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a b s t r a c t 

FeCrAl alloys are being developed as potential accident-tolerant fuel cladding materials for the light water 

reactors due to significantly improved steam oxidation and good mechanical properties at high tempera- 

tures. In this study, the recrystallization and texture evolution of the cold pilgered FeCrAl cladding tube 

was investigated by means of hardness measurements and electron backscatter diffraction (EBSD) during 

annealing at 70 0 ∼10 0 0 °C. The partially recrystallized maps were deconstructed into deformed, recov- 

ered, and recrystallized grain fractions based on the critical internal misorientation angle. In the early 

stages of recrystallization, cold pilgered cladding tubes contained a mixture of discontinuously recrys- 

tallized {111} < 110 > newly nucleated grains and heterogeneous deformed 〈 110 〉 orientation grains. The 

deformed microstructural inhomogeneity state could be explained based on the Taylor factor. The rate of 

recrystallization increased with increasing annealing temperature, which was described by the Johnson- 

Mehl-Avrami-Kolmogorov equation. The cladding tube showed slow recrystallization kinetics and ther- 

mally stable grains due to the pinning of the grain boundaries by the Laves precipitates. The dominant 

α-fiber decreased and γ -fiber increased with increasing recrystallization fraction in the cold pilgered 

tubes. The high area fraction and stable γ -fiber would be beneficial to the processability of the cladding 

tube. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

The fuel cladding tube, as the second barrier for the safe op- 

ration of nuclear reactors, suffers from the risk of failure due 

o long-term exposure to high-temperature steam oxidation, cor- 

osion, irradiation and even lack of coolant for a long time [ 1 , 2 ].

n the Fukushima nuclear accident in 2011, the lack of circulat- 

ng cooling caused a violent reaction between commercial zirco- 

ium alloys and high-temperature steam to generate explosive hy- 

rogen, which resulted in the failure of the cladding tube [3–6] . 

herefore, researchers proposed to design an accident-tolerant fuel 

ATF) material to improve the safety margin of the cladding tube 

7–9] . In recent years, FeCrAl alloys have been considered one 

f the most promising ATF materials due to their excellent high- 

emperature steam oxidation resistance [ 10 , 11 ]. Based on the ATF 

oncept, 10 ∼13%wt Cr and 4 ∼6%wt Al were used to control the 

icrostructure and processability of FeCrAl alloys [ 7 , 9 ]. The ad- 
∗ Corresponding author. 
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ition of Y element improved the adhesion of the α-Al 2 O 3 oxide 

rotective layer [ 12 , 13 ], in addition, Mo, Nb and Ta were aimed at

he solid solution and precipitation strengthening the Fe-bcc ma- 

rix and optimizing microstructure [ 8 , 14 , 15 ]. 

The FeCrAl fuel cladding tube requires a seamless tube with an 

uter diameter of ∼9.5 mm and a wall thickness of ∼0.4 mm to 

ompensate for the neutron economy [ 1 , 16 ]. Cold pilger rolling has

arge cumulative deformation per pass, which shortens the produc- 

ion cycle and improves production efficiency [17] . The cladding 

ube with higher performance and reliability requirements is suit- 

ble for pilgering method. The cladding tube usually requires one- 

ass final cold rolling to obtain high dimensional accuracy. The 

nal tube requires annealing to relieve stress and optimize mi- 

rostructure, which are closely related to the performance of the 

ladding tube. Therefore, studying the microstructural evolution 

f cold pilgered cladding tubes during annealing process aims to 

rovide some guidance for the development of commercial FeCrAl 

ladding tubes. 

The recovery, recrystallization and grain coarsening would oc- 

ur in deformed FeCrAl alloys during annealing process [18] . The 

ecovery and recrystallization during annealing of FeCrAl alloy 

https://doi.org/10.1016/j.jnucmat.2023.154303
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2023.154303&domain=pdf
mailto:liuhuiqun@csu.edu.cn
https://doi.org/10.1016/j.jnucmat.2023.154303
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Fig. 1. (a) FeCrAl cladding tube fabricated by cold pilger rolling; (b) cross-section optical micrograph of a FeCrAl tube. 
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ave been reported in different investigations [18–20] . Yamamoto 

t al. [8] reported that hot-rolled C35MN alloy (Fe-13Cr-4.5Al- 

.15Y-2Mo-1Nb) annealed at 800 °C for 24 h could obtain 1 ∼3 μm 

ubgrains with submicron size Laves phase precipitates on grain 

oundaries. Sun et al. [18] investigated the recovery and recrys- 

allization of FeCrAl alloys with different Nb contents and found 

hat increasing Nb content stabilizes recovery and recrystallization, 

hich is due to Fe 2 Nb Laves phase precipitated at grain bound- 

ries. Liang et al. [20] studied the effect of cold rolling reduction 

nd annealing temperature on the recrystallization of FeCrAl al- 

oy, and the results showed that the increase of deformation and 

nnealing temperature would accelerate the recrystallization pro- 

ess. However, the as-received materials in the above studies fo- 

used on FeCrAl plates without reporting cold pilgered cladding 

ubes fabricated under industrial conditions. Annealing of cold pil- 

ered cladding tubes is crucial for controlling the properties and 

icrostructure of finial tubes. This study could provide a reference 

or the development of commercial cladding tubes. 

