result is that I(q) takes the functional form of

1(q) = Vif* Ap*P(q,1)S(q, Rys, 1) + (Aq™™ + B), (1)

where Vis the volume of the precipitates; 7 is the volume fraction of o’
precipitates; Ap is the scattering length density difference between the
o’ phase and the o matrix; P(q,r) is the particle form factor for spherical
precipitates [32]; S(q,Rns,m) is the hard-sphere structure factor [30]; and
Aq~ ™+ B is the inverse power law, where A is the power law length
scale factor, m is the power law exponent, and B is the residual back-
ground in the measurements. This functional form was fitted to the ex-
perimental data using a modified Levenberg-Marquardt algorithm.
Values of interest, including precipitate volume fraction, number densi-
ty, and radius of the o’ precipitates, can be derived from the fitting pa-
rameters using the method described by Pedersen [30]. Using
simplifying assumptions in the determined scattering contrast, as de-
scribed in previous work [17], the composition of the o’ precipitates
and the o matrix can be estimated by

o = ' Apa3
Cm.amx —Cpr— ’l”] 0
o “" 4(bre—bcyr)

and
C(cxr/ = [a:r— (1 —nfx’>cg1ratrix] s N

where C¢; is the bulk composition of Cr in atomic fraction, C22™ is the
atomic fraction of Cr in the matrix, C¥ is the atomic fraction of Cr in the
o precipitates, a, is the lattice parameter (2.87 A), and bre and b, are
scattering lengths of Fe and Cr respectively. Reported errors for all
values are based on the standard error of the fitting coefficients and
any subsequent error propagation [30]. The assumed model has been
applied to neutron-irradiated model FeCrAl alloys and shown good ex-
perimental matching for both morphology and composition values
with atom probe tomography results at higher doses where a coarsen-
ing regime is expected [17].

Fig. 1 shows the scattering curves, including the best-fit determined
model for both alloys. The unirradiated curves in Fig. 1 show only the
low-Q inverse power law contribution to the scattering curves, indicat-
ing no significant Cr-clustering or o’ precipitation in these alloys before
irradiation. After irradiation, a characteristic peak is observed in the
SANS scattering curves stemming from the presence of o’ precipitates
within the matrix. A clear change in this peak with increasing damage
dose (dpa) is seen for both Kanthal APMT™ and Alkrothal 720. For
both alloys, the peaks shift toward lower Q and the magnitude of the
peaks increase with increasing damage dose (dpa). The relative change
in this trend is more apparent in higher-Cr Kanthal APMT™ than in
Alkrothal 720. Qualitatively, these trends suggest that with increasing
dose, a lower number density of precipitates are present in both alloys;
but a significantly higher volume fraction exists within the Kanthal
APMT™ matrix, as expected.
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Fig. 1. Experimental scattering intensities (symbols) and best-fit model (lines) of neutron-
irradiated commercial FeCrAl alloys: (a) Alkrothal 720 and (b) Kanthal APMT™,
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Fig. 2. Alkrothal 720 and Kanthal APMT™ (a) change in radius, (b) number density, and
(c¢) volume fraction for o’ precipitation after neutron irradiation up to 7.0 dpa at
temperatures of 320 to 382 °C (Tj;). Dotted lines are fitted splines.

Fig. 2 shows the quantitative change in the size, number density, and
volume fraction of the o’ precipitates as a function of damage dose for
both alloys. An increase in the precipitate sizes is observed for both
alloys with increasing dose, although it appears that Alkrothal 720
approaches saturation near 1.8 dpa. Kanthal APMT™ does not reach sat-
uration within the same dose regime, as indicated by the rapid increase
in size between the 1.8 dpa and 7.0 dpa conditions. Note that the 1.8 dpa
condition had the highest irradiation temperature (382 °C); hence,
deviations from a natural trend are expected. Across the whole dose
range investigated, Alkrothal 720 consistently showed larger o’ precip-
itate sizes than Kanthal APMT™,

