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ABSTRACT 

Cr-rich αʹprecipitation during aging typically leads to hardening and accordingly 

embrittlement of FeCrAl alloys, which needs to be suppressed. The influence of grain 

size on αʹprecipitation was studied by aging coarse-grained (CG), ultra-fine grained 

(UFG), and nanocrystalline (NC) ferritic Kanthal-D [KD; Fe-21Cr-5Al (wt.%) alloy] at 

450, 500 and 550 oC for 500h. After aging at 450 and 500 oC, less hardening was 

observed in the UFG KD than in CG KD. Atom probe tomography indicated a lower 
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number density and larger sized intragranular αʹ in the UFG versus the CG alloy. The 

smaller grain size and higher defect (vacancy and dislocation) density in the UFG KD 

facilitated diffusion and accordingly enhanced precipitation kinetics, leading to 

coarsening of precipitates, as well as saturation of precipitation at lower temperatures, as 

compared to those in CG KD. No hardening occurred in UFG and CG KD after aging at 

550 oC, indicating that the miscibility gap is between 500 and 550 oC. NC KD exhibited 

softening after aging owing to grain growth. αʹprecipitation occurred in NC KD aged at 

450 oC but not at 500 oC, indicating that miscibility gap is between 450 and 500 oC. Thus, 

the significantly smaller grain size in NC KD decreased the miscibility gap, as compared 

to that in CG and UFG KD. This is attributed to the absorption of vacancies by migrating 

grain boundaries during aging, suppressing αʹ nucleation and enhancing Cr solubility.  

 

1. INTRODUCTION 

 

High Cr (>11 wt.%) ferritic Fe-Cr-Al alloys are a class of alloys that are sought 

after to 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 [1–7]. However, due to the high Cr content in FeCrAl alloys, after aging at 

temperatures below the α-αʹ miscibility gap, Cr-rich αʹ precipitation occurs, leading to 

hardening and embrittlement of the alloys [8–11]. Several studies examined effects of Cr 

on the miscibility gap, which found that an increase in Cr content results in an increase in 

phase instability and a higher degree of αʹ phase separation from the Fe-enriched α matrix 

[12–14]. The precipitation of Cr-enriched αʹ phase is enabled by vacancy diffusion and 
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vacancy clusters serve as nucleation sites. Recent study by Jarmila et. al using positron 

annihilation spectroscopy complemented with Mössbauer spectroscopy confirms the 

binding of Cr atoms with vacancies and vacancy clusters in aged PM 2000TM [oxide 

dispersion strengthened (ODS) Fe-20Cr-5Al wt.%] [15].  

  Al stabilizes the FeCrAl solid solution and has been reported to suppress αʹ 

thermodynamically by lowering the miscibility gap. The atom probe tomography study 

by Capdevila et. al indicated the partitioning of Al away from the αʹ phase in PM2000 

[16]. Read et. al also showed using atom probe field ion microscopy that Al separated 

from the Cr-enriched αʹ precipitates in MA 956 (Fe20Cr4.5Al ODS alloy) after long term 

aging at 475 °C [17]. Although Al represses the miscibility gap, Al has been shown to 

lower the formation enthalpy of vacancies, thereby increasing the thermal vacancy 

concentration in the matrix [18].  The higher the thermal vacancy concentration is, the 

higher the number of nucleation sites for αʹ is, and the faster the precipitation kinetics is. 

These studies confirm that the thermal vacancy concentration in the matrix plays an 

important role in αʹ precipitation.  

If the thermal vacancy concentration can be decreased in high Cr ferritic FeCrAl 

alloys, precipitation/phase separation of αʹ can be reduced. This may be achieved by 

introducing a high density of vacancy sinks in the matrix. Grain boundaries (GBs) have 

been shown to be effective sinks for vacancies. Although GBs can act as sinks, they also 

can act as a vacancy source when the matrix vacancy concentration is below equilibrium 

[19]. Based on this consideration, in an FeCrAl alloy with a significant volume fraction 

of GBs or correspondingly a very small grain size, αʹ precipitation may be reduced due to 
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decreased thermal vacancy concentration. It is very important to investigate this aspect to 

improve the development of FeCrAl alloys with enhanced phase stability.  

