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The microstructure of FeCrAl cladding tubes depends on the fabricating process history. In
this study, the microstructural characteristics of wrought FeCrAl alloys during industrial
pilger processing into thin-walled tubes were investigated. The hot extruded tube showed
~100 um equiaxed grains with weak a*-fiber in {h11}<1/h12> texture, while pilger rolling
process change the microstructure to fragmented and elongated grains along the rolling
direction. The pilgered textures could be predicted with the VPSC model. The inter-pass
annealing at 800—850 °C for 1 h results in recovery and recrystallization of the ferric ma-
trix and restoration of ductility. The final finished tube shows fine recrystallized grains
(~11 pm) with dominant y-fiber in three dimensions. Pilger rolling enhanced a-fiber while
annealing reduced o-fiber and enhanced y-fiber. Microstructural evolution in the Laves
precipitates followed the sequence of faceted needle-like — spherical — faceted ellip-
soidal. Thermomechanical processing resulted in cladding tubes with an area fraction of
~5% and a number density of 5 x 10~* m~2 in Laves precipitates, which is half that of the
first-pilgered tube. Laves precipitates pin the grain boundaries to control the microstruc-
ture and prevent grain coarsening.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

exhibit excellent steam oxidation resistance [6—8], providing a
large safety margin for the operation of nuclear reactors.
The manufacturing process of the cladding tube includes

FeCrAl alloys are increasingly being recognized as accident-
tolerant fuel (ATF) cladding candidates for application in
advanced Light-water reactors (LWRs) [1-3]. In a loss-of-
coolant accident, the rapid increase in fuel temperature cau-
ses commercial zirconium alloy fuel cladding to be susceptible
to severe degradation in high-temperature (>1200 °C) steam
environments [4,5]. Unlike zirconium alloys, FeCrAl alloys
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hot extrusion, reduction and annealing. Hot extrusion is
usually performed at the recrystallization temperature to
obtain the mother tube in preparation for subsequent reduc-
tion. The reduction typically involves a series of 3—5 passes in
a rolling mill used to reduce simultaneously the diameter and
wall thickness of tubes. The inter-pass annealing restores
ductility and a final recrystallized annealing to achieve final
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Table 1 — Chemical composition of FeCrAl alloy tube (wt%).

Element Cr Al Mo Nb

Ti

Zr Si (@ N Fe

Content 125 3.8 1.8 0.98

0.19

0.02 0.23 0.003 0.002 Balance

mechanical properties and microstructural characteristics
[9,10]. The fuel cladding in the LWRs requires a thin-walled
seamless tube with a length of about 4 m, an outer diameter
of about 10 mm and a wall thickness of less than 0.5 mm [9,11].
However, FeCrAl alloys have a single bcc structure and poor
ductility due to the addition of Cr and Al [11—-13]. These facts
impose considerable challenges to fabricating tubes from
FeCrAl alloys. Commercial FeCrAl alloy cladding development
is still under laboratory conditions. The FeCrAl alloy cladding
tube prepared by Yamamoto et al. [14,15] has problems with
coarse grain and low dimensional accuracy. In addition, they
found that the internal stress accumulated during the fabri-
cation process caused the tube to fracture prematurely.
Hence, it is essential to have an efficient processing flowsheet
that results in cladding tubes with suitable microstructure,
leading to optimized properties with required dimensional
tolerances.

Pilger rolling has the advantages of large area reduction (up
to 70—90% in a single pass), high production rate (up to 6 m/
min for stainless steel), narrow dimensional tolerances, high
surface quality and enhanced grain structure [16,17]. Pilger
rolling for producing cladding tubes would be the way forward
to obtain the required dimensional tolerances and optimized
microstructure. Targeting the poor ductility of FeCrAl alloys,
the warm pilger step aims to introduce a high level of sub-
structure and improve formability. Cold pilger rolling could
control the dimensional accuracy while annealing optimizes
the final microstructure of the cladding.