The number density of precipitates decreases with increasing dam-
age dose above 0.3 dpa (Fig. 2b). For Kanthal APMT™, a near order of
magnitude difference is observed between the lowest-dose condition
and the 7.0 dpa condition. Again, it appears that Alkrothal 720 reaches
saturation at 1.8 dpa, as no change within the error of the measurement
is observed at and above this dose. Alkrothal 720 had the lowest number
density across all doses investigated. Contrary to the size and number
density trends, the volume fraction remained unchanged with increas-
ing damage dose when statistical error in the model was considered.
However, the volume fraction observations and number density obser-
vations were consistent in the two alloys, with Alkrothal 720 having the

lowest fraction of o’ precipitates in the ferrite matrix (Fig. 2c). The near-
ly constant volume fraction for a given alloy suggests a Lifshitz and
Slyozov [33] and Wagner [34] (LSW)-type theory, which is based on
Ostwald ripening (particle coarsening) mechanisms. Given this, the
limited number of data points in a short dose (and time at temperature)
range inhibits explicitly determining the adherence of the studied
systems to this theory.

The observed trends were consistent with previous studies of both
aged and neutron-irradiated FeCr and FeCrAl alloys. For example,
Messoloras et al. and Cook et al. show that as aging time increases the
number density steadily decreases, while the mean radius increases
but the rate of change follows a diminishing return trend [3,35]. Fur-
thermore, the effect of composition is consistent with our previous
studies of neutron irradiated model FeCrAl alloys. Higher-Cr content
FeCrAl alloys consistently show higher number densities and volume
fractions than lower-Cr content FeCrAl alloys [16,17,23]. Here, there is
a difference of 8.82 at.% Cr between the composition of Kanthal APMT
™ and Alkrothal 720, but only a 1.42 at.% variation in Al. The large var-
iation in bulk-matrix pre-irradiation Cr content and nearly one order
of magnitude difference in the number density of o’ in each dose
range between the two alloys highlights the critical role of Cr content
in o’ precipitation in commercial FeCrAl alloys, and reinforces its role
in model FeCrAl alloys.

Kanthal APMT™ also contains 1.52 at.% Mo. Courtnall and Pickering
[5] indicated increased hardening linked to o’ precipitation via either a
Cr-Mo complex formation leading to enhanced nucleation or that Mo
increases the coherency strains of o’ resulting in increased age harden-
ing for model FeCr alloys. Here, neither effect can be supported or refut-
ed as the large variation in the bulk-matrix pre- irradiation Cr content
overshadows any minor alloy effects. A systematic study where the
Mo content is varied while the Cr content remains constant is needed
to further define the mechanisms contributing to the observed process-
es by Courtnall and Pickering, but fell out of the current scope of this
study.

Limited studies have been completed on the Cr-content within o’
precipitates in the FeCrAl system. PM2000 is the only commercial
FeCrAl alloy exhaustively studied for the composition of o’; it has
been shown that, with sufficient aging time and temperature
(21000 h at 475 °C), the Cr content in o’ reaches ~80-85 at.%, which
are typical values reported for o’ in the FeCr system (see Ref. [11] and
additional studies by these authors). The time to reach these composi-
tion values was delayed with reduced aging temperature in PM2000;
e.g.,at 1000 h at 400 °C, the Cr content was only 28.9 at.%. In neutron-ir-
radiated Kanthal APMT™ and Alkrothal 720, the Cr content of the o’
precipitates was estimated not to reach the final saturation value
shown by Capdevila et al. (Fig. 3b). For both alloys, the Cr content
mean value was 66 at.% Cr (Fig. 3b). The observed trend, compared
with previous results for PM2000, suggests the saturation values have
not been met, but the rate toward these values has increased. Such an
effect is consistent with the expected precipitation enhancement in irra-
diated samples versus thermally aged samples due to a radiation-en-
hanced diffusion mechanism. Because of the lower-temperature
irradiation (320-382 °C), relatively low maximum dose/time at temper-
ature (7.0 dpa, 2456 h at 320 °C), and large error due to the simplifying
assumptions used to derive Eqs. (2) and (3), the saturation values for o’
cannot be experimentally determined in this study.

