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ABSTRACT

Nanostructured steels are expected to have enhanced irradiation tolerance and
improved strength. However, they suffer from poor microstructural stability at elevated
temperatures. In this study, Fe-21Cr-5AI-0.026C (wt.%) Kanthal D (KD) alloy belonging to
a class of (FeCrAl) alloys that are considered for accident tolerant fuel cladding in light
water reactors was nanostructured using two severe plastic deformation techniques of
equal-channel angular pressing (ECAP) and high-pressure torsion (HPT), and their thermal
stability at temperatures from 500 °C to 700 °C was studied and compared. ECAP KD was

found to be thermally stable up to 500 °C, whereas HPT KD started to lose its stability at
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500 °C. Microstructural characterization revealed that ECAP KD underwent recovery at
550 °C and recrystallization above 600 °C, while HPT KD showed continuous grain growth
after annealing above 500 °C. Enhanced thermal stability of ECAP KD is attributed to the
significant fraction (> 50%) of low-angle GBs (misorientation angle 2° — 15°) stabilizing the
microstructure as a result of their low mobility. Small grain sizes, a high fraction (> 80%)
of high-angle GBs (misorientation angle > 15°) and accordingly a large amount of stored
GB energy, serve as the driving force for HPT KD to undergo grain growth as opposed to

recrystallization, which is driven by excess stored strain energy.

1. INTRODUCTION

Ultrafine-grained [UFG, average grain size (AGS) 100 nm — 1 um] and
nanocrystalline [NC, AGS < 100 nm] metals and alloys have enhanced mechanical
strength, which is attributed to the increased volume fraction of grain boundaries (GBs)
providing GB strengthening [1,2]. GBs have also been shown to be effective sinks or
recombination centers for irradiation-induced defects such as dislocation loops, voids,
etc. [3,4]. Thus, nano-structuring is considered a good approach to improving the
mechanical properties and irradiation tolerance of metals/alloys in nuclear reactors.
Kanthal-D (KD, Fe-21Cr-5Al-0.026C) is one of FeCrAl alloys that are being studied to
potentially replace Zr-based alloys as accident tolerant fuel cladding in light-water
reactors (LWRs), owing to their superior oxidation resistance in high-temperature steam

conditions [5-11].



Two severe plastic deformation (SPD) techniques, equal-channel angular pressing
(ECAP) and high-pressure torsion (HPT), were employed to nano-structure commercial KD
alloy bar stock in this study. Grain refinement to UFG or NC regime is possible due to the
large, accumulated strains (> 6 — 8) during the SPD processing. SPD has been proven to
enhance the strength of conventional coarse-grained (CG, AGS > 10 um) alloys by 1.5 to
2 times due to GB strengthening and dislocation strengthening [12]. Although both ECAP
and HPT are SPD techniques, the degree of grain refinement achievable is different. For
example, Stolyarov et al. observed a grain size of ~150 nm after HPT of Al-2%Fe alloy in
contrast with ~600 nm after ECAP [13]. Similarly, high purity Ni attained a grain size of
~170 nm after HPT as opposed to ~350 nm after ECAP [14]. This difference is due to the
approach taken to grain refinement in each case. ECAP is limited to heavy straining while
HPT also involves the application of high imposed pressure on the order of several GPa
[15].

The degree of grain refinement is not only dependent on the corresponding SPD
technique but also on the processing temperature [16—19]. Generally, the deformation
temperature is preferred to be less than 0.3Tm, where Ty, is the melting temperature in K,
in order to predominantly achieve 70 to 80% of high-angle GBs (HAGB, GB misorientation
> 15 °) [12,20]. However, some metals and alloys cannot be processed at those
temperatures owing to their limited workability. Islamgaliev et al. performed ECAP on
12Cr-2W-2Ni-0.5Mo (in wt.%) ferritic/martensitic steel at an elevated temperature of 873
K with the channels in the ECAP die intersecting at 120 degrees to avoid the formation of
macroscopic defects such as cracks and fissures as a result of the steel’s poor workability
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[17]. An elevated temperature of 623 K enabled macroscopic defect free grain refinement
in Fe-0.15C-0.25Si-1.1Mn (in wt.%) low carbon steel after ECAP as reported by Shin et al
[21]. Similarly, this present study involved elevated temperature SPD to prevent the
formation of discernible structural defects. ECAP was performed at 520 °C, whereas HPT
was performed at 300 °C. Owing to the different temperatures and strains applied, the
ECAP and HPT resulted in different microstructures with differences in dislocation density,
grain boundary character and grain size [22].

However, the thermal stability of SPD produced UFG, or NC alloys is a concern.
Due to the presence of a significant volume fraction of GBs after SPD, there is an increase
in the stored GB energy, which serves as the driving force for grain growth during thermal
annealing. In addition, an increase in the stored strain energy after SPD (due to increased
dislocation density) drives recrystallization, which is a two-step process consisting of
nucleation of strain-free grains followed by their growth. Recrystallization in UFG or NC
alloys leads to an increase in grain size, a result similar to that from grain growth, although
recrystallization and grain growth are two different physical processes. The occurrence of
grain growth or recrystallization during thermal annealing defeats the purpose of grain
refinement using SPD. Therefore, it is important to study and understand the thermal
stability of these ECAP or HPT produced materials to assess them for potential
applications in high-temperature environments like nuclear reactors.

