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Recrystallization annealing of warm-pilgered FeCrAl tubes was the key to reduce the cracking and con-
trol the microstructure and properties of the cladding tube. The recrystallization and texture evolution of
warm-pilgered FeCrAl tubes were investigated. The recrystallization kinetics and textural evolution dur-
ing annealing were characterized using microhardness measurements and electron backscatter diffrac-
tion. The 3D-microstructure of the warm-pilgered FeCrAl tube exhibited heterogeneous deformed grains
of a-fiber and y-fiber orientation. The significant anisotropy results in different recrystallization kinetics
in the axial and circumferential directions of the tube. The mirostructure maintains a stable grain size of
~22 pm and an aspect ratio of 1.8 in the axial and circumferential directions within 0-600 min annealing
time. The stable microstructure is due to the dispersion of fine Laves phase particles in the ferrite matrix.
Quantitative texture analysis shows that the «-fiber texture decreased significantly and the y-fiber in-
creased after recrystallization. During the annealing process, the a-fiber strong point texture component
{112}<110> turns into {223}<110> and the y-fiber component {111}<110> turns into {111}<112>. The
recrystallization and texture evolution of warm-pilgered FeCrAl tube is of great significance to prepara-
tion and microstructure control of final cladding tube.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Iron-chromium-aluminum (FeCrAl) alloys are widely used for
heating elements due to their low cost, high thermal conductivity,
and excellent high-temperature properties [1-3]. More importantly,
FeCrAl alloys have excellent accident resistance owing to their un-
paralleled oxidation and corrosion resistance under high tempera-
tures conditions [4,5]. Following the Fukushima Daiichi nuclear ac-
cident, researchers began considering FeCrAl alloys as an alterna-
tive to zirconium alloys as an accident tolerant fuel (ATF) cladding
material for light water reactors (LWRs) [6-8].

FeCrAl alloys contain major alloying elements Fe (matrix), Cr
(10-15 wt%), and Al (4-7.5 wt%) as well as other minor alloy-
ing elements (Mo, Nb, and Zr), which were added to improve the
strength and optimize the microstructure of FeCrAl alloys [3,8-11].
The body-centered-cubic (BCC) structure of FeCrAl alloys remains
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stable from the melting point to room temperature, as the high
content of Cr and Al. The single structure of FeCrAl alloy with-
out allotropic transformation indicates that it is difficult to refine
grains through phase transformation as in carbon steels [12,13].
The IWRs fuel cladding requires a thin-walled seamless tube with
a diameter of ~10 mm, wall thickness < 0.5 mm, and a length
of ~4 m [14]. The main manufacturing process of commercial
fuel cladding tubes includes drawing and pilgering techniques [14].
Yamamoto et al. [15,16] successfully prepared seamless Fe-13Cr-
5.2A1-0.05Y-2Mo steel tubes using the drawing method. However,
the cladding tube has coarse grains and low dimensional accu-
racy. They also found that the accumulation of internal stress in
the steel tube and the absence of intermediate annealing caused
the tube to fracture after multiple drawings. These results indicate
that heat treatment and processing are the most important fac-
tors affecting the final properties of the FeCrAl alloy cladding tube.
Warm-pilgered rolling effectively reduces metal deformation re-
sistance, creates sub-microstructure, increases the production rate
and yield. Annealing treatment is required to restore their de-
formability and prohibit continuous reduction processes without
premature failures.


https://doi.org/10.1016/j.jnucmat.2022.153575
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2022.153575&domain=pdf
mailto:liuhuiqun@csu.edu.cn
mailto:zhang_ruiqian@126.com
https://doi.org/10.1016/j.jnucmat.2022.153575

X. Qin, Z. Liu, H. Liu et al.

Deformed metals mainly undergo recovery, recrystallization, as
well as grain growth stages during the recrystallization annealing
process. Recovery involves thermally activated motion, agglomera-
tion of point defects and moreover annihilation and rearrangement
of dislocations [17,18]. After recovery, primary static recrystalliza-
tion occurs, and the deformed structure is replaced by the newly
formed dislocation-free equiaxed grains. As the annealing process
progresses, the abnormal coarsening recrystallized grains begin to
occur [18]. The recrystallization behavior of FeCrAl alloy has been
researched in many Ref. [19-21]. Sun et al. [19] found that «, y
and <100>//ND fibers were mainly present in FeCrAl plates, the
Nb-containing Laves phase could stabilize microstructures of recov-
ery and recrystallization and weakened the recrystallized y -fiber.
Zhang et al. [20] concluded that as Nb content increased, so did
the number density of the Fe;Nb-type Laves phase and the recrys-
tallization temperature, and the recrystallization grains were re-
fined. Liang et al. [21] results show that the recrystallization rate
increases with increasing annealing temperature and rolling re-
duction. These studies focus on the recrystallization behaviors of
plates, while there are few reports on the recrystallization behav-
ior of warm-pilgered FeCrAl alloy tubes. Therefore, in order to un-
derstand microstructural and textural evolutions of cladding tubes
during annealing, research on the recrystallization behavior of the
warm-pilgered FeCrAl alloy tube is necessary.

