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Abstract

In order to investigate the effect of stacking fault energy on microstructural evolution in
reduced activation high entropy alloys, electron and/or Au” ion irradiation was performed to the
Co-free FCC-type FeCrogNi,Mn, (x, y =1, 1.3, 1.5) alloys. TEM observation of the 5%-deformed
FeCrosNi.Mn, alloys revealed the increase in the stacking fault energy with increasing both Ni
and Mn concentration. In addition, FeCrosNi; sMn; s had the highest stacking fault energy, which
was much higher value than that of 316SS. Furthermore, the yield strength and the elongation of
deformed FeCrosNi:Mn, also showed the Ni and Mn concentration dependence. The electron
irradiation at 400 °C resulted in the formation of black dots, self-interstitial atom faulted loops,
but no observable voids in all the FeCrosNi:Mn, alloys. The comparison of microstructural
evolution revealed less faulted loop formation and growth in FeCrosNiisMn;3 and
FeCrosNij sMn; s alloys. From these results, it is suggested that FeCrNiMn-based high entropy
alloys would be developed as high irradiation resistant materials by controlling the stacking fault

energy with optimized element concentration.
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1. Introduction

In the last decade, the high entropy alloys (HEAs) have been paid attention due to their high
strength, ductility, wear resistance, high temperature softening resistance and corrosion resistance
compared to conventional metallic material [1-4]. Some of HEAs have been reported as candidate
materials for nuclear applications due to their high radiation resistance and corrosion resistance
especially at elevated temperatures [5-7]. On the radiation resistance of HEAs, Lu et. al. firstly
reported the enhanced swelling resistance at 500 °C in FCC-type CoCrFeNiMn alloy attributed
to the tailored interstitial defect cluster motion from a long-range one-dimensional mode to a
short-range three-dimensional mode, which leads to enhanced point defect recombination [8].
Yang et. al. also reported [9] that the irradiated HEAs exhibited a better irradiation tolerance than
pure metal at 500 °C, including slower accumulation of irradiation-induced structural damage and
lower void swelling, probably due to both the compositional complexity and alloying elements.
Generally, FCC-type materials tend to have a low stacking fault energy (SFE) compared to BCC-
type materials, leading to the formation of stacking fault-type defects, such as stacking fault
tetrahedron (SFT) and faulted Frank loops (faulted FLs) in matrix, when irradiated in a wide
temperature range [10-16]. Those stacking fault-type defects, especially FLs, would be a key of
degradation of FCC-type materials under irradiation. W-Y. Chen et. al. investigated the
microstructure change in CoCrFeNiMn alloy under irradiation at 300 °C, found that the size and
density evolutions of dislocation loops in the HEA were similar to that in 316H stainless steel
[17]. And it is suggested that the loop size and density might be related to the differences in
vacancy mobility [17]. On the mobility of point defects in CoCrFeNiMn alloy, Hashimoto et. al.
conducted the in-situ electron irradiation experiment and the positron annihilation analysis
revealed that Co, Ni, Mn, and Al atoms could affect the vacancy mobility in HEAs but not the

interstitial mobility [18]. For the effect of element content on SFE, Mn would play an important



role for the change in the SFE [19]. However, it is noted that these studies on the irradiation
resistance were conducted to Co-including FCC-type HEAs.

Concerning about the irradiation response on Co-free HEAs, neutron irradiation experiment
revealed that CrFeMnNi HEA showed similar behavior to Fe-Cr-Ni in mechanical strength, phase
stability and the annealing of vacancy-type defects, whereas the solute diffusion is slower up to
700 °C [20]. Parkin et. al. also investigated the irradiation damage in CrFeMnNi-type HEA and
found the difference in loop growth kinetics attributed to the difference in Mn-content [21]. This
work suggested the detail analysis on the SFE as a useful parameter for determining the irradiation
resistance of FCC-type HEAs as well as their strength, ductility, and strain-hardening behavior.
In this study, therefore, we focused on Co-free FCC-type FeCrNiMn-based HEAs and
investigated the effect of element content on the SFE. Furthermore, in order to clarify the effect
of SFE on irradiation damage evolution microstructural changes of those HEAs were investigated

by in-situ irradiation experiment.