In the present study, the recrystallization behavior of cold pil- 

ered FeCrAl cladding tube annealed at 70 0 ∼10 0 0 ◦C was investi-

ated by combining EBSD and hardness tests. For in-depth investi- 

ation, the partially recrystallized EBSD map was subdivided into 

eformed, recovered, and recrystallized grain fractions. The mi- 

rostructure and texture evolutions occurring during recrystalliza- 

ion are detailed by comparing the morphological information with 

rain size and boundary misorientation. This research method that 

uantifies the evolution of recrystallization would help to design 

ational annealing schemes to balance properties and microstruc- 

ure. 

. Experimental procedures 

The FeCrAl alloy investigated in this work was provided by the 

uclear Power Institute of China. The nominal chemical composi- 

ion of the alloy was 13Cr-4.5Al-2Mo-1Nb-0.4Ta-0.05Y (wt.%). The 

eCrAl HIPed (hot isostatic pressed) ingot billet was subjected to 

omogenization and solution treatment, followed by hot extru- 

ion and pilger rolling with a thickness reduction of ∼40% for 

our times to obtain cold pilgered cladding tube. Each pass of pil- 

ered tube blank was annealed at 800 °C for 30 min to reduce 

tress and defects and prevent premature cracking during rolling. 

he as-received sample is the cold pilgered thin-wall tube with an 

uter diameter of ∼9.5 mm and a wall thickness of ∼0.38 mm. 

ig. 1 shows macroscopic and cross-section optical images of the 

ladding tube. 
2

The cold pilgered FeCrAl cladding tube was cut into two semi- 

ircular tubes with a length of 10 mm along the tube axis direction 

y electrical discharge machining. Then specimens were individu- 

lly isothermally annealed at different temperatures ranging from 

00 °C to 1000 °C for 30 min to investigate the starting recrystal- 

ization temperature. Afterward, different small samples were sub- 

ected to isothermal annealing at three different temperatures for 

ifferent time spans to evaluate the thermal stability, recrystalliza- 

ion and texture evolution of the cladding tube. 

The metallographic samples were mounted in conductive resin 

nd then fine grinding to 10 0 0# with SiC sandpaper, and finally 

olished with 0.06 μm colloidal silica. RD and ND correspond re- 

pectively to axial and radial directions of the tube. Vickers hard- 

ess measurements were performed on the longitudinal plane (RD- 

D) using a 1 kgf load with 15 s dwell time. The reported hard- 

ess values HV1 ±�HV1 were the average of 7 indentations with 

he standard deviation �HV1 from the average. EBSD data were 

ollected using a JEOL 7900F FE-scanning electron microscope (FE- 

EM) coupled with an Oxford C-nano EBSD detector operating at 

0 kV, with a step size of 1.2 μm. 

EBSD analysis was performed with the commercial software 

KL ∗ Channel 5. The EBSD maps were filled with zero solutions 

y extrapolation up to six neighbors. The Tango tool in Channel 

 software was used to identify and reconstruct subgrains and 

rains based on the threshold misorientation angle of 2 ° and 15 °, 
espectively. Subgrains were bounded by a low-angle boundary 

LAGBs, 2 ° � θ < 15 °) and grains only surrounded by a high- 

ngle boundary (HAGBs, θ � 15 °). For a detailed discussion of 

he evolution of microstructure and texture during recrystalliza- 

ion. Partially recrystallized IPF maps were deconstructed into de- 

ormed, recovered, and recrystallized grain fractions, which allow 

ndividual subsets to quantify the contribution of each fraction 

o the whole. By employing the cut-off criterion i.e., critical in- 

ernal misorientation angle ( θ c ), the microstructure can be sep- 

rated into the following units: (i) structures with internal mis- 

rientations above θ c , (ii) features with internal average misori- 

ntation angle below θ c , but the misorientation from subgrain to 

ubgrain is above it, and (iii) structures with internal misorienta- 

ions below the critical angle. Therefore, units (i) and (ii) clearly 

elong to the deformed and substructured fractions respectively, 

ll the remaining grains are classified as recrystallized. An orien- 

ation tolerance of 15 ° was used for estimations of the area frac- 

ions of fiber texture. The crystallographic texture is expressed 

y the orientation distribution function (ODF) in Euler space. 

exture results were constructed using the spherical harmonics 
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Fig. 2. Microstructures of the as-received cold-pilgered tube, (a) BSE image, (b) IPF map, (c) GB map and (d) RXF map. 
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Fig. 3. Variation of Vickers hardness of FeCrAl cladding tube with increasing an- 

nealing temperature up to 10 0 0 ° C. 
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ethod [21] with a series rank of 22 and a Gaussian half-width 

f 5 °

. Results 

.1. Cold-pilgered microstructure 

Fig. 2 (a) shows the longitudinal plane SEM-backscattered elec- 

ron (BSE) image of the as-received cold-pilgered tube. Heteroge- 

eous shear microstructure and numerous Laves precipitates could 

e observed in the α matrix. Laves precipitates ( ∼419 nm in di- 

meter with an estimated area fraction of 4.04%) were distributed 

n the deformation bands. Since cold rolling would not cause the 

ormation of Laves precipitates, it indicates that they exist before 

olling. These mostly spherical or elliptical Laves precipitates range 

rom tens of nanometers to several micrometers. Cracks within 

oarse Laves precipitates are occasionally observed due to pilger 

olling. The fine Laves precipitates may be due to the fragmen- 

ation of coarse Laves precipitates. The inverse pole figure (IPF) 

ap in Fig. 2 (b) demonstrates the cold-pilgered microstructure 

onsists of many grains with < 110 > orientation (in green) paral- 

el to the rolling direction. Indeed, strong deformation texture α- 

ber ( < 110 > //RD) often appeared in the rolling process of FeCrAl 

lloy [ 18 , 19 ]. A large number of deformed grains were elongated, 

hile many fine fragmented grains were also observed. The frag- 

ented grains were surrounded by HAGBs as shown in Fig. 2 (c). 