In this study, the recrystallization and texture evolutions in
the two directions (axial and circumferential directions) of the
warm-pilgered FeCrAl tube were investigated after annealing at
850 °C. The recrystallization kinetics and the evolution of mechan-
ical properties were conducted by hardness testing. Electron Back-
Scattered Diffraction (EBSD) was characterized the microstructural
and textural evolutions. Scanning electron microscopy (SEM) was
used to characterize the effect of Laves phase on the microstruc-
ture in the matrix. This work aims to understand the recrystal-
lization behavior of warm-pilgered FeCrAl cladding tube and give
some possible references for actual manufacture.

2. Materials and methods

The warm-pilgered FeCrAl tube was provided by Nuclear Power
Institute of China. Table 1 listed the chemical composition of
the FeCrAl alloys, which was analyzed using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). The FeCrAl tube is
pilgered rolling at 650 °C with an outer diameter of 25 mm and a
thickness of 1.8 mm. The specimen was taken from the middle of
the tube using electric discharge machining. Axial direction (AD),
tangential direction (TD) and radial direction (RD) were defined as
rolling, tangential and normal directions of the tube, respectively.

Different specimens cut from the warm-pilgered FeCrAl tube
were annealed 1 h for different temperatures to determine the
recrystallization temperature. The warm-pilgered FeCrAl tube was
annealed for different times to investigate the recrystallization ki-
netics, microstructural and textural evolution. The muffle furnace
was calibrated before heat treatment. Vickers hardness measure-
ments were conducted using an HVS-1000 Micro Hardness Tester
with a load of 1 kg and a dwell time of 10 s. The hardness val-
ues HV1+AHV1 were obtain from the averages over seven in-
dents with a standard deviation AHV1. When testing EBSD data,
the sample is positioned to analyze the evolution of texture during
recrystallization.

Table 1
Chemical composition of FeCrAl alloys (wt%).

Element Cr Al Mo Nb Ti Zr Si Fe

Content 12.5 3.75 1.8 0.98 0.19 0.02 0.23 Balance
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Backscattered electron imaging was used to characterize the
Laves phase and grains in a TESCAN MIRA3 FE-SEM. The accel-
erating voltage was set at 20 kV, and the working distance was
~ 15.1 mm. EBSD data was collected using a JEOL 7900F FE-SEM
coupled with an Oxford C-nano collection system. The extracted
data including the average grain size, grain boundaries, aspect ra-
tio and texture was analyzed using the HKL* Channel 5 data anal-
ysis software package. Grain boundaries with misorientation an-
gle lower and higher than 15° were defined as low-angle grain
boundaries (LAGBs) and high-angle grain boundaries (HAGBs), re-
spectively. The texture component analysis was estimated with an
orientation tolerance of 15° The orientation distribution function
(ODF) in Euler space was used to visualized describe crystallo-
graphic texture. Texture results were generated using the series
expansion method [22] with an Lmax of 22 and a Gaussian half
width of 5°