This study is the first to compare the microstructures between ECAP and HPT

processed FeCrAl alloy and investigate the impact of the microstructural differences on



the thermal stability, as well as understand the mechanisms responsible for the

microstructure evolution during thermal annealing.

2. EXPERIMENTAL

Cylindrical KD commercial bar stock (composition provided in Table 1) was
subjected to solution treatment at 1050 °C (above the austenitization temperature A3)
for 1 h, followed by oil quenching and tempering at 800 °C for 1 h to obtain fully ferritic
microstructure, before air cooling down to room temperature (hereafter referred to as

‘heat treated KD bar stock’).

Table 1. Elemental composition of KD.

Element | Fe Cr Al Ni Si Mn Zr \Y C Ti,Co

Wt.% Bal. | 20.570 | 4.790 | 0.260 | 0.240 | 0.180 | 0.150 | 0.030 | 0.026 | 0.020

ECAP was carried out on heat-treated KD bar stock at a temperature of 520 °C up
to six passes following the B route [23]. The inner contact angle between the channels of
the ECAP die was 120°. Some of the heat-treated KD bar stock was sectioned to ~2 mm
thick discs, and HPT was performed on the discs with a diameter of ~20mm under a
pressure of 6 GPa at 300 °C for ten rotations, at 0.2 rotations per minute [24]. The final
thickness of the discs after HPT was measured to be ~1.2 mm. Annealing was performed

in an alumina tube furnace under an Ar atmosphere with a heating rate of 10 °C/ min to



attain the desired temperature. Annealing of ECAP KD was performed in Ar atmosphere
at the temperatures of 500 °C, 550 °C, 600 °C, 650 °C and 700 °C for 3h, 6h, 12h, 24h and
48h at each temperature. Annealing of HPT KD was performed in Ar atmosphere at the
temperatures of 500 °C, 550 °C, and 600 °C for 3h, 6h, 12h, 24h, and 48h at each
temperature. The reason why annealing of HPT was not carried out at 650 °C and 700 °C
will be addressed later in the paper.

A Phillips X’PERT MPD with a Cu source was used to perform X-ray diffraction
(XRD). Rietveld refinement of the obtained XRD data was performed using MAUD
software to determine the dislocation density. Electron backscatter diffraction (EBSD) and
transmission kikuchi diffraction (TKD) were performed using an Oxford HKL EBSD system,
in an FEI Helios NanolLab 600 scanning electron microscope (SEM) to quantify GB
character and grain size. Samples for EBSD were prepared meticulously by mechanical
polishing, using colloidal silica with particle size down to 0.02 um for 45 min. The
indexing/hitting rate for annealed/ECAP KD was 90-95% and annealed/HPT KD was 85-
90%. Post processing of EBSD data was performed using Channel5 and cleaning of the
EBSD misorientation maps was carried out following ASTM E2627-10 [25].

APT specimens were fabricated using standard lift-out and sharpening methods as
described by Thompson et al. using a Thermo Fisher Nova 200 Dual Beam scanning
electron microscope/focused ion beam (SEM/FIB) [26]. The APT experiments were run
using a CAMECA LEAP 4000XHR in laser mode with a 30K base temperature, 60 pJ laser
power, and a 0.5% detection rate. The APT results were reconstructed and analyzed using
CAMECA'’s interactive visualization and analysis software (IVAS 3.8). TKD lamellas and
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LEAP tips were prepared via a standard focused ion beam (FIB) lift-out procedure. Vickers
microhardness was obtained using a Struers Duramin5 Vickers hardness tester applying a
force of 4.91 N for 5 sec. Miniature (mini) tensile testing was carried out using a tabletop
Instron 5969 universal testing system with 50 kN load cell at a quasi-static strain rate of
10 /sec. The sample dimensions for mini-tensile testing are provided below in Figure 1.
The mini-tensile dog bone specimens were prepared using wire electric discharge

machining (EDM).
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Figure 1. Engineering drawing of the specimen used for mini-tensile testing in this study
(all dimensions in mm). The thickness of the specimen is 1mm.

3. RESULTS

3.1. THERMAL STABILITY OF ECAP KD

ECAP KD has an inhomogenous microstructure with a multi-modal grain size
distribution as reported by the authors previously [27]. Predominantly, two grain size
ranges were found in ECAP KD. They were fine-grained (FG, AGS 1-10 um) and UFG (AGS
100 nm - 1 um). The fine grains have low-angle GBs (LAGBs, GB misorientation 2 — 15°) in
the grain interior implying early stages of grain refinement [22]. The overall area fraction

of HAGBs in ECAP was found to be ~51% from EBSD.