he high density of LAGBs within deformed grains resulted in the 

redominance of LAGBs over HAGBs. Fig. 2 (d) shows the recrystal- 

ization fraction map of the as-received sample with recrystallized 

rains (blue), substructured grains (yellow) and deformed grains 

red). The area fraction of deformed region and substructured re- 

ion was about 85% and 14%, respectively. The high proportion of 

eformed structure indicated severe deformation of the cold pil- 

ered tube. 

.2. Recrystallization kinetics 

Cold-worked metals usually undergo recovery, recrystallization 

nd grain growth during the annealing process [22] . Mechanical 
3 
roperties usually show a sharp drop in hardness during recrystal- 

ization. To determine the start recrystallization temperature of Fe- 

rAl cold pilgered tube, isochronal 30 min anneals of the tube was 

arried out at temperatures ranging from 700 °C to 10 0 0 °C. The 

ariation of Vickers hardness with increasing annealing tempera- 

ure is shown in Fig. 3 . Some important points could be understood 

y considering the hardness variation and EBSD recrystallization 

raction maps at different annealing temperatures ( Fig. 4 ). After 

nnealing at 700 °C for 30 min, although the hardness decreased 

ignificantly, only deformed region could be observed in Fig. 4 (a), 

ndicating that this stage was undergoing recovery. When the tem- 

erature increased to 730 °C, the hardness decreased further, and 

 small number of recrystallized grains (blue area) was observed 

n Fig. 4 (b). The recrystallization fraction increases rapidly with in- 

reasing temperature as shown in Fig. 4 (c, d). Stable plateaus in 

ardness appear annealed at 850 ∼ 10 0 0 °C, indicating full recrys- 

allization, which could be observed from the recrystallization frac- 

ion map. Therefore, we conclude that the start recrystallization 

emperature of the cold pilgered tube was 730 °C. 

To understand the microstructural evolution of cold pilgered 

ube during annealing, we selected the temperature range of 
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Fig. 4. Determining the recrystallization temperature of cold pligered FeCrAl cladding tube, based on the EBSD recrystallization fraction map including (a) 700 °C, (b) 730 °C, 

(c) 760 °C, (d) 800 °C, (e) 850 °C and (f) 900 °C. The annealing time is 30 min for all the samples. 

Fig. 5. Variation of (a) Vickers hardness and (b) recrystallization volume fraction of cold pilgered cladding tube annealed at 760 °C, 800 °C and 850 °C for different time. 
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60 ∼850 °C for different annealing times to study the recrystalliza- 

ion kinetics. The Vickers hardness as a function of annealing time 

t different temperatures is illustrated in Fig. 5 (a). As the annealing 

ime increases, the hardness decreases rapidly from 281 ±7 HV1 in 

he cold-rolled state until it reaches a stable plateau. Interestingly, 

he final stable hardness decreases with increasing annealing tem- 

erature. The higher the annealing temperature, the faster the de- 

rease in hardness, indicating that increasing the annealing tem- 

erature will accelerate the recrystallization. The variation of hard- 

ess versus annealing time exhibited a typical S-shape, following 

he Johnson–Mehl–Avrami–Kolmogorov (JMAK) model [ 22 , 23 ]. The 

MAK equation can be used to quantitatively describe the recrys- 

allization kinetics when nucleation and growth are involved: 

 REX = 1 − exp (−kt) 
n 

(1) 

Where, k is the rate constant, t is the time, and n is the Avrami

xponent. Avrami exponent n (values ranging from 1 to 4) reflects 

he nucleation rate and/or the growth morphology, and k is the 

re-exponential factor, a kinetic parameter depending on the an- 

ealing temperature, nucleation rate and growth rate. The theo- 

etical value of n is 4, assuming that the nucleation and growth 

ates remain constant during recrystallization. In fact, the nucle- 
4 
tion rate is not a constant but a decreasing function of time. The 

alue of n is 3 for the fact that all nuclei are formed at t = 0, i.e.

hree-dimensional growths. Low n values are for two-dimensional 

 n = 2) and one-dimensional ( n = 1) growth, respectively. 

The recrystallization fraction X REX could also be used to denote 

he hardness using the relation: 

 REX = 

H V CR − H V t 

H V CR − H V REX 

(2) 

Here, HV CR is the hardness value after cold pilger rolling, HV t is 

he hardness value during annealing time t and HV REX is hardness 

f the fully recrystallized state. 

The recrystallization fraction was obtained from hardness test- 

ng using Eq. (2) . Recrystallization kinetics measurements were 

erformed by plotting the recrystallization fraction versus anneal- 

ng time as shown in Fig. 5 (b). The incubation time for recrystal- 

ization largely decreased with increasing annealing temperature. 

he values of k and n are obtained by the non-linear fitting, as 

hown in Table 1 . The values of n and k increased with an increase

n annealing temperature. 