In order to study the effect of grain size on αʹ precipitation, Kanthal-D [KD, Fe-

21Cr-5Al-0.026C wt.%], a commercial high-Cr ferritic FeCrAl alloy, was subjected to 

nanostructuring using two severe plastic deformation (SPD) techniques of equal-channel 

angular pressing (ECAP) and high-pressure torsion (HPT). The ECAP and HPT 

processed nanostructured variants, along with their coarse-grained counterpart, were aged 

at three temperatures of 450, 500 and 550 oC for 500h. The microstructure produced from 

ECAP of KD is very different from that of HPT KD [20]. After ECAP, KD exhibited a 

non-homogeneous microstructure with a multi-modal grain size distribution. However, 

there were two dominant grain size regimes, fine-grained [FG, average grain size (AGS) 

1 -10 µm with large area fraction of low-angle GBs (LAGBs, misorientation  2o – 15o)] 

and ultra-fine grained (UFG, AGS 100 nm – 1 µm). HPT resulted in a homogeneous 

equiaxed microstructure with nanocrystalline (NC, AGS < 100nm) grains. The area 

fraction of high-angle GBs (HAGBs, misorientation >15o) is ~80% in HPT as opposed to 

~49% in ECAP KD. Comparing the precipitation characteristics after aging of 

conventional coarse-grained (CG, AGS > 10 µm), ECAP produced UFG [UFG regions 

identified using electron back scatter diffraction (EBSD)], and HPT processed NC KD 

can establish an understanding of the influence of grain size on αʹ precipitation in FeCrAl 

alloys.  

There exists only one study, which was carried out by Read and Murakami back 

in 1996 comparing the α’ precipitation behavior after aging at 475 oC for 588h in 

extruded and rolled MA956 [ODS Fe-20Cr-4.5Al-0.5Ti-0.5Y2O3 (all in wt.%)] to that in 
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the recrystallized counterpart [21]. It was concluded that thermodynamic considerations 

for CG bulk materials may not be applicable to NC materials. However, MA956 is an 

ODS FeCrAl, where the precipitation characteristics is affected by the presence of 

dispersoids [22]. Our present work is the first to systematically study the impact of grain 

size on αʹ precipitation characteristics in a dispersoid free Fe-Cr-Al alloy matrix. 

 

2. EXPERIMENTAL PROCEDURES 

 

Cylindrical KD commercial bar stock (composition provided in Table 1) was 

subjected to solution treatment at 1050 °C for 1 h, followed by oil quenching and 

tempering at 800 °C for 1 h, before air cooling down to room temperature (here after 

referred to as ‘CG KD’).  

 

Table 1. Elemental composition of KD. 

Element Fe Cr Al Ni Si Mn Zr V C Ti, 

Co 

At.% Bal. 20.66 9.27 0.26 0.45 0.17 0.09 0.03 0.11 0.02 

 

 

ECAP KD was carried out on heat treated KD bar stock at a temperature of 520 

oC up to six passes following the Bc route [23]. The inner contact angle between the 

channels of the ECAP die was 120o. Heat treated KD bar stock was sectioned to ~2 mm 

thick discs, and HPT was performed on the discs under a pressure of 6 GPa at 300 oC for 

ten rotations, at 0.2 rotations per minute [24]. The final thickness of the discs after HPT 
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was measured to be ~1.2 mm. Aging was performed in an alumina tube furnace under an 

Ar atmosphere at a heating rate of 10 oC/ min to attain the desired temperatures of 450, 

500 or 500 oC, with a holding time of 500h. A thermocouple was used to ensure that the 

temperature fluctuation remained within ± 2 oC. After aging, the samples were air cooled 

down to room temperature. Vickers microhardness was obtained after aging using a 

Struers Duramin5 Vickers hardness tester by applying a force of 4.91 N for 5 s.  

Back scatter (BSE) scanning electron microscopy (SEM) of aged HPT KD was 

performed using a FEI Helios NanoLab 600 scanning electron microscope. A trench of 

50 nm depth was made on the surface of aged HPT KD using a focused ion beam (FIB) 

in the same SEM to increase the contrast between the grains. EBSD of aged ECAP KD 

using an Oxford HKL EBSD system in the same SEM was carried out to quantify GB 

character and grain size. Samples for EBSD were prepared by mechanical polishing using 

down to 0.02 µm colloidal silica for 45 min. 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) [25]. UFG regions in ECAP KD were identified using EBSD and marked 

using Pt deposition. Focused ion-beam lift-outs to prepare APT specimens of ECAP KD 

were carried out in the Pt marked regions. Herein, any reference to precipitation in ECAP 

KD only applies to the UFG regions in it. The reason why samples are not named after 

their initial grain size post thermo-mechanical processing (ECAP or HPT) is that 

microstructural changes (e.g., grain growth) occur when subjected to thermal aging. 