Figure 2a displays plots of Vickers microhardness vs. annealing time at
temperatures between 500 and 700 °C, indicating the thermal stability/instability of ECAP
KD. The as-deformed average hardness of ECAP KD was measured to be 333 £ 17 HV. The
relatively large standard deviation came from the broad grain size distribution. The
hardness of ECAP KD after annealing at 500 °C for 3h, 6h, 12h, and 24h was within £10 HV
(within error) from the hardness of ECAP KD. The same behavior was observed at 550 °C
until an annealing time of 24h; however, when annealed for 48h, the average hardness
dropped to 292 + 19 HV (12%). EBSD orientation map of ECAP KD annealed at 550 °C for
48h shown in Figure 2b revealed a microstructure with a measured area fraction of LAGBs
of ~50%, which is essentially identical to that in as-processed ECAP KD. The decrease in
hardness without considerable change in the microstructure is ascribed to static recovery
leading to a reduction in dislocation strengthening [28]. The probability for dislocation-
dislocation interaction is higher in FG microstructure compared to that in UFG
microstructure as dislocation-GB interaction comes into play [29-31]. With ECAP KD
having both FG and UFG microstructures, it is possible that the extent of loss of dislocation
strengthening is higher in the regions consisting of fine grains in comparison to that in the
regions comprising of ultrafine grains. Thus, when measuring the bulk hardness of ECAP
KD post static recovery (after annealing at 550 °C for 48 h), it is expected that the range
of hardness measured is wider. This could be the reason behind the increase in the
hardness error to 19 HV post annealing at 550 °C for 48 h.

A drop in hardness of ~20 HV (6%) and ~40 HV (12%) is observed in ECAP KD
annealed at 600 °C for 3h and 6h, respectively. However, a significant drop of ~80 HV
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(24%) is observed after annealing at 600 °C for 12h. EBSD orientation maps were obtained
from ECAP KD annealed at 600 °C for 6h and 12h as shown in Figures 2c and 2d,
respectively, to understand the reason for the drop in hardness. The sample annealed at
600 °C for 12h exhibits an equiaxed microstructure with a higher area fraction of HAGB:s.
The percentage of HAGBs increased from ~51% in as-processed ECAP KD to ~80% in ECAP
KD annealed at 600 °C for 12h. The corresponding reduction in the percentage of LAGBs
from ~49% to ~20% and evolution to an equiaxed microstructure after annealing suggest
that the material has undergone recrystallization. As addressed earlier, the strain
imposed in the matrix serves as the driving force for recrystallization. Strain is manifested
in the matrix in the form of dislocations distorting the matrix. From XRD, the dislocation
density in the as-processed ECAP KD was estimated to be 1.2x10¥m™. The
inhomogeneous microstructure of the ECAP KD annealed at 600 °C for 6h with a large
area-fraction of LAGBs (>50%), as disclosed by the EBSD orientation map in Figure 2c, is
similar to that of the as-processed ECAP KD.

Nevertheless, onset of recrystallization, indicated by recrystallized grains (as
pointed out by black arrows in Figure 2c) that nucleated out of pre-existing HAGBs,
occurred at this stage of annealing. Figure 2e and 2f show the GB misorientation angle
distribution in ECAP KD annealed at 600 °C for 6h and 12h, respectively. A higher fraction
of HAGBs is evident in the latter than in the former. This can also be considered as
evidence for recrystallization, suggesting that the strain stored in the LAGBs (array of

dislocations) is relieved by nucleation of strain-free grains [32].
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Figure 2a shows a drop in hardness of ~80 HV (24%) and ~90 HV (27%) after
annealing ECAP KD at 650 °C for 6h and at 700 °C for 3h, respectively. EBSD orientation
maps obtained after annealing at 650 °C for 6h and at 700 °C for 3h are presented in
Figures 3a and 3b, respectively. Equiaxed microstructures with area fractions of HAGBs of
81% and 83.6% (Figure 3c and 3d), respectively, are evident, which are very similar to the
recrystallized microstructure observed after annealing at 600 °C for 12h (Figure 2d). Thus,
as the temperature increased from 600 °C to 700 °C, the time required for recrystallization
to occur was decreased from 12h to 3h. If the annealing temperature is further increased

(>700 °C), it is possible that recrystallization could occur in less than 3h.
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Figure 2. a) Vickers microhardness versus annealing time for temperatures of 500 °C, 550
°C, 600 °C, 650 °C, and 700 °C. b) EBSD orientation map obtained from ECAP KD after
annealing at 550 °C for 48h. c) EBSD orientation map after annealing at 600 °C for 6h. d)
EBSD orientation map after annealing at 600 °C for 12h. e) GB misorientation angle
distribution in ECAP KD annealed at 600 °C for 6h. f) GB misorientation angle distribution
in ECAP KD annealed at 600 °C for 12h.
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Figure 3. a) EBSD orientation map of ECAP KD after annealing at 650 °C for 6h. b) EBSD
orientation map of ECAP KD after annealing at 700 °C for 6h. c) GB misorientation angle
distribution in ECAP KD annealed at 650 °C for 6h. d) GB misorientation angle distribution
in ECAP KD annealed at 700 °C for 6h.