Previous studies [18—20] have mainly focused on the
microstructure and properties of FeCrAl plates, while little has
been done to systematically investigate the microstructure of
industrially fabricated FeCrAl cladding tubes, although they
are crucial for the development of commercial cladding. The
microstructure such as grain morphology, grain size, texture,

Annealing

Warm-pilger rolling
(650 °C / 2 pass)

Temperature

Surj00d NV

nature and distribution of precipitate mainly depends on the
thermomechanical processing (TMP) process [12—15,20—22].
Such microstructural aspects greatly influence strength,
creep, precipitation and thermal stability, etc. [23—28]. The
precipitates phase in FeCrAl alloys is C14-type Laves precipi-
tate which was reported in previous studies [29,30]. Laves
precipitates play a crucial role in controlling the microstruc-
ture and thermal stability of FeCrAl alloys [28,31,32]. There-
fore, understanding the microstructure, texture, and
precipitated phases of FeCrAl alloy cladding tubes in relation
to TMP is important for the development of advanced
cladding.

In this paper, FeCrAl alloy cladding tubes were fabricated
by industrial hot extrusion (HE) and warm/cold-pilger rolling.
EBSD and SEM were used to characterize the grain, Laves
precipitate and texture of FeCrAl cladding tubes. The investi-
gation could help us to better understand the limiting pa-
rameters of pilgering process and assess robust and reliable
industrial pilger rolling of FeCrAl cladding tubes.

2, Experimental

The FeCrAl alloy used in the study was provided by Nuclear
Power Institute of China. The chemical composition was
analyzed by inductively coupled plasma optical emission
spectrometer (ICP-OES), as shown in Table 1. The as-received
FeCrAl hot-extruded tube was subjected to two warm pilger
passes and three cold pilger passes with recovery anneals
between each pilger step to produce the finished product tube.
The TMP flow sheet of the FeCrAl cladding tube was shown in
Fig. 1. We selected samples at typical conditions including as-
extruded, as-pilgered and as-annealed for investigating the
evolution of microstructure and texture. To facilitate

Annealing

-
=)

Supyouonb 1A
gupgouanb WA

Cold-pilger rolling
RT / 3 pass)

v

Time

Fig. 1 — Processing route for the pilgering of FeCrAl alloy thin-walled tubes.
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Table 2 — Tube dimension obtained during pilgering.

Step Diameter (mm) Thickness (mm) Elongation (%) Reduction (%) Total strain Q factor
HE 58.0 6.0 - - - -
WR1 45.0 3.5 215 53 0.53 1.86
WR2 32.0 3.0 167 40 0.72 0.49
CR1 19.0 1.5 331 70 0.92 1.23
CR2 12.7 0.8 280 64 0.97 141
CR3 9.5 0.35 292 66 0.99 2.23

discussion in the following text, HE, WR1, CR1 and CR3An, etc.
Represented hot-extruded, first warm-pilger, first cold-pilger
rolling and third cold-pilger rolling annealing, respectively.
The dimensions of the as-received hot-extruded tube and
after each pilgered step tube were given in Table 2. The strain
tensor generated during each pilgering step was obtained
from the dimension evolution of pilgered tubes. The total
strain is based on the per-pass strain superposition. Q factor
represents the ratio of wall thickness reduction to diameter
reduction for the corresponding pilgering step. RD, TD and ND
corresponded respectively to axial, circumferential and radial
directions of the tubes.

Electron backscatter diffraction (EBSD) data were collected
using a JEOL JSM-7900F scanning electron microscope (SEM)
coupled with an Oxford C-nano EBSD detector. Samples
preparation for EBSD were done by grinding and polishing
with silica colloidal oxide polishing suspension (OPS). The
scanning step size varied from 1 to 8 ym depending on the
processing conditions of tubes. To attain EBSD data, HKL*
Channel 5 software was used for different analyses of inverse
pole figure (IPF), grain boundary (GB), recrystallization fraction
(REX), image quality (IQ) map, and orientation distribution
functions (ODF) and grain size measurement. The average
grain size was obtained by the linear intercept method and the
grain reconstruction method, respectively. Table 3 lists the
average grain size of the hot-extruded tube and subsequent
processed tube samples. Grain boundary with misorientation
larger than 15° were superimposed in the IPF maps as black
lines. In the GB maps, boundary with misorientation lower
and higher than 15° are separated into low angle grain
boundaries (LAGBs) and high angle grain boundaries (HAGBs),
respectively. The lower bound for LAGBs was selected to be 2°
according to the angular resolution limit of the EBSD tech-
nique. The microstructure and distribution of Laves pre-
cipitates were characterized by combined use of
backscattered electron (BSE) imaging and electron channeling
contrast imaging (ECCI) in a TESCAN MIRA3 FE-SEM. The