Thus, the samples are labelled using the thermo-mechanical processing (ECAP or HPT) 

they underwent. The APT experiments were run using a CAMECA LEAP 4000XHR in 
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voltage mode with a 50K base temperature, 20% pulse fraction, and a 0.5% detection 

rate. The APT results were reconstructed and analyzed using CAMECA’s interactive 

visualization and analysis software (IVAS 3.8). The most straightforward method of 

representing experimental data for the purpose of illuminating interfacial segregation or 

phase separation is through the use of the proximity histogram, often known as the 

"proxigram," which is a profile of local atomic concentrations vs. vicinity to an interface 

[26]. Thus, proxigrams can be used to identify phase separation. However, proxigram 

method cannot be used to accurately determine the chemical composition of the separated 

phase when the precipitates are extremely small and have complex shapes. In addition, when a 

single statistical proxigram is computed based on an average interface for all precipitates 

in the system, that is, when all of the individual proxigrams for every particle of varying 

size and complex geometry are added together, which is commonly used, an artificially 

widened interface will be produced [27]. This is merely an effect associated with 

computing concentration profiles across particles of different sizes and shapes, however, 

it could be incorrectly understood as an intermixing between the precipitates and the 

matrix [28–30]. Therefore, Cr and Ni iso-concentration surfaces and the proxigrams 

based on them are only used to visualize and identify α’ and Al-Ni precipitates, 

respectively. It is not the intended purpose of this work to accurately measure the 

composition of the α’ and Al-Ni precipitates. Details of cluster analysis used to quantify 

αʹ phase separation has been provided in the discussion section. 
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3. RESULTS 

3.1. Hardness changes in CG, ECAP AND HPT KD after aging 

Vickers microhardness was measured on CG, ECAP, and HPT KD, before aging 

and after aging at 450 oC and 500 oC for 500h as shown in Figure 1. Unaged CG and 

ECAP KD have a hardness of 228 ± 2 HV and 333 ± 10 HV, respectively. The hardness 

of CG and ECAP KD after aging at 450 oC was found to be 333 ± 6 HV and 408 ± 5 HV, 

respectively. After aging at 500 oC for 500h, a hardness of 380 ± 9 HV and 414 ± 4 HV 

was measured for CG and ECAP KD, respectively. Comparing the unaged and the aged 

specimens, after aging at 450 oC CG KD exhibited a hardening of ~105 HV (46%), and 

ECAP KD had a hardness increase of ~75 HV (22.5%). After aging at 500 oC, ECAP KD 

only shows a minimal hardness increase of ~6 HV (1.8%) in comparison to ECAP KD 

aged at 450 oC. However, a hardness increase of ~47 HV (14%) is found in CG KD after 

aging at 500 oC as compared to CG KD aged at 450 oC. While both CG and ECAP KD 

show hardening, HPT KD exhibits softening after aging at 450 oC and 500 oC. Due to this 

difference, CG and ECAP KD were studied together, and separately from HPT KD.  
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Figure 1. Average Vickers microhardness obtained from CG, ECAP and HPT KD, 
unaged and aged at 450 and 500 oC for 500h. 

 

3.2. Comparison in microstructure between aged CG and aged ECAP KD 

Iso-concentration surface analysis in APT reveals the Cr-enriched αʹ phase 

separation in CG KD aged at 450 and 500 oC, as can be seen in Figure 2a and 2b. This 

separation caused hardening in CG KD after aging at both temperatures. The 

concentration of Cr in the αʹ was measured to be ~60-65 at.% from proximity histograms 

(proxigrams) displayed in Figure 2c) based on 35 at.% Cr iso-concentration surfaces of 

the 450 oC aged CG KD. As compared to 450 oC aged CG KD, 500 oC aged CG KD 

exhibits a higher Cr concentration of ~70-75 at.%, as evident in Figure 2d. Cr and Si 

were found to be enriched, and Fe and Al were found to be depleted in the αʹ phase 

separated out in both 450 oC and 500 oC aged CG KD.  
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Figure 2. APT reconstruction of a) 450 oC, and b) 500C oC aged CG KD, where Fe atoms 
(pink) and 35 at.% Cr iso-surface (blue) are displayed; proxigrams based on 35 at.% Cr 

iso-surfaces from c) 450 oC, and d) 500 oC aged CG KD. 

 

Due to the high defect density introduced in an alloy during SPD (even at elevated 

temperatures), there is a possibility of enhanced precipitation during the process [20]. 