2. Experimental procedure

The materials used in this study are FCC-type single phase alloys; FeCrosNi:Mn, (x, y =1, 1.3,
1.5). The FeCrosNi.Mn, were prepared by arc-melting method in high-purity argon atmosphere,
followed by solution annealing at 1160 °C for 24 hrs. The chemical composition of all the alloys
was listed in Table 1. The chemical composition of C, N, and O were analyzed by the combustion
infrared absorption method, the inert gas melting-thermal conductivity method, and the inert gas
melting-infrared absorption method. For the estimation of SFE, all the alloys were cold-rolled
down to 0.25 mm in thick, then punched out for tensile test (SS-J2 type with a gage length of 5
mm). Tensile test was conducted at room temperature, and then, the deformed region was cut and

electro-polished to provide for TEM observation. For the in-situ irradiation experiments and



microstructure observation, 3 mme TEM disks were punched out from the as-annealed samples
and electro-polished. Before the irradiation experiments, macro- and microstructures of the alloys
were investigated by using SEM (FE-SEM JEOL JSM6500F) and XRD (Rigaku Fully automatic
horizontal multipurpose X-ray diffractometer). In-situ electron irradiation experiment was
performed at 400 °C to 0.2 dpa at the dose rate of 1x107 dpa/s using the Multi-beam High Voltage
Electron Microscope (HVEM operated at 1.25 MeV) at Hokkaido University. The 8MeV Au” ion
irradiation was also performed at 500 °C up to 72 dpa at the dose rate of 6.8x10* dpa/s for a part
of samples by the Takasaki lon Accelerator for Advanced Radiation Application (TIARA) of the

National Institute for Quantum Science and Technology (QST).

3. Results

3.1 Structure and stacking fault energy of FeCrysNi.Mn,

Fig.1 shows the XRD results of FeCr sNi.Mn,, alloys after solution annealing. The profile showed
the peaks from (111), (200), (220), (311) and (222) of FCC structure only, indicating that each
alloy has the FCC-type single phase structure. In addition, EDS mappings of the alloys showed
no concentration gradience or segregation in matrix. Fig. 2 shows the electron backscatter
diffraction (EBSD) maps of the FeCrosNiMn, alloys. The average grain sizes of FeCrosNiMn,
FeCrosNiMn; 3, FeCro sNi; sMn; 3, and FeCro gNii sMn; s were 92, 78, 72, and 77 um, respectively,
which would be comparable for the comparison of their mechanical properties. The solution-
annealed FeCrosNi,Mn, alloys included no precipitates but dislocation lines or segments (<10"
m™) in matrix. The 5%-deformed FeCrosNi,Mn alloys included more dislocation lines (<10'
m~?) and were used for the estimation of the stacking fault energy. Fig. 3 shows the WBDF images
of dissociated dislocations in the deformed FeCry sNi:Mn, alloys. Those images were taken in the

beam condition of B =111, g =022, and (g/5g). The dissociation width of partial dislocations is



defined as a function of the angle between the dislocation line and the total Burgers vector. The
separation distance (d) and the angle (/) between the dislocation and the Burgers vector of full
dislocation of these three alloys are measured. The stacking fault energy: y can be expressed the

following equation,

, = Gb,,2 (2—\;) 1_2\;cos(2[3)
8md \1—v 2—v

where, G is the shear modulus, b, is the magnitude of the 1/6a<112> partial dislocation Burgers
vector (a is the lattice parameter determined by X-ray diffraction) and v is the Poisson's ratio. The
Shear modulus and Poisson's ratio of the alloys, measured by resonant ultrasound spectroscopy,
were listed in Table 2. Fig. 4 shows the estimated SFE values of FeCro sNi.Mn, alloys with some
previous data points of CoCrFeNiMn type HEAs reported by Liu [22] and Hashimoto [19]. The
SFE values of FeCrosNi:Mn, alloys are higher compared with CoCrFeNiMn type HEAs.
Furthermore, the SFE value seemed to be increased with increasing Mn and Ni concentration.
From Fig. 4, it seems that Ni concentration dependence on the SFE could be slightly larger than

that of Mn.