3. Results and discussion
3.1. Microstructure of warm-pilgered FeCrAl tubes

Fig. 1(a) shows a 3D-orientation image map of the warm-
pilgered sample colored according to a reference inverse pole
figure shown as the standard triangle. As indicated, the warm-
pilgered FeCrAl tube clearly shows obvious anisotropy in grain ori-
entation and morphology. In the cross-section (TD-RD) plane of the
tube, almost all the grains with a <110> direction (in green) along
the axial direction, indicating that the warm-pilgered tube has a
strong «-fiber (<110>//AD). However, there are many elongated
grains colored blue parallel to the radial direction (<111>//RD) in
the longitudinal planes of the tube. In fact, o-fiber and y-fiber of-
ten appear in the process of cold rolling FeCrAl alloy [19-21,23].
Furthermore, most of the grains show orientation color transition
and deformation bands, indicating a lot of deformation and sub-
structures of the internal grains. To investigate the deformation
structure, the grain boundary (GB) map is displayed in Fig. 1(b).
The GB map reveals that there are many grains with high local
misorientation angles inside can be found. Furthermore, an abun-
dance of LAGBs predominance over HAGBs can be observed in
the deformation structures. Many of dislocations and substructures
within the deformed grains during warm-rolling can be well ratio-
nalized. In the warm-pilgered process, most of the energy is dis-
sipated as heat energy, which accelerates the diffusion of point or
line defects (mainly dislocations) in the deformed grains. Disloca-
tion annihilation and rearrangement lead to the formation of these
subgrains. On the other hand, under the action of shear stress,
the movement of dislocations along the slip surface will encounter
various obstacles, such as grain boundaries, precipitated particles,
which hinder the movement of dislocations and cause dislocation
entanglement. The low dislocation density regions are separated by

Fig. 1. 3D-EBSD microstructure of the warm-pilgered tube, (a) inverse pole figure
(IPF) map, (b) grain boundary map (blue and red lines correspond to HAGBs and
LAGBs, respectively). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 2. Vickers hardness vs annealing temperature in the warm-pilgered tube after
1 h anneals at temperatures between 650 °C and 950 °C. Based on hardness varies
with temperature, the recrystallization temperature is inferred to be 850 °C.

a high density of entangled dislocations, and these regions are de-
formed subgrains [20].

3.2. Recrystallization temperature of the warm-pilgered FeCrAl tube

To determine the recrystallization temperature of the warm-
pilgered FeCrAl tube, isochronal 1 h anneals of the warm-pilgered
tube were carried out at temperatures ranging from 650 °C to
950 °C. The resulting Vickers hardness is shown in Fig. 2, where
the Vickers hardness stabilizes at 850 °C. Therefore, we conclude
that the recrystallization temperature of the warm-pilgered FeCrAl
tube is 850 °C.

3.3. Recrystallization kinetics of the warm-pilgered FeCrAl tube

In Section 3.1, we know that the warm-pilgered tube has obvi-
ous anisotropy in the tube axial and circumferential direction, so
it is necessary for us to analyze the recrystallization behavior in
these two directions. The changes in Vickers hardness of isother-
mal annealing at 850 °C for different time are shown in Fig. 3(a).
The hardness of warm-pilgered tube has obvious anisotropy, and
the hardness of cross-section is significantly less than that of lon-
gitudinal section. After complete recrystallization, the hardness did
not decrease with the increase of annealing time, and a continu-
ous platform appeared on the curve. A sharp drop in hardness in-
dicates that recrystallization occurred, and the time for complete
recrystallization was approximately 60 min. As the annealing time
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300,
280
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240
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increased, the recrystallized grain growth stage did not occur, in-
dicating that the grain of the alloy was stable at 850 °C. The ini-
tial hardness decreased sharply with annealing time, following a
typical S-shaped evolution. To quantitatively assess the recrystal-
lization kinetics, the relationship between hardness and annealing
time was defined as the recrystallized volume fraction X analogous
to [24] as follows:

_ HVyg —HV;
- HVWR - HVrex

where HVyy is the hardness of the warm-pilgered state, HV; and
HV.ex are the hardness at the annealing time t and the fully re-
crystallized state, respectively.

Fig. 2(b) shows the recrystallization volume fraction X as a
function of the annealing time obtained from hardness testing us-
ing Eq. (1). The Johnson-Mehl-Avrami-Kolmogorov (JMAK) model
[25] quantitatively describes the recrystallization kinetics using the
relationship (Eq. (2)):

f=1-exp(=kt)"

(1)

(2)

Here k is the temperature-dependent kinetic coefficient, and
Avrami exponent n [26] reflects the nucleation and growth of re-
crystallized grains.

In the JMAK equation, the values of k and n were obtained
using nonlinear fitting in this study. Traditionally, continuous or
site-saturated nucleation, and three-dimensional growth of recrys-
tallization at a constant rate, the value of n is 3 to 4 [18]. The
Avrami exponent n (axial and circumferential direction nap = 1.10
and ncp = 1.37, respectively) is approximately equal to 1, which is
smaller than the theoretical value. This is because of the dynamic
recovery occurring in the warm-pilgered specimen, which resulted
in many substructured nuclei/grains in the original microstructure
[18]. Meanwhile, the presence of many Laves phasein the warm-
pilgered specimen, hinders the nucleation and growth of recrystal-
lization. The effects of Laves phaseon the microstructure are dis-
cussed in Section 3.5.