Therefore, unaged ECAP KD was studied using APT to check for the possible presence 

of αʹ precipitates. As can be seen from Figure 3a, the αʹ phase was not found in unaged 

ECAP KD, and it can thus be concluded that ECAP processing at 520 oC did not lead to 

αʹprecipitation in KD. Precipitation of αʹ was found in aged ECAP KD, which is ascribed 

as the reason for the hardening on aging in ECAP KD (Figure 3b and 3c). From the 

proxigrams shown in Figure 3d and 3e, Cr and Si were enriched, whereas Fe and Al were 

depleted in the αʹ phase. The Cr concentration in the αʹphase is lower in the 450 oC aged 



 

 11 

ECAP KD in comparison to that in the 500 oC aged ECAP KD, similar to what was 

observed in aged CG KD.  

CG KD is thermally stable during long term aging at 450 and 500 oC, as the 

average grain size is in the range of hundreds of microns[20]. In contrast, due to the high 

dislocation density and the significant volume fraction of GBs after SPD, the 

microstructure of ECAP KD may become thermally unstable [20,31,32]. Therefore, it is 

important to scrutinize the microstructure of ECAP KD after aging at both temperatures. 

It can be observed from Figure 4a and 4b that the microstructure of ECAP KD aged at 

450 oC and 500 oC resembles that of unaged ECAP KD presented elsewhere [20].  450 oC 

and 500 oC aged ECAP KD exhibited a fraction of LAGBs of 72% and 57%, 

respectively; the high fraction of LAGBs is a typical microstructural characteristic of 

ECAP processed alloys. Although the fraction of LAGBs decreased with increasing aging 

temperature, there was no sign of significant recrystallization or grain growth as observed 

in a previous study on thermal stability [32]. This confirms that ECAP KD is thermally 

stable during isothermal aging and that the hardening observed in ECAP KD after aging 

corresponds to αʹ precipitation. Thus, age hardening is expected to be mainly due to αʹ 

precipitation in both CG and ECAP KD. 
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Figure 3. APT reconstruction of a) unaged, b) 450 oC, and c) 500 oC aged ECAP KD, 
where Fe atoms (pink) and 35 at.% Cr iso-surfaces (blue) are displayed; proxigrams 
based on 35 at.% Cr iso-surfaces from d) 450 oC, and e) 500 oC aged ECAP KD. 
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Figure 4. Inverse pole figure orientation map obtained from EBSD showing LAGBs (red) 
and HAGBs (black) in a) ECAP KD aged at 450 oC, and b) ECAP KD aged at 500 oC. 
GB misorientation angle distribution in c) ECAP KD aged at 450 oC, and d) ECAP KD 

aged at 500 oC. 

 

Al-Ni precipitation was identified in both CG and ECAP KD aged at 450 oC and 

500 oC, as shown in Figure 5a-d. The proxigram based on 2 at.% Ni iso-concentration 

surface in Figure 5e indicates the enrichment of Al and Ni suggesting Al-Ni precipitation. 

In contrast, Fe and Cr were depleted. The interparticle distance between Al-Ni 

precipitates is high and the number density is very low, and therefore, these precipitates 

wouldn’t play a big role in hardening. However, it is interesting to note the nanoscale 

precipitation of this secondary phase along with αʹ during isothermal aging. These 

precipitates were not found in CG and ECAP KD prior to aging. 

 

a) b) 

c) d) 
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Figure 5. APT reconstruction of a) CG KD aged at 450 oC, b) ECAP KD aged at 450 oC, 
c) 500C oC aged CG KD, and d) 500C oC aged ECAP KD, where Fe atoms (pink) and 2 
at.% Ni iso-surfaces (green) are displayed; e) proxigrams based on 2 at.% Ni iso-surface 

from ECAP KD aged at 450 oC for 500h. 

3.3.  Microstructure of aged HPT KD 

Figure 6a and 6b show the APT reconstruction of HPT KD isothermally aged at 

450 oC and 500 oC for 500h, respectively. While 35 at.% Cr iso-surfaces (blue) reveal the 
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precipitation of αʹ at 450 oC, no αʹ precipitation is found in HPT KD aged at 500 oC. The 

αʹ phase in HPT KD aged at 450 oC is enriched with Cr and Si and is depleted of Fe and 

Al.  The Cr concentration is ~65%, consistent with that in the αʹ phase in aged CG and 

ECAP KD. While αʹ phase separation was identified in HPT KD aged at 450 oC, no 

orthorhombic Al3Ni precipitation was observed in HPT KD aged at 450 oC or 500 oC 

from APT. 

 

 

Figure 6. APT reconstruction of a) HPT KD aged at 450 oC, and b) HPT KD aged at 500 
oC, where Fe atoms (pink) and 35 at.% Cr iso-surface (blue) are displayed; c) statistical 
proxigrams based on 35 at.% Cr iso-surface from HPT KD aged at 450 oC for 500h. 