3.2 Tensile property of FeCrsNi.Mn,

FeCrosNi,Mn, alloys were tensile-tested at RT at the strain rate of 10 Fig. 5 shows the
engineering stress - engineering strain curve of all the FeCrosNi.Mn, alloys. It is noted that the
0.2% proof stress (co2) and the ultimate tensile strength (UTS) seem to be slightly increasing with
increasing Mn and Ni contents., but the total elongation (&) was almost the same among the alloys.

And those values were comparable to that of 316H stainless steel [23].

3.3 Microstructural evolution in irradiated FeCrysNi.Mn,



FeCrosNi,Mn, alloys were electron irradiated at 1x10™ dpa/s to 0.2 dpa at 400 °C. In this
irradiation condition, both self-interstitial atom (SIA) and vacancy can move appreciably [10].
All the alloys remained fully crystalline and retained their original FCC phase with no detectable
second phase observed during irradiation experiment. Generally, the electron irradiation
introduced point defects in materials, and then, microstructural evolution such as the formation
and the growth of SIA cluster (black dot: BD), SIA faulted loops (FL), and cavities would be
observed with increasing irradiation dose. Fig. 6 shows the damage microstructure of irradiated
FeCrosNi,Mn, alloys. BDs and FLs were observed in the weak-beam dark-field (WBDF) images.
The dark-field (DF) images from relrod showed only FLs on (111) plane. The irradiated
FeCrosNi; sMn, s indicated a low number density of (8.7x10% m™) and the average size (50 nm)
of FL compared with the others and even 316SS [24]. A part of FLs could be unfaulted to SIA
perfect loops (PL), however, the unfaulting process was not observed in this in-situ irradiation
experiment. The critical size for unfaulting of the SIA FLs was not clear [25,26]. Assuming that
the critical unfaulting size is depending on the SFE, the SIA FL formation in irradiated
FeCrosNi.Mn, alloys could be controlled by the Ni and Mn concentration. In addition, it is noted
that no observable cavities were found in all the FeCro sNi,Mn, alloys. In order to investigate the
formation of cavities and/or vacancy type clusters such as stacking fault tetrahedra (SFT), the Au”
ion irradiation at 500 °C up to 72 dpa was performed to FeCrosNi; 3Mn; 3 alloy, however, both
cavities and SFTs were not found in matrix and even at grain boundaries. Fig.7 summarized the
number density and the average size of FL in irradiated FeCro sNi.Mny. It seems that the number
density of FL was decreased with increasing Ni and Mn contents. While, the average size of FL

would be almost the same among the FeCro sNi.Mn, alloys.

4. Discussion



For the estimation of the SFE, G.B. Olson model [27] can be applied. The formula is expressed

as below.

SFE = 2,0A (AGFCCHHCP + Estrain) +20

where pa is the atomic density of {111}, AG"“ " is the difference of free energy before and

after FCC—HCP transformation, £5™" is the elastic strain energy of transformation, and s is the

surface energy of FCC/HCP interface. The free energy calculation was performed with using
PANDAT-2028 (CALPHAD). Fig. 8 shows that the free energy change of FCC and HCP in
FeCrosNi,Mn and FeCrosNiMn, as a function of Ni and Mn contents, respectively. It seems that

the increase in Mn and Ni would increase the SFE in this experiment. As shown in Fig. 8, AG"¢

“HCP is increased with increasing Ni and Mn contents. Therefore, the thermodynamics calculation

can support the experimental result of the change in SFE of FeCrosNi:Mn, alloys. In addition, Ni
concentration dependence on the SFE seems to be slightly greater than that of Mn. Lu et al.
investigated the effect of Ni and Mn on FeCrNi-based alloys with various Ni contents via
quantum-mechanical first-principles calculations [28]. It is found that Mn increases the SFE at
room temperature in high-Ni alloys. Furthermore, the first-principles calculations indicated that
the intrinsic SFE was predicted to monotonically increase with Mn content in paramagnetic FeMn
alloys [29].