In order to determine the activation energy, the dependence of 

he time to 50% recrystallized fraction ( t ) on annealing tem- 
X = 0.5 
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Table 1 

Values of k and n for recrystallization kinetics of cold pilgered FeCrAl cladding tube 

during isothermal annealing at 760, 800 and 850 °C. 

Temperature ( °C) 760 800 850 

k 0.05 0.11 0.17 

n 1.2 ± 0.03 1.5 ± 0.02 1.7 ± 0.03 

p
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Fig. 6. Arrhenius plot of the rate constant t X = 0.5 for the recrystallized kinetics of 

cold pligered cladding tube. Time to X = 0.5 is determined from the hardness evo- 

lution in dependence on annealing temperature. The data are fitted with a straight 

line whose slope Q X = 0.5 / R is proportional to the apparent activation energy Q X = 0.5 . 
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l

erature can be approximated to describe by the Arrhenius rela- 

ionship shown: 

 X=0 . 5 = t 0 exp 

(
Q X=0 . 5 

RT 

)
(3) 

here, t X = 0.5 is a constant independent of temperature, Q X = 0.5 

s the apparent activation energy, R is the ideal gas constant 

 R = 8.314 J mol −1 K 

− 1 ) and T is the absolute annealing tem-

erature. 

The apparent activation energy, Q X = 0.5 = 144.46 kJ/mol, was de- 

ermined by plotting ln t X = 0.5 versus 1/ T , which produces a straight 

ine with a slope Q X = 0.5 / R , as shown in Fig. 6 . 

.3. Recrystallization microstructure 

To study the microstructural evolution during annealing, we se- 

ected specific samples with different hardness representing dif- 

erent recrystallization stages. Fig. 7 presents the EBSD IPF maps 

onsisting of recrystallized grains at different annealing stages 

n FeCrAl cold-pilgered tube. As shown in Fig. 7 (a), a small 

raction of recrystallized grains (area fraction ∼13.5%) were dis- 

inguished from the deformed grains in the low-temperature- 

nnealed (730 °C) for 30 min. The recrystallized grains are sur- 

ounded by boundaries with orientation angles higher than 15 °
ig. 7. IPF maps of partially recrystallized tube samples annealed for (a) 30 min at 730 °
00 °C, (f) 30 min at 800 °C, (g) 30 min at 850 °C, (h) 480 min at 850 °C and (i) 30 mi

ines and LAGBs (with misorientation angles between 2 ° and 15 °) shown as gray lines. Da

5

nd the internal structure of deformed grains appears to be com- 

osed of many subgrains. The fine recrystallized grains randomly 

istributed at the grain boundaries indicated that the alloy un- 

ergoes discontinuous static recrystallization. Fig. 7 (b-d) shows IPF 

aps of the as-received sample annealed at 760 °C for 30 min, 

0 min and 900 min corresponding to the recrystallization area 

ractions of 57.6%, 76.1% and 80.3%, respectively. The area fraction 

f recrystallized grains increased with an increase in annealing 

ime. The recrystallized area fraction for annealing for 900 min did 

ot increase significantly compared to annealing for 60 min, and 
C, (b) 30 min at 760 °C, (c) 60 min at 760 °C, (d) 900 min at 760 °C, (e) 15 min at 

n at 10 0 0 °C. HAGBs (with misorientation angles higher than 15 °) shown as black 

rk region = un-recrystallized grains and light region = recrystallized grains. 
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Fig. 8. Selected IPF maps of the partially recrystallized deconstructed into (a)(b) deformed, (c)(d) recovered, (e)(f) recrystallized fractions and (g)(h) misorientation distribu- 

tions. Random denotes the McKenzie distribution for untextured materials. 
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ew deformed grains remain. With the increase of annealing tem- 

erature, the recrystallization accelerated obviously, as shown in 

ig. 7 (e), although a short annealing time of 15 min, the area frac- 

ions of recrystallization reached 78.9%. Full recrystallization was 

chieved after annealing at 850 °C for 30 min. Note that the alloy 

as annealed at 850 °C for 480 min and 10 0 0 °C for 30 min, the

rain sizes counted from Fig. 7 (h, i) were 13.8 μm and 17.1 μm, re-

pectively, indicating that the recrystallized grains had better ther- 

al stability at high temperature. 

To investigate microstructural evolution in detail during recrys- 

allization, we applied cut-off criterion with θ c set to a default 

alue of 1.0 ° Taking the partially recrystallized sample as an ex- 

mple in Fig. 7 (a, b), the partially recrystallized IPF deconstructed 

nto deformed, recovered and recrystallized fractions, as shown in 

ig. 8 . One of the benefits of microstructure deconstruction is that 

t allows individual subset to quantify the contribution of each part 
6 
o the whole. Fig. 8 (a, b) displays the deformed grains IPF map 

f the partially recrystallized samples. The deformed grains in the 

aps shown green color signify < 110 > -type orientations parallel 

o the RD. Significant orientation gradients were displayed within 

eformed grains. The orientation gradient indicated the local strain 

e.g., dislocation stacking, second-phase particles pinning) in the 

eformed grains. As the annealing temperature increased, the nu- 

leation sites and grain size of recrystallized grains increased sig- 

ificantly, as shown in Fig. 8 (c) and (d). It was worth noting that 

he recrystallized grains or subgrains preferentially nucleated and 

rew at the grain boundaries. Dislocations and defects aggregate 

t grain boundaries with high energy storage, which accelerates 

he preferential nucleation of recrystallized grains. Fig. 8 (g) and (h) 

emonstrate the misorientation angle distribution histogram for 

old pilgered cladding tubes annealed at 730 °C and 760 °C, respec- 

ively. In the partially recrystallized samples, the misorientation of 
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Fig. 9. Evolution of (a) equivalent circle diameter, (b) aspect ratio of grains, (c) dependence of fraction HAGBs (left axis) and average boundary misorientation (right axis) in 

partially recrystallized cold pilger cladding tube. 
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Table 2 