The HPT processed alloys tend to be thermally unstable, owing to NC grain size 

and high dislocation densities. Consequently, it is important to investigate the stability of 

the microstructure of HPT KD during aging at 450 and 500 oC. Figure 7a and 7b display 
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BSE-SEM micrographs; the average grain size of HPT KD aged at 450 oC and 500 oC for 

500 h was estimated to be 384 ± 226 nm, and 518 ± 123 nm, respectively. The average 

grain size was determined from 200 grains (excluding grains in the edges) with the ~72% 

grains falling within one standard deviation denoted by ‘±’.This result suggests that HPT 

KD has undergone grain growth as the average grain size of unaged HPT KD is 75 ± 40 

nm [20]. HPT KD grain size increased after aging owing to the high fraction of high 

angle grain boundaries (misorientation > 200) which are expected to provide the driving 

force during aging to undergo grain growth [32]. Grain growth during aging contributes 

to softening through the Hall-Petch relationship. Larger grains and no αʹ precipitation in 

the 500 oC aged HPT sample contributes to its lower hardness compared to the same 

sample aged at  450 oC or the 500 oC aged CG sample.   
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Figure 7. Back scattered electron (BSE) SEM micrographs from HPT KD aged at a) 450 

oC, and b) 500 oC. 
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4. DISCUSSION 

 

Although this study does not involve varying the duration of aging, there are 

studies that investigated the evolution of αʹCr as a function of aging 

time[12,16,22,33,34]. APT results from aged PM 2000 ODS FeCrAl obtained by 

Capdevila et. al show that Cr concentration in the αʹ phase increased with increasing 

aging time [34,35]. Therefore, the separation of αʹ from the Fe-rich α matrix cannot 

simply be categorized either as spinodal decomposition, or classic nucleation and growth. 

Jarmila et. al used complimentary non-destructive techniques of magnetic Barkhausen 

noise, positron annihilation spectroscopy  and Mössbauer spectroscopy to study the phase 

separation of Cr-rich αʹ from the Fe-rich ferritic α phase in PM2000 aged at 475 oC [15]. 

Positron annihilation spectroscopy was exclusively utilized to establish a relationship 

between vacancy concentration and Cr precipitation. They reported that Cr-rich zones 

could be traced to the path of diffusion of the vacancy clusters and vacancy 

agglomerations. This suggests that the appearance of α’ in FeCrAl alloys is affected by 

the thermal vacancy concentration regardless of the process, i.e.  spinodal decomposition 

or classic nucleation and growth. Therefore, the difference in thermal vacancy 

concentrations caused by varying temperature, grain size, and strain imparted from SPD 

will have to be taken into consideration to explain the differences in the age hardening 

behavior of CG, ECAP, and HPT KD. 
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4.1.  Influence of deformation-induced defects on the precipitation behavior in aged 
ECAP KD 

 

CG KD exhibited a higher degree of age hardening compared to ECAP KD. The 

hardness of CG KD further increased after aging at 500 oC as compared to that after 

aging at 450 oC, whereas ECAP KD aged at 500 oC exhibited hardening very similar to 

that at 450 oC. It has been established from EBSD that ECAP KD is thermally stable 

during aging at 450 oC and 500 oC. Therefore, the hardening in both CG and ECAP KD is 

dominated by the precipitation of α’. Considering the size and morphology of α’, the 

Orowan looping mechanism [36] may be utilized to semi-quantitatively explain the 

differences in the degree of hardening in CG and ECAP KD. Precipitate hardening based 

on Orowan looping mechanism is given by Equation 1, 

 

∆𝜎!" = 𝑀 #.%&'
()

*+	(."̅/')
√345

      (1) 

 

where M is the mean orientation factor for polycrystalline body-centered cubic (BCC) 

materials, G is the shear modulus of the matrix, 𝑏 = √3 2⁄ 𝑎 is the Burgers vector 

magnitude (a is the lattice parameter), 𝑟̅ is the mean radius of circular cross-section of the 

spherical precipitate, ν is the Poisson’s ratio, and λ is the inter-precipitate spacing, given 

by Equation 2, 

 

𝜆 = 2𝑟̅.
(
%6
− 1      (2) 

where f is the volume fraction of precipitates in the BCC matrix.  
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From Equations 1 and 2, the larger the average radius is (or the lower the number 

density of the precipitates is), the larger the inter-precipitate spacing is, and accordingly 

the lower the degree of hardening is.  

Since there is a Cr concentration gradient across neighbouring α’, iso-

concentration surfaces appear to be connected between the α’ appearing to be spinodal 

decomposition [33,35]. However, α’ can be isolated using cluster analysis [37–39]. 