Kobayashi and Takasugi [8] provided a a—a’ boundary for the FeCrAl
system using diffusion multiples at 475 °C, but they investigated only
one temperature and used an arbitrary cut-off for change in hardness
values in which the a—a’ boundary was derived from. The FeCr and
Fe-Cr-8.0Al at.% alloys phase diagrams in Wukusick [7] and the more re-
cent FeCr phase diagram in Bonny et al. [2] show that at lower temper-
atures than 475 °C that lower Cr-content (~1.5-2 at.% lower) reside
within the o + o’ region of the phase diagrams. This temperature effect
in the Fe-rich corner of the Fe-Cr-Al phase diagram was recently
highlighted by Ejenstam et al. using a kinetic Monte Carlo model and
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Fig. 3. Change in matrix Cr content (a) and o’ Cr content (b) up to 7.0 dpa at temperatures
0f 320 to 382 °C (Ti,) in Alkrothal 720 and Kanthal APMT™, Dotted lines are fitted splines.

showed a decrease from 475 °C to 338 °C results in the phase boundary
shifting toward lower-Cr for a given Al content [36].

Fig. 4 shows the iron-rich corner of the Fe-Cr-Al system and plots the
experimental results of this study, along with current literature of both
commercial and model FeCrAl alloys. All experimental data below 500
°C where SANS or microscopy-based techniques were completed is pre-
sented; restricting to a single temperature (i.e. 475 °C) would lead to
limited data points preventing determination of known compositions

) 7—0
0 10 20 30 40
Al (at %)

Fig. 4. FeCrAl alloy susceptibility to o’ below 500 °C. Red down-closed triangles are model
FeCrAl alloys shown to form o’ [3,16,17,23,36-38], red up-open triangles are commercial
FeCrAl alloys shown to form o’ [9-14], blue closed circles are model FeCrAl alloys not
forming o’ [37,39], and red open-squares are from this study. Dotted black line is an
experimentally determined ot—o’ phase boundary at 475 °C [8] while the dotted green
and purple line are computationally determined ct-a’ phase boundaries at 338 °C and
475 °C, respectively [37]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

with o susceptibilities. The a—a’ boundary at 475 °C proposed by
Kobayashi and Takasugi [8] and at 475 °C and 338 °C by Ejenstam et
al. [36] is reproduced in Fig. 4 to provide insight into the role of temper-
ature on o’ formation as a function of composition. This study supports
the boundaries in Fig. 4. The trends observed between Kanthal APMT™
and Alkrothal 720 are consistent, as Alkrothal 720 resides near the pro-
posed phase boundary and hence a lower volume fraction of o’ should
exist than in Kanthal APMT™, which resides well within the oc + o’
regime.

Note that in a previous study, Fe-10Cr-9.34Al in at.% was observed to
form o after neutron irradiation, although another alloy with Fe-10Cr-
7.9Al in at.% was found not to form o’ after thermal aging (Fig. 4). The
variation could be due to temperature, as illustrated by Wukusick and
Ejenstam, as the FeCrAl alloy with 9.34 at.% Al was studied at tempera-
tures between 320 and 383 °C [17,23], whereas the other alloy was
studied at temperatures of 450, 500, and 550 °C [36]. The difference be-
tween irradiation studies and thermal aging studies can also not be
ruled out. Irradiation leads to the formation of point defects which can
increase the diffusion as well as agglomerate creating extended defects
which could act as preferential nucleation sites for precipitates. Recent
characterization has shown that extended radiation-induced defects
are not co-located spatially with o precipitates in FeCrAl alloys [37], in-
dicating that o’-formation is most likely enhanced under irradiation
due to radiation-enhanced diffusion. Thus, it could also be proposed
that o’ precipitation could occur within the Fe-10Cr-7.9Al alloy, but it
was not observed due to the sluggish kinetics under the thermal aging
conditions of that study.

In summary, two commercial FeCrAl alloys, Alkrothal 720 and
Kanthal APMT™, were neutron irradiated and then characterized for
o’ precipitation using SANS. Observed trends in size, number density,
and volume fraction were consistent with the growing database on o’
formation in FeCr and FeCrAl alloys. The large variation in Cr content
(8.82 at.%) between the alloys caused the higher-Cr variation, Kanthal
APMT™, to have a higher volume fraction and number density for any
studied irradiation condition. This result specifically highlights the role
of Cr composition in o’ precipitation in both model and commercial
FeCrAl alloys.
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