Compositions of matrix and particles in Fig. 11 (a) determined by EDS (wt%). 

Location Fe Cr Al Mo Nb Ta Ti Si 

Matrix 82.21 12.46 3.57 1.26 – – 0.2 0.3 

Particles 49.59 5.68 2.05 8.32 30.89 1.4 0.69 1.38 
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eformed grains predominates at low angles. The recovered grains 

ainly consist of low-angle misorientation and insignificant high- 

ngle misorientation, indicating numerous substructures in the re- 

overed grains. The misorientation of the recrystallized grains is 

istributed the entire misorientation angle, which implies that the 

ecrystallized grains nucleate and grow. The misorientation in re- 

rystallized grains is not a random distribution, which is caused by 

he LAGBs and texture from Fig. 7 (a, b). 

Fig. 9 (a) and (b) show the average grain size and aspect ratio of 

pecimens with different recrystallization fractions, respectively. In 

he early stage of recrystallization, the deformed grains show large 

rain size and aspect ratio. As recrystallization proceed, the error 

ar and equivalent circle diameter of deformed grains decreased 

ignificantly, while the recrystallized grains grow, indicating that 

he deformed grains are swallowed up by recrystallized grains. It 

s of interest that the aspect ratio of recrystallized grains remains 

pproximately constant ( λ= 1.6) during recrystallization. Fig. 9 (c) 

ummarizes the HAGBs fraction and average boundary misorienta- 

ion as a function of recrystallization fraction. The average bound- 

ry misorientation increases as the recrystallization fraction in- 

reases, implying that recrystallization was accomplished through 

he formation of HAGBs. Interestingly, the average boundary mis- 

rientation is dominated by the recrystallized grains in the early 

tage of recrystallization and contributed by the recovered grains 

n the later stage of recrystallization. The HAGBs fraction of de- 

ormed grains remains constant at a low value as the recrystal- 

ized fraction increases. Significantly increased HAGBs fraction was 

ound in the recovered grains when the recrystallized fraction in- 

reased to 80.3% (annealed at 760 °C for 900 min). The abnormally 

educed aspect ratio of deformed grains was found in Fig. 9 (b). In 

act, recrystallization is a thermal diffusion process through the 

ormation and migration of HAGBs. Long-term annealing at low 

emperature with a small amount of remaining unrecrystallized 

tructure due to low driving force. 

.4. Laves precipitates 

Previous studies [ 18 , 24 , 25 ] reported that Laves precipitates are

mportant for improving the microstructural thermal stability and 

igh-temperature strength of FeCrAl alloys. Therefore, it is neces- 

ary to study the precipitation behavior of Laves phase during re- 

rystallization. Microstructural evolution in the Laves precipitates 

f FeCrAl cladding tube annealed at 850 °C for different times is 

escribed based on BSE images in Fig. 10 . As shown in Fig. 10 (a),

aves precipitates (estimated area fraction of 3.95%) did not pre- 

ipitate and coarsen in the short-time annealed (4 min) sample 

ompared with the cold rolled microstructure ( Fig. 1 (a)). Deformed 

rain and substructure could be observed in the sample, which 

uggests that the alloy is undergoing recovery. As the annealing 

ime increased to 20 min, recrystallized grains were surrounded 
7

y deformed grains, indicating that deformed microstructure was 

wallowed by the recrystallized Further increasing the annealing 

ime resulted in a significant increase in the area fraction of Laves 

recipitates without coarsening in particle size. A small number 

f the equiaxed subgrain were surrounded by recrystallized grains, 

nd high magnifications revealed a high-density of Laves precipi- 

ates in the subgrains. As the annealing time increased to 150 min, 

ll α grains were equiaxed, indicating achieving full recrystalliza- 

ion. The area fraction and particle size of Laves precipitates re- 

ained stable during the annealing process. To investigate the 

omposition of Laves phase, we performed EDS elemental map- 

ing analysis on the white particles at the grain boundaries in 

ig. 11 a. The composition of the particles in Fig. 1 b-f shows that 

he particles mainly contain Mo and Nb. The compositions of the 

atrix and particles were measured and listed in Table 2 . Refer- 

nces [ 18 , 19 ] confirmed the formation of Fe 2 Nb-type Laves phase

uring annealing. Besides, the EBSD Kikuchi pattern of these par- 

icles were indexed, showing a Fe 2 Nb-type structure. Laves phase 

articles contain less Cr and Al but are rich in Si compared with 

he matrix. 