Cluster analysis within the APT data based on the maximum separation algorithm using 

IVAS 3.8.4 was utilized to determine the size and number density of αʹ precipitates in CG 

and ECAP KD aged at 450 and 500 oC. Clusters of solute atoms are identified by the 

distance between atoms being smaller than a critical “maximum separation” distance, 

dmax. Cluster count and size distribution analysis was performed to determine dmax, and a 

threshold for the number of additional solute atoms with dmax for potential clusters (order 

parameter in IVAS), as well as the minimum number of solute atoms (Nmin). These three 

parameters were set to 0.50, 1 and 40, respectively. L, spacing threshold for the envelope 

algorithm to add other ranged ion types, as well as Derosion to erode a shell of atoms from 

the cluster perimeter to account for the shell excess added by the envelope algorithm, 

were both set to 0.5. In order to avoid variation coming from local inhomogeneity in the 

α’ phase separation behavior with an APT reconstruction, the entire analysis volume was 

used for cluster analysis. 

Results from the cluster analysis, specifically radius and number density of 

αʹprecipitates, are displayed in Tables 2 and 3. For the sake of comparison, precipitate 

characteristics are presented separately for the different aging temperatures of 450 and 

500 oC. 
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Table 2. Cluster analysis values obtained from the APT data representing the precipitate 
characteristics in CG and ECAP KD aged at 450 oC for 500h. 

 
 

 

 

Table 3. Cluster analysis values obtained from the APT data representing the precipitate 
characteristics in CG and ECAP aged at 500 oC for 500h. 

 

 

For both aging temperatures of 450 and 500 oC, the αʹprecipitate radius is larger 

while the number density of precipitates is lower in aged ECAP KD compared to those in 

aged CG KD. This explains the lower degree of hardening of ~75 HV in ECAP KD as 

opposed to ~105 HV in CG KD, assuming that the precipitate hardening follows the 

Orowan looping mechanism. In the case of 500 oC aging, an increase in the precipitate 

radius was found in CG KD along with an increase in the number density. This 

observation elucidates the reason for CG KD aged at 500 oC to have a further increase in 

hardness of ~47 HV than that at 450 oC. In contrast, ECAP KD aged at 500 oC shows 

precipitate characteristics very similar to those at 450 oC, which explains the similar 

hardness of ECAP KD after aging at 500 oC and 450 oC.  
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It is well known that a significant density of lattice defects is introduced in metals 

during SPD [20,40,41]. Čížek et al. reported that the concentration of deformation-

induced vacancies introduced by SPD approaches that at the melting point of the material 

[42]. They also found that, although a majority of the vacancy clusters get annihilated at 

GBs after diffusion, the remaining vacancy clusters agglomerate and remain in the SPD 

produced UFG materials. In addition, Al has been shown to stabilize vacancies in Fe-Al 

alloys by Herrmann et. al [18]. Since KD has 4.7 wt.% Al, it is expected that Al stabilizes 

the deformation-induced vacancies from SPD in ECAP KD. These vacancies or vacancy 

clusters facilitate precipitation once they become mobile when activated by elevated 

temperature [43,44].   

In addition, a notable density of dislocations and a significant volume fraction of 

GBs are created during ECAP. Dislocations and GBs are both “short-circuits” for 

diffusion (pipe diffusion), significantly increasing diffusion rates and accordingly 

enhancing precipitation kinetics, which finally leads to coarsening of precipitates (i.e., 

resulting in larger precipitate sizes and a lower number density of precipitates) [45]. The 

precipitation behavior in ECAP KD is consistent with that in an earlier study conducted 

by Read and Murakami, where extruded and rolled MA956 showed coarser αʹ 

precipitates in comparison to those in the recrystallized material [21]. Furthermore, in the 

ECAP KD, due to enhanced diffusion and therefore faster precipitation kinetics, the 

precipitation at 450 oC is already near equilibrium, and an increase in the temperature by 

50 oC does not really change the precipitate characteristics. 
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4.2. Sweeping grain boundaries as effective vacancy sinks in HPT KD, hindering 
precipitation and lowering the miscibility gap 

 

While the CG and ECAP KD grain structures were thermally stable at both 450 

and 500 oC, HPT KD underwent grain growth that increased with increasing aging 

temperature. This means that, during the aging process, the GBs are mobile. To 

understand the interesting precipitation behavior in HPT KD, the interactions between 

mobile GBs and vacancies need to be understood.  