Figure 4 shows the XRD patterns of as processed and annealed ECAP KD. ECAP KD
annealed at 550 °C for 6h, 12h, 24h and 48h all have a texture very similar to that in as-
processed ECAP KD. An increase in the peak intensity to peak width ratio for (200) and
(211) is observed with increasing annealing time. Comparing this observed trend with the
thermal stability of ECAP KD at 550 °C in Figure 2a, as well as the EBSD orientation map
after annealing at 550 °C for 48h in Figure 2b, it can be concluded that static recovery

occurs at 550 °C in ECAP KD. Static recovery results in a decrease in dislocation density
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owing to annihilation of dislocations in the matrix. This is expected to reduce the strain in
the matrix, thereby reducing peak broadening and increasing peak intensity to peak width
ratio in the XRD patterns [33]. In contrast to Figure 4a, Figure 4b shows a noticeable
change in texture for ECAP KD annealed at 600 °C for 6h, and at 650 °C for 6h; an increase
in the intensity of peaks corresponding to (200) and (211) crystallographic planes are
evident for these samples. From EBSD, ECAP KD annealed at 600 °C for 6h is at the onset
of recrystallization, and ECAP KD annealed at 650 °C for 6h has a recrystallized
microstructure as established in Figures 3a and 3c. These observations indicate that there
is a change in texture during recrystallization in ECAP KD.

In summary, ECAP KD is thermally stable up to 500 °C as revealed by the Vickers
microhardness vs annealing time plot (Figure 2a). EBSD analysis reveals a recrystallized
microstructure after annealing ECAP KD at 600 °C for 12h (Figure 2d). Time to recrystallize
decreases with increases in annealing temperature. Recrystallization, i.e., nucleation of
strain-free grains and their subsequent growth, introduces a change in texture as

disclosed by XRD.
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Figure 4. a) XRD patterns of as-processed ECAP KD and ECAP KD annealed at 550 °C for
6h, 12h, 24h and 48h. b) XRD pattern of as-processed ECAP KD and ECAP KD annealed at
550 °C for 6h, 600 °C for 6h and 650 °C for 6h.
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3.2. THERMAL STABILITY OF HPT KD

We have previously reported that HPT KD has a nanocrystalline grain size (AGS =
75 £ 39 nm) [27]. TKD was performed to obtain the GB characteristics in HPT KD since
conventional EBSD does not have the required resolution to resolve nanocrystalline
grains. GB misorientation angle distribution in Figure 5b indicates that as-processed HPT
KD has an area fraction of HAGBs of ~84.5%, which is ~33.5% higher than that in ECAP KD.
This suggests that HPT KD has a higher GB energy compared to ECAP KD [34].

Torsional strain applied to a specimen during HPT is directly proportional to its
radius [35]. The degree of grain refinement is the least at the center due to the lowest
imposed torsional strain there. This is reflected in the mechanical properties in
accordance with the Hall-Petch relationship [36], where the microhardness is ~90 HV
lower than the areas beyond a distance of 2 mm from the center as can be seen in Table
2. For this reason, in this study, the microstructures of as processed and annealed HPT KD
were obtained beyond 2 mm from the center where the hardness is relatively uniform
(within error) regardless of the distance from the center.

Table 2. Hardness profile of HPT Kanthal-D from center to circumference.

Distance from
center (mm)
Average
Vickers
microhardness
(HV)

0 (Center) 2 4 6 8

513+6 599+10 605+ 3 605 £ 10 598 £12
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Figure 5. a) Transmission Kikiuchi Diffraction orientation map of HPT KD from the
longitudinal direction. b) GB misorientation angle distribution in HPT KD.

The same annealing scheme used for ECAP KD was used to assess the thermal
stability of HPT KD; however, temperature varied only between 500 °C and 600 °C as
shown in Figure 6a. A drastic drop in hardness of ~180 HV (30%) was observed after 3h of
annealing at 500 °C from the initial average hardness of 595 + 11 HV of as-processed HPT
KD. The reason why there is no error bar for HPT KD annealed at 500 °C for 48h is that the
measured hardness was exactly the same regardless of the location of measurement.
Although hardness trends upwards post annealing at 500 °C for 24h and 500 °C for 48h,
it is within hardness error of HPT KD annealed at 500 °C for 12 h. Higher drops in hardness

of ~250HV (42%) and ~310HV (52%) were recorded after 3h of annealing at 550 °C and
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600 °C, respectively. Since HPT KD was found thermally unstable at 600 °C and lower,
annealing at higher temperatures was not carried out. This behavior is different from that
of ECAP KD, which is stable up to 500 °C.

EBSD orientation maps obtained from HPT KD annealed at 550 °C for 3h, 6h and
24h, as displayed in Figures 6 b, c, and d, respectively, show equiaxed microstructures
with AGS greater than that of as-processed HPT KD. The microstructure in each case is
indicative of continuous grain growth as opposed to that of annealed ECAP KD (which
exhibited classic static recrystallization). The AGS of HPT KD annealed at 550 °C for 3h, 6h,
and 24h, was found to be 690 + 440 nm, 800 + 490 nm, and 1280 + 870 nm, respectively.