.5. Texture evolution during annealing 

Fig. 12 shows the ϕ2 = 45 ° ODF map derived from the entire 

PF map for the samples reproduced in Fig. 1 (b) and Fig. 7 (a ∼d,

 ∼h) respectively. Based on the schematic diagram of the ideal 

ody-centered cubic material ϕ2 = 45 ° ODF section ( Fig. 12 (i)), 

old pilgered sample in Fig. 12 (a) exhibited typical rolling tex- 

ures consisting of α-fiber and γ -fibers. A double-pole α-fiber was 

xtended from {221} < 110 > to {223} < 110 > , while γ -fiber strong

oint texture component appear at {111} < 110 > . Partial recrystal- 

ization contributes to the α-fiber shrinking in the 〈 110 〉 invariant 

irection, and forms {111} < 110 > oriented γ -fiber. As the recrys- 

allization fraction increases, the γ -fiber spread in the whole ori- 

ntation line, but the overall texture intensity weakens slightly. In 

he fully recrystallized sample, the γ -fiber with orientation clus- 

ers {111} < 112 > . 

The ϕ2 = 45 ° ODF section maps shown in Fig. 12 reveal the 

hange of crystallographic texture during recrystallization for Fe- 

rAl cladding tube. To further quantify the evolution of texture 

uring the recrystallization, Fig. 13 plots the area fractions of α- 

ber, γ -fiber and λ-fiber components for different recrystallization 

ractions. In the early stage of recrystallization, α-fiber decreased 
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Fig. 10. BSE images revealing the Laves precipitates evolution in FeCrAl cladding tube upon annealing at 850 °C for (a)(e) 4 min, (b)(f) 20 min, (c)(g) 30 min, and (d)(h) 

150 min. 
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ignificantly and γ -fiber increased, while the λ-fiber a constant. 

n the late stage of recrystallization, the area fractions of α-fiber, 

-fiber and λ-fiber remained constant at 50%, 14% and 6%, respec- 

ively. 

The ϕ2 = 45 ° ODF sections of Fig. 12 (b-g) were deconstructed 

nto un-recrystallized and recrystallized subsets to discuss the con- 
8 
ribution of each subset to texture evolution. The ϕ2 = 45 ° ODF 

ections associated with the un-recrystallized fractions of the vari- 

us partially recrystallized maps after cold pilger rolling are repro- 

uced in Fig. 14 . As shown in Fig. 14 (a), orientation cluster in the

nrecrystallized fraction was {111} < 110 > texture component. The 

nitial texture components {223} < 110 > and {221} < 110 > of α-fiber
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Fig. 11. (a) BSE image of FeCrAl alloy after annealing for 3 h at 850 °C. (b-f) Corresponding composition maps of Fe, Cr, Al, Mo, and Nb, respectively. 
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isappear, although the recrystallization fraction is only 13.5%. As 

ecrystallization proceeds, the {111} < 110 > component remains sta- 

le, as shown in the unrecrystallized green grains in Fig. 7 . The tex- 

ure component {111} < 110 > belongs to {111}//ND and < 110 > //RD

bers, indicating that the unrecrystallized grains are located at the 

ntersection of γ -fiber and α-fiber. In the later stage of recrys- 

allization, the sharply decreased deformed and recovered grains 

esulted in an increasing overall texture density. It is well known 

hat the ϕ2 = 45 ° ODF map is the cross-section map of ϕ2 = 45 ° in

uler space for grains with different orientations in EBSD IPF maps. 

 few grains in Euler space cause a strong micro-texture, which is 

he reason that XRD is used to measure the macro-texture. 

The recrystallized fraction ϕ2 = 45 ° ODF map of partially recrys- 

allized samples was shown in Fig. 15 . In the early stage of recrys-

allization, the low storage energy {001} orientation recrystallized 

rains preferentially nucleated in the deformed grains, which is re- 

ated to the formation of λ-fiber in Fig. 14 a. The newly nucleated 

rains clustered mainly around {111} < 110 > , although the number 

f grains is few ( Fig. 7 a). As recrystallization fraction increases, γ - 

ber spread in the whole orientation lines and the overall texture 

ensity increases. In the later stage of recrystallization, the over- 

ll texture density of γ -fiber remained stable, indicating that the 

ecrystallized γ -fiber was thermally stable. 

. Discussion 

As demonstrated in Fig. 1 , cold-pilgered microstructure showed 

eterogeneous deformed structures and < 110 > -orientation grains. 

he orientation gradient and dense network of LAGBs within de- 

ormed grains indicated large local strain and accumulation of high 

islocation density in the tube. Pilger rolling is to reduce the diam- 

ter and wall of the tube blank by changing the cross-section and 

nally obtaining the seamless tube. The tube is subjected to not 

nly radial strain but also axial strain during pilgering, resulting in 

nisotropic microstructures and highly dense substructure [ 26 , 27 ]. 

hese high storage energy substructures act as potential nucleation 

ites and play a vital role during recrystallization. The prominent 
9 
rystallographic orientation in cold-pilgered tube can be described 

n terms of the Taylor factor M defined in refs. [ 28 , 29 ]: 

 = 

δi j 

τC 

= 


δγk 

δε i j 

(4) 

here δij represents a flow stress, τ c is the critical resolved shear 

tress, and 
δγ k is the sum of shear strains on given slip sys- 

ems to accomplish the strain δεij . Grains with small M values are 

xpected to adapt more easily to the applied strain with smaller 

tress than grains with large M values. The mean value of M for ax- 

symmetric deformation of body-centered cubic materials is about 

. The Taylor factor map and its ϕ2 = 45 ° ODF section map are 

hown in Fig. 16 . As shown in Fig. 16 (a), the λ-fiber grains have a

mall M value of about 2.2, while the α-fiber grains have a large M 

alue of 3.8 ({111} < 110 > ). Fig. 16 b shows the high M -value grain

istribution on the α-fiber and γ -fiber orientation lines consistent 

ith Fig. 12 a. Sun et al. [18] also reported that the orientation- 

ependent microstructure follows the Taylor model in deformed 

nd annealed FeCrAl alloys. 