In general, absorption of vacancies by stationary GBs can lead to dislocation 

climb and sometimes the displacement of the GBs. However, moving GBs can sweep out 

a larger number of vacancies as compared to stationary GBs, thereby making them more 

efficient vacancy sinks [46,47]. Mobile GBs can also act as vacancy sources if the matrix 

concentration of vacancies is lower than that at equilibrium [19]. A recent modelling 

study published by McFadden et. al investigated the influence of GB motion on local 

vacancy concentration based on the sharp interface model of creep deformation in 

crystalline solids [48]. They reported that the absorption of over-saturated vacancies 

and/or generation of new vacancies into the grains (if their concentration is below 

equilibrium) is accelerated by the motion of GBs. If there is a gradient in the vacancy 

concentration across the GB, GB motion is driven into the grain with the higher vacancy 

concentration. Simultaneously, the GB motion decreases the concentration gradient 

across the GB, also reducing the driving force for its migration. The vacancy gradient 

across the GB is also influenced by the vacancy generation/absorption process.  

The very small grain size and ~80% of high-angle GBs (HAGBs, misorientation > 

15o) and accordingly high GB energy in NC HPT KD drives grain growth [49]. The grain 

growth speed is dependent on the annealing temperature owing to more rapid diffusion at 
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higher temperatures. During grain growth, the directional migration of GBs towards 

higher vacancy concentration not only consumes the thermal vacancies, but also the SPD-

induced defects that would contribute to phase separation of αʹ [50]. This behavior is 

anticipated to retard αʹ phase separation and promote the retention of Cr in the matrix, 

thereby bringing down the miscibility gap of α-αʹ.  

Phase equilibrium modelling using Thermo-Calc was performed to generate Fe-

Cr-Al ternary phase diagram in order to obtain an estimate of the α-αʹmiscibility gap. 

Isothermal sections at 450 and 500 oC are presented in Figure 8. It can be seen that Fe-

21Cr-5Al is within the α+αʹdual phase region at 450 oC. In contrast, Fe-21Cr-5Al is 

present at the edge of the miscibility gap at 500 oC. The GBs in HPT KD are mobile at 

both 450 and 500 oC, and the miscibility gap is pushed down at both temperatures. At 500 

oC, the miscibility gap is lowered to the extent where Fe-21Cr-5Al is pushed into the α-

Fe region. In contrast, at 450 oC, despite the lowering of the miscibility gap, Fe-21Cr-5Al 

is still within the dual phase α + αʹ region. These are the reasons why αʹprecipitation is 

observed in HPT KD after 450 oC aging but not after 500 oC aging. 
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Figure 8. Isothermal section of Fe-Cr-Al ternary phase diagram at a) 450 oC, and b) 500 
oC. 

 

In order to validate the modelling results, aging of CG and ECAP KD was 

performed at 550 oC to confirm whether or not the miscibility gap is above 500 oC.  The 

hardness after aging at 550 oC was measured to be very similar to that of the unaged 

counterpart, as shown in Figure 9. This implies that very likely no αʹ precipitation occurred 

during aging at 550 oC. Considering that αʹ precipitation takes place at 500 oC but not at 

550 oC, the miscibility gap is between 500 and 550 oC for CG and ECAP KD. In the case 

of HPT KD, there is αʹ precipitation during aging at 450 oC but not at 500 oC; thus, the 

miscibility gap is between 450 and 500 oC for the HPT sample. Again, the α-αʹ miscibility 

gap is lowered in HPT KD as compared to that in CG and ECAP KD due to the high density 

of GBs and GB motion during aging. Hence, it is clear that there is a direct correlation 

between grain size and αʹ phase separation in high-Cr ferritic FeCrAl alloys.  
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Figure 9. Average Vickers microhardness obtained from CG and ECAP KD that were 
unaged or aged at 550 oC. 

4.3. MD simulation to understand influence of grain size on concentration of 
vacancies 

 

Molecular dynamics (MD) simulations were carried out to investigate the stability 

of vacancies in the matrix of grains and GBs. A bicrystal model was created to form Σ3 

GBs that are commonly observed by experiments [51], and the method was well 

described in [52]. The total number of atoms is about 6 million, and periodic boundary 

conditions are applied to all three directions. The initial system contains 70 at.% Fe, 20 

at.% Cr, and 10 at.% Al atoms, and they are randomly distributed. An embedded atom 

method Finnis-Sinclair (EAM-FS) potential derived by Liu et al [53] is used to describe 

the alloy, and this potential is capable of predicting the mechanical properties and phase 
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stability for FeCrAl structure [54]. All atomistic simulations were implemented in the 

LAMMPS software package [55]. Images of atomistic configurations were produced in 

OVITO [56]. 