3.4. Microstructural evolution

According to the recrystallization volume fractions versus an-
nealing time curve, four different stages of recrystallization (an-
nealing times 0, 20, 60, and 600 min) were selected to investigate
the microstructure and texture using EBSD.

The microstructural evolution of the warm-pilgered FeCrAl tube
during isothermal annealing at 850 °C is shown in Fig. 4. Fig. 4(a)
and (e) show the axial and circumferential microstructure of the
warm-pilgered tube, respectively. The coarse grains with <111>
orientation are shown along the tube axial direction, including
many deformed and sub-microstructures, while there are relatively
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Fig. 3. Change of (a) Vickers hardness and (b) recrystallization fraction of warm-pilgered FeCrAl tube annealed at 850 °C for different times.
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Fig. 4. IPF map of warm-pilgered FeCrAl tube annealed at 850 °C for different times: (a) (e) 0 min, (b) (f) 20 min, (c) (g) 60 min and (d) (h) 600 min. HAGBs (with
misorientation angles higher 15°) shown as black lines and LAGBs (with misorientation angles between 2° and 15°) shown as gray lines. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Statistical measures for average grain size and aspect ratio of all grains identified in different states of FeCrAl alloy tubes.
State Detected grains number  Average grain size (um)  Standard Deviation (um)  Average aspect ratio (um)  Standard Deviation (um)
Warm-pilgeredap.-rp) 275 30.8 42.2 2.1 0.90
Warm-pilgeredrp-gp) 710 20.5 18.6 1.8 0.58
850 °C-20 mingppgp) 577 242 19.0 1.8 0.70
850 °C-20 mintp_gp) 806 21.3 14.4 1.9 0.82
850 °C-60 mingppgp) 779 203 17.0 18 0.71
850 °C-60 minp.gp) 805 20.8 15.4 1.9 0.80
850 °C-600 minpuppp) 586 24.3 18.8 1.8 0.70
850 °C-600 mingprpy 772 21.7 15.3 1.9 0.74
1200 °C-20 mingppgp) 83 251.6 151.1 13 0.72

uniform grains with <110> orientation along the tube circumfer-
ence. Fig. 4(b) and (f) illustrates the microstructure of the tube
with an annealing time of 20 min, which contain a large num-
ber of recrystallized grains and few deformed structures, indicating
that the recrystallization has been basically completed. This result
is consistent with the recrystallization calculated by the hardness
test in Fig. 3(b). When the annealing time was extended to 60 min,
the microstructure in Fig. 4(c) and (g) contained most of recrystal-
lized grains. After the tube was annealed at 850 °C for 600 min, as
shown in Fig. 4(d) and (h) the microstructure is entirely composed
of recrystallized grains without LAGBs. The absence of LAGBs in the
grains indicates that complete recrystallization occurred. Therefore,
holding for 60-600 min at 850 °C resulted in complete recrystal-
lization. 500 pm; IPF; Step=5 l; Grid496x320
Table 2 lists the average grain size and aspect ratio in different

states of warm-pilgered FeCrAl tubes corresponding to Fig. 4 and Fig. 5. IPF map of warm-pilgered FeCrAl tube annealed at 1200 °C for 20 min.
Fig. 5. The average grain size and aspect ratio in axial direction of
the warm-pilgered tube are approximately 30.8 pm and 2.1, respec-
tively. The grains are significantly refined and the aspect ratio is re-
duced during recrystallization. After complete recrystallization, as
the annealing time increases, the recrystallized grains and the as-
pect ratio remain stable at ~22 pm and 1.8, respectively. In order
to verify the influence of Laves phase on the microstructure, we
carried out heat at 1200 °C (above the re-dissolution temperature
of Laves phase) for 20 min. The results indicate that the average

grain size is approximately 251.6 pm, which is much larger than
that of the warm-pilgered state, and the aspect ratio in Fig. 5 is
approximately 1.3 isometric shapes.

Fig. 6 shows the grain boundary misorientation angle distribu-
tion of warm-pilgered FeCrAl tube RD-TD plane annealed at 850 °C
for different times. The warm-pilgered FeCrAl tube has a high pro-
portion of LAGBs. The proportion of HAGBs increased and the con-
tribution of the LAGBs decreased sharply during recrystallization.
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Fig. 6. The grain boundary misorientation angle distribution of warm-pilgered FeCrAl tube, (a) warm-pilgered sample and after annealing at 850 °C for different times: (b)
20 min, (c) 60 min, and (d) 600 min. The black dotted line represents a random misorientation (Mackenzie distribution) describing the misorientation angle distribution

between completely random orientations considering cubic symmetry.