Based on the evolution of hardness and microstructure during 

he annealing process, the start recrystallization temperature of the 

old-pilger tube was estimated to be 730 ∼800 °C. The recrystal- 

ization curves obtained by the microstructural and Vickers hard- 

ess approaches illustrated almost the same trend. The investiga- 

ion of the recrystallization kinetics using the JMAK model showed 

hat recrystallization was significantly fast with increasing temper- 

ture. Recrystallization is known to be affected by several factors, 

uch as annealing temperature and cumulative deformation, nu- 

leation and growth rate, density and distribution of nucleation 

ites. In this study, n and k values (see Table 1 ) of the alloy in-

reased with increasing annealing temperature, indicating faster 

ecrystallization nucleation and growth rates. The value of n be- 

ween 1 and 2 indicates that the recrystallized grains are pseudo 

wo-dimensional growth. Humphreys and Hatherly [22] reported 

hat the lower value of n predicted by JMAK theory was due to 

he heterogeneity of recrystallization. Previous studies [ 18 , 19 ] have 

hown that Laves phase pinning grain boundaries increased re- 
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Fig. 12. ϕ2 = 45 ° ODF section maps obtained from EBSD analysis for specimens with different recrystallized fractions, (a) Cold-pilgered sample, (b) X REX = 13.5%, (c) 

X REX = 57.6%, (d) X REX = 76.1%, (e) X REX = 80.3%, (f) X REX = 89.1%, (g) X REX = 95.7%, (h) X REX = 100% and (i) ideal body-centered cubic material. Contour levels: 1 ×. 
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rystallization temperature and recrystallization incubation period. 

ig. 10 also showed that the high density of Laves precipitates ag- 

regated at subgrain boundaries. 

The recrystallization activation energy of FeCrAl cold pilgered 

ube was calculated to be 144.46 kJ/mol, which is approximately 

.6 times the activation energy of α-Fe grain boundary diffusion 

91 kJ/mol at 873–1083 K) [30] . Liang et al. [20] reported that 

he apparent activation energies for recrystallization of FeCrAl al- 

oys with cold rolling reduction ratios of 30%, 50%, and 70% were 

61.385, 144.77, and 95.362 kJ/mol, respectively. The higher activa- 

ion energy can be attributed to the Laves phase and high diffusion 

ctivation energy of Mo (282.6 kJ/mol [31] ) and Nb (224.0 kJ/mol 

32] ) solute atoms in α-Fe. 

IPF maps shown in Fig. 7 demonstrate the microstructural evo- 

ution during recrystallization process in cold pilgered tube. Ac- 

ording to Sun et al. [18] , the recrystallization process of FeCrAl 

lloy is the growth of pre-nucleated grains in the deformed struc- 

ure at the expense of releasing the energy stored in the deformed 

atrix. A few micrometers of recrystallized grains occur at grain 

oundaries during annealed at 730 °C, and the recrystallization 

raction is 13.5%. With the annealing temperature increasing to 

60 °C, the recrystallization grains grow and the recrystallization 

raction reaches 57.6%. The recrystallization fraction increases with 
10 
he increase of annealing time. After 900 min isothermal annealing 

t 760 °C, 20% of un-recrystallized grains remain. However, when 

nnealing at 800 ◦C for 15 min, the recrystallization fraction of 79% 

s almost the same as that annealed at 760 ◦C for 900 min, indi-

ating that increasing annealing temperature significantly acceler- 

tes recrystallization. Full recrystallization was completed by an- 

ealing at 850 ∼ 10 0 0 ◦C for 30 min. The growth rate of recrystal-

ized grains can be expressed as follows [22] : 

 = MF (5) 

Where M is grain boundary mobility. F is the driving force of 

ecrystallization. In general, F is affected by various factors such 

s the stored energy ( E ) of the deformed matrix, the retarding 

ressure (P s ) due to solute drag and the pinning force (F d ) of the

ispersion-strengthened precipitates. E is related to orientation- 

ependent, and the order is E 110 > E 111 > E 211 > E 100 [ 33 , 34 ]. It

an also be seen from Fig. 7 that the < 110 > -oriented deformed

rains store high-energy low-angle grain boundaries. As the an- 

ealing temperature increases, a higher number of nuclei can grow, 

esulting in an increased recrystallization fraction. 