The dislocation density obtained from XRD in HPT KD is 1.0 x 10*> m™2, which is
approximately an order of magnitude higher than 1.2 x 10** m™2in ECAP KD. This suggests
that in addition to a higher GB energy than ECAP KD, HPT KD also has a higher stored
strain energy, providing a driving force for recrystallization [24]. Thus, it appears possible
that recrystallization occurred early in the annealing yielding an inhomogeneous
microstructure (similar to that of annealed ECAP KD, which is represented by ECAP KD
annealed at 700 °C for 3h in Figure 3b) and broad grain size distribution. On prolonged
annealing (> 3h), the second step of recrystallization (growth of recrystallized grains)
could have led to the formation of a more homogeneous microstructure representative

of continuous grain growth.
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Figure 6. a) Vickers microhardness vs annealing time for HPT KD at temperatures of 500
°C, 550 °C and 600 °C. b) EBSD orientation map of HPT KD annealed at 550 °C for 3h. c)
EBSD orientation map of HPT KD annealed at 550 °C for 6h. d) EBSD orientation map of
HPT KD annealed at 550 °C for 24h.

In order to verify whether or not recrystallization had taken place within a span of
few minutes, HPT KD was annealed at 500 °C for 10 min, 20 min and 30 min, and EBSD
maps were obtained to analyze the microstructure. The Vickers microhardness vs.

annealing time plot in Figure 7a indicates that the hardness of HPT KD dropped to 531 +
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11 HV (~10% drop) after annealing at 500 °C for 10 min. The corresponding EBSD
orientation map in Figure 7b shows a microstructure with an average grain size of 200 +
90 nm. After annealing at 500 °C for 20 min and 30 min, the hardness was 529 + 4 HV
(~10% drop) and 532 + 9 HV (~10% drop), respectively; the variation in hardness as a
function of annealing time is within the error bars. After annealing at 500 °C for 20 min
and 30 min, the AGS was 200 + 100 nm and 210 + 110 nm, respectively, very similar to
that of HPT KD annealed at 500 °C for 10 min. The HAGB fraction in the HPT KD annealed
at 500 °C for 10, 20, and 30 min is between ~82-84%, which is comparable to that in the
as-deformed HPT; in the EBSD orientation maps, HAGBs are in black and LAGBs are in red.
Thus microstructural evolution after annealing HPT KD at 500 °C for 10 min, 20 min and
30 min is indicative of classic continuous grain growth, similar to that observed in HPT KD
after longer durations of annealing.

If only continuous grain growth occurred in HPT KD after annealing, it is
anticipated that a decrease in XRD peak width and increase in peak intensity will be
observed for all the peaks corresponding to the different characteristic crystallographic
planes due to a reduction in strain and increase in grain size [37]. XRD was performed on
as-processed HPT KD and those annealed. The comparison of XRD patterns in Figure 8
indicates no significant change in texture associated with the hardness drop after
annealing HPT KD at 500 °C for 3h. However, it can be observed that HPT KD has broad
(110), (211), and (220) peaks compared to those of the annealed samples; this is especially
evident in the case of the highlighted (110) peak. This is due to the fact that the as-
processed HPT KD has a smaller grain size and higher strain compared to the annealed
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samples. The reduction in peak width with no appreciable change in texture, combined
with the microstructural examination, suggests that HPT KD only underwent continuous

grain growth during annealing, without the occurrence of recrystallization.
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Figure 7. a) Vickers microhardness of HPT KD vs annealing time at 500 °C. b) EBSD
orientation map of HPT KD annealed at 500 °C for 10 min. c) EBSD orientation map of HPT
KD annealed at 500 °C for 20 min. d) EBSD orientation map of HPT KD annealed at 500 °C
for 30 min.
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Figure 8. XRD patterns of as-processed HPT KD and HPT KD annealed at 500 °C for 30 min,
3h, 6h, 12h, 24h, and 48h.

3.3. MINI-TENSILE TESTING OF ANNEALED AND AS-PROCESSED KD

Owing to the non-homogeneity of as-deformed ECAP microstructure (FG and
UFG), it is important to confirm the validity of microhardness testing results using a
different mechanical testing technique. Thus, miniature tensile testing was perfomed.
Figure 9 shows the engineering stress-strain curves of CG KD, as-processed ECAP KD, and
annealed ECAP KD. The ultimate tensile strength (UTS) of CG KD and ECAP KD was

measured to be 490 MPa and 802 MPa, respectively. The UTS of ECAP KD is ~1.63 times
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that of CG KD, which is an outcome of dislocation strengthening and GB strengthening
[12]. Vickers microhardness of CG KD and ECAP KD was measured to be 228 + 4 HV and
333 + 17 HV, respectively. The microhardness of ECAP KD is ~1.46 times that of CG KD.
After ECAP processing, the increase in UTS is more than that in microhardness.

Results on the thermal stability of ECAP KD presented in Section 3.1 indicate that
the sample is stable up to 500 °C. Consistent with that observation, ECAP annealed at 500
°C for 12h exhibits a UTS of 783 MPa, which is only 19 MPa less than that of as-processed
ECAP KD. This minimal decrease in strength by 2.3% is within the error for UTS of as-
processed ECAP KD. The microhardness of ECAP annealed at 500 °C for 12h (331 + 9 HV)
is also very similar to that of as-processed ECAP KD. Both tensile and hardness testing
reinforce the fact that ECAP KD is stable at 500 °C.