The increase in Mn and Ni contents resulted in the increase in SFE, but oo, UTS, and & were
almost the same in FeCrogNi,Mn, alloys. Generally, the lowering the SFE resulted in the
increasing in the work-hardening rate and the deformation twinning formation [30]. In this study,
however, less SFE dependence on Tensile property was shown in FeCro sNi.Mn, alloys.

The electron irradiation experiment resulted in the lowest FL number density in the irradiated

FeCrogNiisMn; s, which had the highest SFE among FeCrosNi.Mn, alloys. G. Bellefon et al.



reported that the SFE value in austenitic stainless steels was empirically evaluated as a function
of the chemical composition [31]. The effect of Mn concentration on the SFE appeared to be more
significant than the empirical dependence. The formation of SIA FL in FCC-type materials would
be affected by the SFE in nature. A previous report indicated that the formation energy of SIA FL
is dependent on SFE in nature; however, MD simulation could not indicate any SFE dependence
on FL formation [39]. While, on the SIA PL, the critical loop size is obviously dependent on SFE
and becomes larger at lower SFE [38]. Concerning about SFE in HEAs, Ni concentration
dependence on SFE in CoCrFeNiMn-type HEAs in the range of 14~20 at% Ni [22] has been
reported. In the case of the irradiated HEAs, the high Mn concentration in CoCrFeNiMn-type
HEAs showed lower number density and smaller loop diameter of FL after Kr' ion irradiation at
500 °C [19]. In this study, Co-free FeCrosNi:Mn, alloys also showed a similar tendency of the
relationship between the FL formation and the SFE.

To correlate the irradiation hardening with microstructure, the Orowan hardening model [32]
has been used. The formula is given as follows:
Aoy = Maub(ND)"?
where Aoy is the calculated increase in yield strength after irradiation. M is the Taylor factor (3.06
for equiaxed FCC), « is the barrier strength factor (0.4 for FL) [33], x is the shear modulus (77
GPa for austenitic steels), and b is the Burgers vector of moving dislocation (0.257 nm). N and D
are the number density and the size of obstacles, respectively, so that, Aoy can be estimated as a
function of (ND)’. The FL number density (V) and the FL average diameter (D), and (ND)"> of
irradiated FeCrosNi,Mn, alloys are listed in Table 2. The value of (VD)"> seems to have the Mn
and Ni concentration dependence. The values of (ND)** in FeCrosNi,Mn, alloys were plotted as
a function of the estimated SFE (») in Fig. 9. From this figure, (ND)* can be formulated by

following expressions.



(ND)** = (9% 107) exp(—0.0387)

Considering that FeCrosNi:Mn, showed irradiation resistance compared to CoCrFeNiMn and
316SS, it can be expected that FeCrNiMn-based (Co-free) HEAs could be well-designed by
controlling the SFE with optimized element concentration as one of candidate alloys for nuclear

applications.

5. Summary

In order to clarify the effect of SFE on irradiation damage evolution in Co-free FCC-type HEAs,
the effect of element content on the SFE and microstructure change in FeCr sNi.Mn, alloys were
investigated by in-situ irradiation experiment.

The stacking fault energy of FeCrosNi.Mn, alloys was increased with increasing both Ni and Mn
concentration, FeCrysNi; sMn; s had the highest stacking fault energy, which was much higher
value than that of 316SS. The electron irradiation at 400 °C resulted in the formation of faulted
loops, but no observable voids in all the FeCry sNi,Mn, alloys. The comparison of microstructural
evolution revealed less faulted loop formation in FeCrosNii3Mn; 3 and FeCrosNiisMn; s alloys,
leading to less irradiation hardening compared with a low SFE HEAs and 316SS. From these
results, it is suggested that Fe CrNiMn-based HEAs would be one of candidate alloys as high
irradiation resistant materials by controlling the stacking fault energy with optimized element

concentration.
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Table 1 Chemical composition of FeCrosNi:Mn, alloys (at%).