The texture development during recrystallization is generally 

onsistent with conventionally accepted boundary mobility (M) 

nd storage energy considerations, where {001} < {112} < {111} 
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Fig. 13. Evolution of fiber texture components during recrystallization of cold pil- 

gered cladding tubes. 
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 {110} orientations are ranked from lowest to highest storage en- 

rgy [ 33 , 34 ]. The boundary mobility is temperature dependent and 

valuated according to the Arrhenius-type relationship [22] : 

 = M 0 exp 

(
− Q 

RT 

)
(6) 

Where, M 0 as initial value, Q as the apparent activation en- 

rgy for transfer of atoms across the boundary, R as the universal 

as constant and T as the temperature. Boundary mobility is sen- 

itive to both temperature and boundary characteristic. The main 

eformed grains in ODF map in Fig. 12 (a) belongs to < 110 > ori-

ntation. The {001} oriented grains have lower energy and are the 

rimary nuclei in the deformed structure at low temperatures as 
ig. 14. ϕ2 = 45 ° ODF maps of the un-recrystallized fraction for specimens with diff

 REX = 80.3%, (e) X REX = 89.1%, (f) X REX = 95.7%. Contour levels: 1 ×. 

11 
hown in Fig. 7 a and Fig. 15 a. The increase of annealing tempera-

ure leads to faster thermal diffusion of atoms, and the recrystal- 

ized grains with higher energy {111} orientations begin to grow. In 

he later stage of recrystallization, prominent γ -fiber is composed 

f {111} and 〈 110 〉 oriented grains with high storage energy. The 

rominent γ -fiber in FeCrAl alloy annealed tubes have excellent 

ormability, which is of great significance in preventing premature 

racking of cladding tubes during processing. 

The microstructure evolution of cold-pilgered FeCrAl alloy tube 

s strongly controlled by annealing temperature and time. In order 

o achieve desirable microstructures with balanced processability 

nd mechanical properties, optimization of processing conditions 

s necessary. Deformed microstructures without recrystallization 

ould be maintained at a low annealing temperature (e.g., 700 °C); 

owever, the low annealing temperature could result in relatively 

igh hardness and strong deformation texture, which lead to large 

eformation resistance for further processing. High temperature 

e.g. ≥850 °C) is easy to soften the material but rapid grain re- 

rystallization is possible, especially when increase the tempera- 

ure to obtain fully recrystallized grains takes a sharp reduction in 

ime. When the temperature range of ∼730–800 °C with 30 min 

welling period, partial recrystallization microstructure can be ob- 

ained. Hence, the study provides us balance the annealing tem- 

erature and microstructure. Higher annealing temperature is ben- 

ficial to the beginning of pilgering stage, because it needs to over- 

ome the larger deformation resistance of the initial wall thickness 

eduction, while lower annealing temperature is suitable for the 

ater stage of pilgering stage, which pays more attention to the 

ontrol of the structure. In addition, the microstructure of FeCrAl 

lloy is also controlled by Laves precipitates. Sun et al. [18] re- 

orted that the addition of Laves particles effectively enhanced and 

elayed the recrystallization kinetics of FeCrAl alloy compared with 

ase composition alloys. Therefore, the effect of the chemical com- 

osition of FeCrAl alloy should be considered in the optimization 

f processing conditions. 
erent recrystallized fractions, (a) X REX = 13.5%, (b) X REX = 57.6%, (c) X REX = 76.1%, (d) 
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Fig. 15. ϕ2 = 45 ° ODF section maps of the recrystallized fraction specimens with different recrystallized Please check funding information and confirm its correct- 

ness.fractions, (a) X REX = 13.5%, (b) X REX = 57.6%, (c) X REX = 76.1%, (d) X REX = 80.3%, (e) X REX = 89.1%, (f) X REX = 95.7%. Contour levels: 1 ×. 

Fig. 16. (a) Taylor factor map assuming the {110} < 111 > slip system and (b) ϕ2 = 45 ° ODF section map of Taylor factor. Refer to Fig. 1 b for representative orientations in the 

map. 
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. Conclusion 

The recrystallization behavior of cold pilgered FeCrAl cladding 

ube was investigated with Vickers hardness measurements and 

BSD. The conclusions were summarized as follows: 

1) Recrystallization started at the temperature range of 

730 ∼800 °°C in cold pilgered cladding tubes. The discontinuous 

recrystallization was observed during annealing at 730 ∼760 °C 

and completed recrystallization annealed at 850 ∼10 0 0 °C of 

the cladding tube. The rate of recrystallization for the cladding 

tube is temperature dependent. The recrystallization kinet- 

ics of the cladding tube was quantitatively described by the 

JMAK equation and the recrystallization activation energy was 

∼144.46 kJ/mol. 

2) The partially recrystallized EBSD map based on critical inter- 

nal misorientation angle was deconstructed into deformed, re- 
12 
covered and recrystallized grain fractions. Heterogeneous mi- 

crostructures such as high aspect ratio grains and high propor- 

tion LAGBs presented in the deformed and recovered grains, 

and the recrystallized grains had equiaxed grains and over- 

whelmingly HAGBs. 

3) Cold pilgered cladding tube showed sub-micrometer Laves pre- 

cipitates dispersed in the α matrix. Pinning of subgrain bound- 

aries by Laves precipitates resulted in delaying recrystallization 

kinetics and stable grain size. 

4) Different from the texture of FeCrAl alloy plates ( α, γ , and 

< 100 > //ND fibers) and FeCrAl-ODS alloy cold pilger cladding 

(strong α and γ -fibers), wrought FeCrAl alloy cold pilger 

cladding shows strong α-fiber. The α-fiber weaken and γ -fiber 

strengthen as recrystallized fraction increases. The prominent 

γ -fiber of recrystallized grains would be beneficial to the pro- 

cessability of the cladding tube. 
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