The drop in strength after recrystallization is reflected in the UTS of ECAP KD
annealed at 700 °C for 12h, which is only ~40 MPa higher than that of CG KD. A similar
trend was also observed in the case of the microhardness testing with ECAP KD annealed
at 700 °C for 12h showing hardness of 243 + 7 HV, which is only 20 HV higher than that of
CG KD. The notable decrease in strength after recrystallization is due to removal of
dislocation strengthening and GB strengthening. Overall, the results of the miniature
tensile testing are in agreement with those of the microhardness testing and
microstructural characterization. Miniature tensile testing was not extended to HPT KD

owing to the small sample dimensions.
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Figure 9. Engineering stress-strain curves of CG KD, as-processed ECAP KD and annelaed
ECAP KD.

4. DISCUSSION

4.1. INFLUENCE OF GB MOBILITY ON THERMAL STABILITY

The performance of a polycrystalline metal/alloy in a thermo-mechanical
environment is closely related to the three dimensional network of GBs [34]. A higher
volume fraction of GBs increases the strength of metals/alloys by impeding dislocation
motion that enables plastic deformation [38]. For nuclear applications, GBs have also

been shown to be effective sinks for irradiation-induced defects such as point defects,
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dislocations, dislocation loops, and voids; such defects migrate towards GBs and get
annihilated at the GBs [39].

However, there is excess interfacial energy associated with GBs. When these
materials are heated to a temperature that is an appreciable fraction of the melting point,
the GBs migrate and grains grow to decrease the GB area and reduce the excess GB
energy, pushing the alloy closer to equilibrium [40]. Several approaches have been
developed to stabilize these GBs in the non-equilibrium state. Thermodynamically,
segregation of solutes, as well as precipitation of secondary-phase particles along GBs in
certain cases, has been shown to decrease the interfacial energy thereby stabilizing GBs
in UFG and NC metals/alloys [41-45]. Kinetically, solutes segregated to GBs drag GBs (i.e.
solute drag) and second-phase particles pin GBs from migrating. The abovementioned
approaches require modification of the alloy composition, which may not be desirable for
all applications. Apart from that, segregation of the solute atoms and precipitation of a
secondary phase may also lead to phase instabilities [46,47].

The velocity of a moving GB is equal to the driving force times the mobility of the
GB. Thus, a reduction in the mobility of GBs retards their migration. Inherently, GB
mobility is affected by the misorientation angle of the GB [40]. In this study, the GB
misorientation angle distributions in as-processed ECAP KD and HPT KD are different. As-
processed ECAP KD exhibits a higher fraction (>40%) of LAGBs than HPT KD, whereas HPT
KD consists of a higher fraction of HAGBs. This disparity in the GB character leads to
variation in GB mobility, which in turn affects the thermal stability. LAGBs are built of an
array of dislocations as opposed to HAGBs that in general possess a disordered structure

25



[15,48]. Dislocation cell walls or LAGBs are formed prior to the formation of HAGBs during
SPD. Transformation from a cellular structure to a granular structure occurs in two steps.
The first step is the partial annihilation of dislocations with different signs leading to the
formation of a high density of dislocations with a burgers vector perpendicular to the
boundary. The second step involves the compounding of such dislocations reaching a
threshold beyond which grain formation (misorientation>15°) occurs [49]. This suggests
that the mobility of LAGBs is controlled by dislocation motion in contrast to the motion
of random HAGBs that is governed by GB diffusion.

In order to be cohesive structurally, the mobility of LAGBs depends on the rate at
which dislocations undergo climb [48,50-52]. The rate of dislocation climb depends on
the lattice diffusion, which has been shown to have a lower enthalpy of activation in
contrast with that for GB diffusion [53—-56]. For perspective, Winning et al. reported an
increase of two orders of magnitude in mobility of GBs when the misorientation angle
increased from below 10°to above 15° in pure Al. Along with lower inherent mobility, the
motion of LAGBs is further reduced by pinning of other network dislocations. In contrast,
higher mobility of HAGBs was ascribed to the absorption of network dislocations during
their migration along with their innate tendency to move faster [57]. Analogous behavior
is expected for the nanostructured FeCrAl system on annealing. The higher fraction of
LAGBs in ECAP KD is expected to stabilize the grain structure up to 500 °C, whereas HPT
KD is unstable at that temperature as a result of high fraction of highly mobile HAGBs.

The current FeCrAl system is very similar to that of Winning et al. in the sense that,
along with dislocations that make up the LAGBs, dislocation networks exist in both ECAP
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and HPT KD. Therefore, it is expected that these dislocation networks hinder the motion
of LAGBs owing to complex dislocation interactions, thereby enhancing thermal stability
of ECAP KD [58]. In contrast, in HPT KD, these dislocation networks are consumed by
HAGBs in the course of GB migration. In conclusion, the improved thermal stability of
ECAP over HPT KD is accredited to an increased fraction of LAGBs with low mobility
stabilizing the microstructure. The difference in the thermal stability of ECAP and HPT KD

is attributed to the differences in the distribution of GB misorientation angles.