According to Ref. [27], the activation energy of HAGBs migration
is approximately 3/5 of LAGBs. In the annealing process, LAGBs
merged and migrated through the moving boundary [28] con-
trolled by the atomic exchange to form HAGBs. After complete re-
crystallization, the grain boundary misorientation angle distribu-
tion approaches a Mackenzie distribution [29]. Certain deviations
from the Mackenzie distribution in Fig. 6(d) caused by the texture
of the tube can still be observed.

Fig. 7 quantifys the fraction of the LAGBs and CSL boundary of
warm-pilgered tube during annealing. The LAGBs fraction of the
warm-pilgered tube is 92.1%, which is consistent with the domi-
nant low-angle grain boundarys in Figs. 1(b) and 6(a). The propor-
tion of LAGBs decreases significantly with the increase of annealing
time. When the annealing time is 600 min, the fraction of LAGB
is 3.8%, which is close to the random orientation fraction 2.4%.
The high fraction LAGBs is attributed to the formation of substruc-
tures during warm-pilgered rolling. Recrystallized grains nucleate
and grow by consuming high-energy LAGBs. Therefore, the fraction
of LAGBs decreases as deformed or recovered regions are replaced
by recrystallized grains. The frequency of low-energy coincidence
site lattice (CSL) can also be used to explain the evolution of the
recrystallization during the annealing process. The warm-pilgered
sample has a small amount of CSL (1.2%) frequency. As the anneal-
ing time increases, the frequency of CSL boundaries increases. This
indicates that recrystallization is related to the formation of CSL.
The CSL boundary is a low-energy grain boundary, which is ther-
modynamically stable. The grain boundary fraction of CSL is stable
after recrystallization.
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Fig. 7. Fraction of LAGBs and CSL of warm-pilgered FeCrAl tube after annealing for
different times at 850 °C.

3.5. Laves phase

Fig. 8 exhibits BSE images of the warm-pilgered and annealed
FeCrAl alloy tubes. The Laves phase(bright) are distributed along
the rolling direction in warm-pilgered specimen. Occasionally,
some cracks within the Laves phaseand debonding of the interface
between matrix and the Laves phase are observed, as marked by
black arrows in Fig. 8(a). After annealing at 850 °C for 20 min, the
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Fig. 8. BSE images of the warm-pilgered FeCrAl alloy tubes (a) and the specimen after annealing for (b) 20 min at 850 °C, (¢) 600 min at 850 °C, and (d) 20 min at 1200 °C.

Table 3

Compositions of different locations in Fig. 8(b) determined by EDS (at%).
Location  Cr Al Mo Nb Ti Si Fe
1 1049 339 434 1357 0.87 295 6439
2 12.94 5.28 2.96 14.72 0.78 2.15 61.18

warm-pilgered specimen recrystallized, and some sub-grains are
surrounded by recrystallized grains. The large Laves phase (approx-
imately 2 pm) is distributed in the matrix. In order to verify the
composition of the Laves phase, the EDS analysis was performed
as shown in Table 3. The Laves phase is mainly (Fe, Cr),(Mo, Nb).
No abnormal grain growth was observed despite holding at 850
for 600 min. When the annealing temperature was increased to
1200 °C, the Laves phase gradually re-dissolves into the matrix as
shown in Fig. 8(d) inset. The average grain size was more than
200 pm. This indicates that these Laves phases can hinder grain
boundary migration, resulting in stabiliziation of the microstruc-
ture and refinement of the recrystallized grains [19,20].

3.6. Textural evolution

To quantitatively describe textural evolution during annealing,
the area fractions of «-fiber, and y-fiber were calculated based
on the texture components in the map. Fig. 9 shows the evolu-

50
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Fig. 9. The area fraction of main texture component/fiber changes with annealing
time. The area fractions were calculated from the raw EBSD data obtained from the
central region of the tube. The angular range of each component/fiber was defined
as 15° from the ideal and the a-fiber was truncated in order to avoid any cross-over
with the rotated cube component and y-fiber.
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tion of the area fraction of a-fiber and y-fiber as a function of
the annealing time. It can be seen that the warm-pilgered tube
has a strong «-fiber texture both in the AD-RD and TD-RD planes.
The anisotropy results in a higher area fraction of «-fiber in AD-
RD plane than in TD-RD plane. As the annealing time increases,
the «-fiber area fraction decreases significantly while that of y-
fiber increases. This indicates that the initial «-fiber of the warm-
pilgered tube has instability, which changes to the recrystallized
y-fiber during annealing. However, the texture fractions of the two
fibers tends to be stable after recrystallization.

