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Structural damage and chemical segregation in Al ;CoCrFeNi high entropy alloy irradiated at elevated tempera-
tures are studied using transmission electron microscopy (TEM) and atom probe tomography (APT). Irradiation-
induced defects include dislocation loops, long dislocations and stacking-fault tetrahedra, but no voids can be ob-
served. As irradiation temperature increases, defect density is decreased but defect size is increased, which is in-

duced by increasing defect mobility. APT characterization reveals that ion irradiation at elevated temperatures
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can induce an enrichment of Ni and Co as well as a depletion of Fe and Cr at defect clusters, mainly including dis-
location loops and long dislocations.
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High-entropy alloys (HEAs) are newly emerging advanced mate-
rials, which are defined as a multi-element solid solution composed of
four or more principal elements in equimolar or near-equimolar ratios
[1,2]. HEASs can exhibit high hardness, fatigue resistance, wear resistance
and excellent low temperature fracture-resistance [3-6]. Specially,
HEAs have a high softening resistance at elevated temperatures and
sluggish diffusion kinetics. For these reasons, HEAs are widely regarded
as promising high-temperature materials [ 7]. Due to their excellent me-
chanical properties and high temperature stability, HEAs have been pro-
posed as structural materials in advanced nuclear systems [8,9], in
which structural materials will be exposed to high temperatures and
high irradiation doses.

Irradiation of alloys by energetic particles in nuclear reactors can
cause serious structural damage, leading to the degradation of mechan-
ical properties [10]. Therefore, the structural stability and mechanical
properties of HEAs under irradiation are crucial for their applications
in nuclear energy systems. Generally, irradiation-induced damage accu-
mulation at room temperature is suppressed in HEAs [8], and the vol-
ume swelling induced by high temperature ion irradiation can be
decreased by controlling the number and the type of alloying elements.
As such, the volume swelling of FeCoCrMnNi HEA (<0.2%) is 30 times
lower than that of Ni (~6.7%) under irradiation with 5 MeV Ni at 500
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C [11]. Although the irradiation response of HEAs has been studied,
most of the experimental results are focused on the effects of composi-
tional complexity on the irradiation resistance. The evolution of struc-
tural damage and chemical segregation with irradiation temperature
in HEAs, which are important for a fundamental understanding of defect
behavior and in determining the temperature range for its applications
in nuclear system, have not been systematically studied.

In the current work, a single phase HEA Alg ;CoCrFeNi [12,13] is cho-
sen as a model system to study the effects of temperature on the irradi-
ation responses of HEA. The HEA Alg ;CoCrFeNi samples were irradiated
by 3 MeV Auions at 6 x 10'°> cm™2 (~31 peak dpa); the irradiation tem-
peratures ranged from 250 °C to 650 °C. Irradiation-induced defects and
compositional segregation were characterized by transmission electron
microscopy (TEM) and atom probe tomography (APT), respectively.
Our aims are to investigate defect evolution and chemical segregation
of HEA under high temperature irradiations, and provide reliable exper-
imental results for obtaining a deeper understanding of the defect be-
havior in HEAs and the applications of HEAs in nuclear systems.

Alp 1CoCrFeNi HEA used in this study was synthesized by arc-melting
a mixture of pure metals in a Ti-gettered high-purity argon atmosphere
[12,14]. The polished samples were irradiated with 3 MeV Au ions at
250, 350, 500 and 650 °C, respectively. The details of ion irradiation
can be found in Supplementary material. The corresponding displace-
ments per atom (dpa) was calculated using SRIM 2013 assuming a dis-
placement threshold energy of 40 eV in the Kinchin-Pease option [15].
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The irradiation fluences were 6 x 10'> cm™2; the corresponding peak
damage is ~31 dpa. The SRIM calculation results of dpa and Au distribu-
tion are given in Fig. S1 in Supplementary material. TEM observations
were conducted using a 300 keV, Tecnai F30 microscope. Cross-
sectional TEM samples were prepared by mechanical polishing, follow-
ed by ion milling to form a wedge for electron transparency. Irradiation-
induced solute segregation in Aly ;CoCrFeNi was characterized using
APT (CAMECA LEAP 4000x HR or CAMECA LEAP 4000 x SI) with a
50 p] laser energy, a repetition rate of 200 kHz, and a specimen temper-
ature of 30 K.

Fig. 1 shows the bright field (BF) images and corresponding selected
area electron diffraction (SAED) patterns of Alp ;CoCrFeNi HEAs irradiat-
ed at the four different temperatures. All BF images in Fig. 1 were taken
under two-beam BF conditions using a diffraction vector g = (022) near
the [211] zone axis and SAED patterns were taken under the [100] zone
axis. No voids were observed at any of the four different sample temper-
atures. Furthermore, only diffraction spots belonging to a fcc structure
can be found in selected area electron diffraction (SAED) patterns, indi-
cating that no phase decomposition or incoherent precipitation occurs.
At 250 °C (Fig. 1(a)), most of the visible irradiation-induced defects
are located at the peak damage region (450 nm-650 nm). A high densi-
ty of dislocation loops and small defect clusters, whose nature can't be
distinguished, are observed. High-resolution TEM characterization in
this depth region (as shown in Fig. 2(a)) revealed two groups of disloca-

tion loops lying on the (111) plane (indicated by red arrows) and (111)
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plane (indicated by blue arrows), suggesting that these small disloca-
tion loops are faulted loops on the {111} plane. Fig. 2(b) presents the
magnified HRTEM image of a dislocation loop in Fig. 2(a), which dem-
onstrates that the dislocation loops are interstitial-type with b = 1/3
(111). The average size of dislocation loops in this region was 7.4 +
2.0 nm. A few large defect clusters including dislocation loops and dislo-
cation line segments can be observed in the shallower region from 350
to 480 nm, but the densities are much lower.

As irradiation temperature increases to 350 °C (Fig. 1(b)), the depth-
dependent microstructure is qualitatively similar to that at 250 °C. The
region containing the highest density of small defect clusters and dislo-
cation loops occurs over a somewhat narrower range of depths as com-
pared with that of 250 °C, and the depth range of the region which
consists of a low density of large dislocation loops and dislocation line
segments is increased. This suggests that a portion of the small defects
start to grow or become unstable and dissociate with increasing tem-
perature, but the defect characteristics in both regions are overall simi-
lar with that of 250 °C.

Fig. 1(c) shows the BF image of Aly;CoCrFeNi irradiated at 500 °C,
and it can be observed that the defect morphology and density are sig-
nificantly different as compared with that of 250 °C and 350 °C. The de-
fect density in the deeper region (510 nm-620 nm) is significantly
decreased but the defect size is increased, with a greater number of eas-
ily resolvable isolated dislocation loops. A further microstructure char-
acterization of this region (as shown in Fig. 2(c)) reveals that most of
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Fig. 1. BF images and corresponding SAED patterns of Aly;CoCrFeNi irradiated by 3 MeV Auions to 6 x 10'> cm~2 at (a) 250 °C; (b) 350 °C; (c) 500 °C and (d) 650 °C, respectively. Perfect
loopsin (c) and (d) are marked by blue arrows and the green circles in (c) indicate SFTs. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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