4.2. GRAIN GROWTH IN HPT KD VERSUS RECRYSTALLIZATION IN ECAP KD

From XRD, it was estimated that the dislocation density in ECAP KD is an order of
magnitude lower than that in HPT KD. This suggests that HPT KD has a higher stored excess
strain energy than ECAP KD. This would prompt the idea that HPT KD should have
undergone recrystallization during annealing [59]. However, HPT KD has an AGS of 75 +
39 nm, whereas FG (AGS 1- 10 um) and UFG (AGS 100 nm - 1 um) grain size ranges are
present in ECAP KD; therefore, the AGS of HPT KD may be >10 times smaller than that of
the FG region in ECAP KD, and the density or volume fraction of GBs is much higher in HPT
KD than in ECAP KD. In addition, out of the GBs in HPT KD, ~85% of them are HAGBs, which
have higher energy than LAGBs. Thus, HPT KD has more than an order of magnitude
higher GB energy than ECAP KD. This excess stored energy at the GBs is further increased
in SPD metals/alloys owing to the presence of a very high defect density making them
non-equilibrium GBs. It is energetically favorable for these highly deformed GBs to relieve

this excess energy by undergoing GB migration (i.e., grain growth) instead of
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recrystallization [15,60,61]. These non-equilibrium HAGBs in HPT KD are homogeneously
distributed throughout the material. Therefore, it is expected that they migrate
homogeneously resulting in a microstructure representative of continuous grain growth
as corroborated by the EBSD orientation maps of the annealed HPT KD.

In ECAP KD, there is not a homogeneous distribution of LAGBs and HAGBs. Regions
of UFGs and fine grains are both present. It is anticipated that the high fraction of LAGBs
(>50%) in ECAP KD interact with the dislocation networks in the grain interiors in such a
way that there is only limited recovery [62—65]. That is, the strain in the grain interiors is
not removed by the movement of LAGBs. This non-equilibrium microstructure possesses
and preserves a high driving force (i.e., stored excess strain energy) for recrystallization,
and the activation energy for recrystallization is reduced. ECAP KD gains the required
activation energy for recrystallization to occur at 600 °C, relieving the strain and
transforming to a microstructure with ~80% HAGBs as indicated by EBSD results. With an
increase in the annealing temperature to 650 °C and 700 °C, the rate at which
recrystallization occurs is accelerated. Hence, recrystallized microstructures are evident
after 6h and 3h at 650 °C and 700 °C, respectively, in contrast with 12h at 600 °C. The
nucleation and subsequent growth of new grains in ECAP KD lead to a change in the
texture of the material, as indicated by the XRD results in Figure 4. In contrast, the XRD
patterns of annealed HPT KD (Figure 8) only showed the narrowing and sharpening of the
peaks, without any change in texture. That is, due to the removal of strain and increase

in the average grain size from grain growth, XRD peaks become narrower [31]. This further
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bolsters the argument that HPT KD underwent continuous grain growth instead of

recrystallization during annealing.

4.3. INFLUENCE OF SOLUTE SEGREGATION AND
SECOND-PHASE PARTICLES ON THERMAL STABILITY

Solute segregation can occur along GBs, which reduces their free energy and
mobility, thereby increasing the thermal stability. LAGBs have been reported to exhibit a
smaller amount of solute segregation in comparison to HAGBs, owing to their smaller
misorientation angle and lower energy [66—68]. Accordingly, a higher degree of solute
segregation may have occurred in HPT KD than in ECAP KD, owing to the higher fraction
of HAGBs in HPT KD. In addition, the higher defect concentration in HPT KD as compared
to ECAP KD leads to enhanced diffusion, thereby resulting in more solute segregation. A
similar phenomenon was indeed observed in this study.

One-dimensional concentration profiles were obtained across GBs in as-processed
ECAP and HPT KD. In the concentration profiles obtained from HPT KD shown in Figure
10a and 10c, the only element found to be enriched at the GB is Si. The atomic
concentrations of Fe, Cr and Al are almost identical to the nominal values. In the case of
ECAP KD, concentration profiles in Figure 10b and 10d suggest that Cr and Si are enriched
while Fe is depleted at the GB. It is noted that the GB analyzed in this sample is at the
vicinity of a Cr23Cs particle as shown in Figure 11a. Therefore, the Cr concentration at the
GB and in the matrix is lower than the expected value of ~20 at.% (nominal composition).

Thus, it is actually not certain that Cr is enriched in the GB. If the GB was not in the
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proximity of the Cry3Cs particle, no Cr segregation may be present at GBs in ECAP KD,
similar to HPT KD.