Table 2 Shear modulus and Poisson's ratio of the alloys, measured by resonant ultrasound

spectroscopy.
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Fig. 4 Estimated SFE values of FeCrogNi:Mn, as a function of Ni and Mn content. The SFE values
of CoCrFeNiMn, also plotted as comparison. [19,22]

Fig. 5 The engineering stress — engineering strain curve of FeCrosNi.Mn, alloys tested at RT at

the strain rate of 10™.

Fig. 6 Damage microstructure of irradiated FeCr gNi.Mn, alloys. BDs and FLs were observed in

the WBDF images. The DF images from relrod showed only FLs on (111) plane.

Fig. 7 Number density and average size of FL in irradiated FeCrosNi:Mny. FL number density
decreases with increasing Ni and Mn contents. While FL size is independent on element

concentration.

Fig. 8 Free energy change of FCC and HCP in FeCrysNi:Mn and FeCrosNiMn, as a function of

Ni and Mn contents, respectively.

Fig. 9 The values of (ND)** in FeCrosNi,Mn, alloys as a function of the estimated SFE (7). (ND)**

decreases with increasing SFE.



Table 1 Chemical composition of FeCrosNi:Mn, alloys (at%).

Fe Cr Ni Mn C N O
FeCrosNiMn 26.3 21.1 26.3 26.3 0.002 0.007  0.044
FeCrosNiMn 3 24.4 19.5 24.4 31.7 0.002 0.005  0.054
FeCrosNij sMn; 3 22.7 18.3 29.5 29.5 0.003 0.006  0.035
FeCrogNiisMn; s 20.8 16.6 313 31.3 0.002 0.005  0.045




Table 2 Shear modulus and Poisson's ratio of the alloys, measured by resonant ultrasound

spectroscopy.
Shear modulus / GPa Poisson's ratio
FeCrosNiMn 62.7 0.30
FeCrogNiMn; 3 59.5 0.30
FeCrogNiisMn 3 49.9 0.30
FeCrosNii sMn; s 51.1 0.32




Table 3 Summary of FL number density (), FL average diameter (D), and (ND)"* of irradiated
FeCrosNi.Mn, alloys.

Number density (N) Average Diameter (D) (ND)°3

/m’ / nm /m’!
FeCrosNiMn 2.9x10% 48 1.2x107
FeCrosNiMn; 3 1.6x10% 30 6.9x10°
FeCrosNij ;Mn; 3 1.1x10% 40 6.6x10°
FeCrogNij sMn; 5 8.7x10% 50 6.6x10°




Fig. 1 XRD results of FeCrosNi:Mn, alloys after solution annealing.
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Fig. 2 Electron backscatter diffraction (EBSD) maps of FeCrosNi:Mn, alloys.
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Fig. 3 WBDF images of dissociated dislocations in the deformed FeCrosNi.Mn, alloys.
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Fig. 4 Estimated SFE values of FeCrosNi:Mn, as a function of Ni and Mn content. The SFE
values of CoCrFeNiMn, also plotted as comparison. [19,22]
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Fig. 5 The engineering stress — engineering strain curve of FeCrgNi.Mn, alloys tested at RT at

the strain rate of 10™.
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Fig. 6 Damage microstructure of irradiated FeCrsNi:Mn, alloys. BDs and FLs were observed

in the WBDF images. The DF images from relrod showed only FLs on (111) plane.
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Fig. 7 Number density and average size of FL in irradiated FeCrosNi:Mny. FL number density

decreases with increasing Ni and Mn contents. While FL size is independent on element

concentration.
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Fig. 8 Free energy change of FCC and HCP in FeCrysNi,Mn and FeCrysNiMn, as a function of

Ni and Mn contents, respectively.
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Fig. 9 The values of (ND)*? in FeCrosNi.Mn, alloys as a function of the estimated SFE ().
(ND)"? decreases with increasing SFE.

108
E
g 107
Q
3
108
50 55 60 65 70

Stacking Fault Energy (mJ/m2)