Fig. 10 illustrates the ¢, = 45°section ODF maps for the warm-
pilgered tube and specimen annealed at 850 °C for different an-
nealing times. The warm-pilgered specimen exhibits typical rolled
textures consisting of «-fiber and y-fiber, which are consistent
with body-centered cubic metals [24-27]. Fig. 10(a) and (e) shows
the warm-pilgered condition of the ¢, = 45° ODF map, which is
mainly composed of «-fiber and y-fiber textures. In the AD-RD
or TD-RD plane of the tube, o-fiber and y-fiber are distributed
throughout the orientation, but the texture intensity in the RD-
AD plane is about twice that of RD-TD plane. As we all know, the
slip system of bcc structural materials is {110}<111>. During the
rolling process, the grains are more likely to rotate along the slid-
ing plane {110} or the sliding direction <111>. In the pilger rolling
process, the axial elongation of tube is achieved by the reduction

of the cross section. The reduction of the cross section is achieved
by the reduction of the tube diameter (Rp), the reduction of the
wall thickness (Ry) or a combination of the two. The study found
that the Q value (ie. Rw/Rp) plays a decisive role in reducing the
diameter and wall deformation of the tube. The Q value is calcu-
lated as follows:

_Rw  (t—-1)/to 3)

4= R ~ o= dy/dy

where, t; and t are the tube wall thicknesses before and after
rolling, respectively. dg and d are the tube average outer diame-
ters before and after rolling, respectively. The dimensions of the
tube before and after rolling in this experiment are as follows:
$33 x 24 mm — P25 x 1.8 mm. The Q value calculated accord-
ing to formula (3) is 1.03, which is approximately equal to 1. As
a result, the texture intensity in the AD-RD plane is higher than
the texture intensity in the TD-RD plane. It is worth noting that
the overall texture strength decreases during the recrystallization
process. After annealing for 600 min, the a-fiber strong point tex-
ture component {112}<110> turns to {223}<110>. This suggests
that the texture component {223}<110> has very high thermal
stability.
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Fig. 11 represents the change in the f(g) of the o-fiber and y-
fiber in the warm-pilgered tube and after annealing for different
times at 850 °C. Obviously, the warm-pilgered tube has a strong
y-fiber strong point texture component {111}<110> and «-fiber
strong point texture component {112}<110>, which has Euler an-
gles 91 = 0°, ® = 35°, and ¢, = 45° The «-fiber orientation den-
sity gradually decreased with increasing annealing time. During
the annealing process, y-fiber texture component {111}<110> tex-
ture transform to new texture of {111}<112> texture by 30° rota-
tion from crystalline direction of <110> to new direction of <112>
which is consistent with FeCrAl ODS cladding tubes [30]. This sec-
ond crystalline rotation resulted in formation of new y-fiber with
invariant {111} plane. A double-pole y-fiber was found during an-
nealing, with the main component {111}<231> and {111}<132>.

4. Conclusions

In this study, the 3D microstructure of warm-pilgered Fe-
CrAl alloy tubes shows obvious anisotropy. Based on the obvi-
ous anisotropy of warm-pilgered tubes, we used EBSD and Vick-
ers hardness tests to investigate the recrystallization behavior and
texture evolution of the tube in the axial and circumferential di-
rections. FeCrAl alloy tube first undergoes discontinuous recrystal-
lization and then a slow recrystallization later stage. A modified
JMAK equation was used to describe the recrystallization behavior
during annealing. The anisotropy of the tube results in different
recrystallization kinetic curves in the axial and circumferential di-
rections. The distribution of fine Laves phasein the matrix inhibits
the growth of recrystallized grains and delays recrystallization. The
results of the quantitative texture analysis showed that the warm-
pilgered FeCrAl alloy tube presented a strong «-fiber and y-fiber.
During the recrystallization process, the o-fiber texture intensity
and area fraction are significantly reduced, the strong point tex-
ture component {112}<110> transforms into {223}<110>. The y-
fiber component {111}<110> transforms into {111}<112>. Recrys-
tallization behavior and texture evolution of warm-pilgered FeCrAl
tubes provide certain guidance for the heat treatment process of
the cladding tube.
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