In contrast, the Si concentration at GBs (1.577 at.%) in HPT KD is higher than that in
ECAP KD (0.896 at.%). The average concentration of Si in the FeCrAl matrix in ECAP KD is
0.451 at.%, whereas that in the Cr3Cs is 0.049 at.%, suggesting that Si solubility is much
lower in Cr23Cs (Figure 11c). Hence, the Si concentration at the GB will not be affected by
the presence of Cr23Cs in its vicinity, making the comparison of Si segregation between
ECAP KD and HPT KD fair. The higher degree of Si segregation in HPT KD is consistent with
what was expected and discussed previously. Despite the higher degree of solute
segregation at GBs in HPT KD, HPT KD has lower thermal stability than ECAP KD. ECAP KD
is found to be thermally more stable than HPT KD in spite of a lower degree of solute
segregation, and that is attributed to the higher fraction of low mobility LAGBs as

discussed in the previous sections.
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Figure 10. 1D concentration profiles from an as-processed HPT KD GB showing a) Fe, Cr
and Al, and c) Si, Ni, Mn, and C. 1D concentration profiles from an ECAP KD GB showing
b) Fe, Cr and Al, and d) Si, Ni, Mn, and C.
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Figure 11. a) 3D APT reconstruction of ECAP KD showing Fe (pink) and Cr (blue) atoms
with a 15 at.% Ciso-concentration surface. b) The rotated ECAP KD APT dataset displaying
Si atoms with the same 15 at.% C iso-concentration surface. c) Proximity histogram from
the C iso-concentration surface shown in Figure 1la and 11b. Note that the 1D
concentration profiles shown in Figure 10b and 10d were obtained from a cylinder placed
across the GB indicated in Figure 11b.

Cr23Ce precipitation was found to occur in the ECAP and HPT samples. Pinning of

grain boundaries due to the presence of these secondary phase particles is unlikely due

to the small precipitate number density [27,69-71]. Therefore, along with segregation,
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precipitation is also expected to have a minor influence on the thermal stability of the

SPD-processed Fe-21Cr-5Al alloys.

4.4. IMPACT OF MICROSTRUCTURAL EVOLUTION ON
MECHANICAL PROPERTIES

Mechanical properties of as-processed and annealed ECAP KD was characterized
using miniature tensile testing and Vickers microhardness testing, while HPT KD was
investigated only using microhardness testing. The percentage elongation drops from
15.2% in CG KD to 9.2% in ECAP KD, due to increased dislocation networks and GBs
impeding dislocation motion. ECAP KD annealed at 500 °C for 12h exhibits mechanical
properties almost identical to those of as-processed ECAP KD, which again indicates ECAP
KD is stable up to 500 °C. Nonetheless, from microstructural characterization using EBSD,
ECAP KD experienced recrystallization after annealing at 600 °C for 12h. Correspondingly,
Vickers microhardness measurements show a drop in hardness from 333 + 17 HV to 255
+ 1 HV. This drop in hardness is attributed to the loss in dislocation strengthening and GB
strengthening from recrystallization. Annealing of ECAP KD at 700 °C for 3h resulted in
recrystallization, based on EBSD results. Correspondingly, a drop in tensile strength and

an increase in ductility are observed for ECAP KD annealed at 700 °C for 12h (Figure 9).

5. SUMMARY AND CONCLUSIONS

Grain refinement of KD alloy was carried out using two SPD techniques of ECAP

and HPT.
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The UTS of ECAP KD (802 MPa) was ~1.63 times that of CG KD (490 MPa), and
average Vickers microhardness of the ECAP KD (333 £ 17 HV) was ~1.46 times
that of CG KD (228 + 4 HV), a result of dislocation strengthening and GB
strengthening.

HPT KD was found to have a nanocrystalline AGS of 75 + 39 nm with an area
fraction of HAGBs of 84.5% as estimated by TKD. Average microhardness of
the HPT KD (595 + 11 HV) was ~2.61 times that of CG KD.

The thermal stability of ECAP KD and HPT KD was compared by annealing them
at temperatures greater than 500 °C for different durations. ECAP KD was
found to be stable up to 500 °C. A drop in hardness of ~80 HV (24%) from as-
processed ECAP KD was observed after annealing at 600 °C for 12h. EBSD
revealed a recrystallized microstructure with a HAGB fraction of ~80%,
compared to a value of ~51% in as-processed ECAP KD (determined from
previous work [27]). XRD analysis of as-processed ECAP KD and annealed ECAP
KD revealed a change in texture associated with recrystallization. The trend
from hardness testing was consistent with that obtained from mini-tensile
testing.

The hardness of HPT KD annealed at 500 °C for 3h dropped by ~180 HV in
comparison to that of as-processed HPT KD. Microstructural characterization
of the annealed HPT KD (including those annealed for short durations of time)

indicated occurring of classic grain growth. XRD analysis of annealed HPT KD
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showed no change in texture but only the narrowing of the peaks due to the

removal of lattice strain and increase in crystallite size from grain growth.
From the results, it can be concluded that ECAP KD is stable up to 500 °C whereas
HPT KD is not. Recrystallization occurs during annealing of ECAP KD at or above 600 °C,
whereas classic grain growth governs the microstructural evolution of HPT KD during
annealing at or above 500 °C. The better thermal stability of ECAP KD is attributed to a
higher area fraction of less mobile LAGBs stabilizing the microstructure. The higher
fraction of highly deformed HAGBs in HPT KD are prone to undergo faster GB migration,

making the material thermally unstable at or above 500 °C.
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