Vacancies were introduced in two different ways: vacancy concentrations range from 10-4 

to 10-2 at.% and the corresponding vacancies were randomly removed in the matrix or in 

the GBs. We compared the energetics between these two systems containing n vacancies 

by calculating ∆𝐸 = (𝐸78 − 𝐸9)/𝑛, where 𝐸78 and 𝐸9 are the potential energy for 

systems contain vacancies in the GBs and the matrix, respectively. Molecular statics 

(MS) simulations, i.e., energy minimization at T = 0 K, are performed using a conjugate 

gradient algorithm, imposing zero pressure on the simulation boxes to obtain the stable 

structure. As shown in Figure 10 (a), the values of ∆𝐸 is always negative, which suggests 

that vacancies are energetically more favorable to stay in the GBs compared to that in the 

matrix. Figure 10 (b-d) illustrates atomistic configurations of bicrystal model and the 

distribution of vacancies in two different systems. This MD prediction can support the 

current experimental observation that less αʹ precipitation is due to higher density of GBs 

in NC samples that cause less vacancies in the matrix. 
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Figure 10. Energy difference as a function of vacancy concentration (a). Vacancy 
concentration is 10-4 at.% for vacancies in the matrix (b1) and GBs (b2); vacancy 
concentration is 10-3 at.% for vacancies in the matrix (c1) and GBs (c2); vacancy 
concentration is 10-2 at.% for vacancies in the matrix (d1) and GBs (d2). GBs are 
represented by grey atoms, and vacancies are located at positions of red atoms. 

 

5. CONCLUSIONS 

Coarse grained (CG), equal-channel angular pressed (ECAP) fine-grained and 

ultrafine-grained, and high-pressure torsion (HPT) processed nanocrystalline, high-Cr 

ferritic Kanthal-D [KD; Fe-21Cr-5Al-0.026C (all in wt.%)] were aged at 450, 500 and 

550 oC for 500h to understand the influence of grain size on Cr-enriched αʹ precipitation.  

i) Vickers microhardness testing showed that CG KD underwent a higher degree of 

hardening after aging at 450 and 500 oC as compared to ECAP KD. There was a 

further increase in hardness observed in CG KD after aging at 500 oC, whereas 

ECAP KD aged at 500 oC showed similar hardening to that at 450 oC. CG and 
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ECAP KD exhibited no hardening after 550 oC aging. HPT KD showed softening 

after aging, with the degree of softening increasing with an increase in the aging 

temperature. 

ii) Atom probe tomography (APT) investigations revealed the precipitation of αʹin 

CG and ECAP KD aged at 450 and 500 oC. Electron backscatter diffraction study 

confirmed that grain size in ECAP KD was thermally stable at 450 and 500 oC, 

therefore affirming that the hardening was dominated by αʹ precipitation. 

iii) APT analyses of the αʹprecipitates indicated a coarser microstructure in aged 

ECAP KD compared to that in aged CG KD.  In addition, the precipitation in 

ECAP KD attained equilibrium/saturation after aging at 450 oC, and an increase 

in the temperature to 500 oC did not affect the precipitate characteristics. In 

contrast, CG KD showed a coarser precipitate microstructure with an increase in 

aging temperature from 450 to 500 oC. These observed differences in precipitation 

behavior between CG and ECAP KD were attributed to the smaller grain sizes 

and increased defect (vacancy and dislocation) density in ECAP KD compared to 

CG KD, enhancing diffusion and precipitation kinetics, which leads to earlier 

precipitate nucleation and faster coarsening.  

iv) HPT KD underwent grain growth at 450 and 500 oC aging, which softened the 

alloy due to the Hall-Petch relationship.  APT investigations revealed αʹ 

precipitation in HPT KD aged at 450 oC but not at 500 oC. The lack of 

precipitation and larger grain size of the 500 oC aged sample made it softer than 

the 450 oC aged sample.  
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v) During the aging of nanocrystalline HPT KD at 450 and 500 oC, the mobile grain 

boundaries consume vacancies that would facilitate αʹ precipitation (including 

thermal vacancies and vacancies created by severe plastic deformation). This 

inhibits αʹprecipitation and increases the Cr solubility in the Fe-rich α matrix, 

lowering the miscibility gap for phase separation. The miscibility gap in HPT KD 

was reduced to between 450 and 500 oC, compared to between 500 and 550 oC for 

CG and ECAP KD.  

Overall, this work shows that there is a significant influence of grain size on αʹ 

precipitation in high-Cr FeCrAl alloys, and grain size needs to be taken into consideration 

when designing new alloys for industrial applications. 
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