accelerating voltage is set at 20 kV and the working distance is
about 15.1 mm. Image-Pro Plus software was used to deter-
mine the surface area fraction and number density of the
Laves precipitates. Vickers hardness was measured on a lon-
gitudinal (RD-ND) plane using an HVS-1000 Micro Hardness
Tester with a load of 1 kgf and 10 s dwell time. The average
Vickers hardness values were calculated by measuring seven
different locations. Room-temperature tensile tests of
selected samples were performed with a nominal strain rate
of 1072 s7*. Tensile specimens with a gauge length of 30 mm
were machined using electric discharge machining with the
tensile axis parallel to the RD.

3. Texture simulations

Texture predictions are obtained from polycrystal plasticity
simulations performed using visco-plastic self-consistent
(VPSC) model [33]. The VPSC algorithm considers each grain as
a visco-plastic inhomogeneity within a homogeneous and
anisotropic material. The VPSC model uses rate-dependent
visco-plastic laws to correlate the macroscopic deformation
behavior of polycrystalline materials with the microscopic
deformation behavior (via slip and/or twins). Detailed de-
scriptions of the VPSC model formulas and related model
parameters can be found elsewhere [34].

The simulation in this study was performed in VPSC7d
code and ATEX tools. First, the true stress-strain curves and
EBSD results of the initial FeCrAl tubes were obtained based
on experiments. Then the velocity gradient matrix and initial
texture file are imported into VPSC7d. Modify the single
crystal file to obtain the equivalent stress-strain curve
consistent with the experimentally measured stress-strain
curve. Finally, Run the VPSC program and import the texture
output file into ATEX to plot the texture.

Unlike simple uniaxial tension, compression and planar
rolling, the deformations that pilgering imposes on a typical

Table 3 — Measurement of grain size at different processing conditions.

Processed sample Intercept length method

Grain reconstruction method

RD(um) TD(um) ND(um) RD-ND(um) TD-ND(um) RD-TD(um)
HE 83.5 + 50.6 82.2 +47.6 77.8 +44.7 94.1 +47.0 101.1 + 54.6 —
WR2 43.9 + 30.9 19.8 +15.5 25.0 +18.7 58.6 +31.1 341+ 218 —
WR2An 22.3+16.4 10.2 + 10.3 12.2 + 10.5 193 + 124 17.9 + 13.7 =
CR1 12.9 + 9.8 8.0+5.6 10.4 + 8.9 17.3 +10.8 14.9 + 9.9 —
CR1An 123+ 8.1 115+ 6.6 13.6+7.2 18.6 £ 9.3 16.6 + 7.3 -
CR3An 8.9 + 3.5 81+23 9.3+30 114 + 4.8 11.4 + 3.6 11.8 + 3.5
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material point in the tube are non-axisymmetric, unstable,
and dependent on the location of the material point. Let vj(xy)
denote the material flow velocity at spatial coordinate x.
an ..
Li)-(xk):a? 1,j€{RD, TD,ND} (1)
k

Therefore, the velocity gradient matrix in the RD—TD—ND
system is taken to be

Lrorp  Lroto  Lronp
Lrp-to-np = | Loro Lo Lronp 2)
Lwpro  Lnpo  Lpap

Assuming the mandrel is rigid, continued contact between
the groove and the mandrel.

ou
ﬁ:LNDw =0 3)
ou
ax’:;’ =Lypm =0 4)

Pilgering simultaneously reduces the diameter and thick-
ness of the tube. The simplified model assumes a linear
decrease in both diameter and thickness and requires con-
servation of volume during plastic deformation for tube
yielding.

E)UND —q

=L =1 5
Fr ND,ND 1t q ( )
aUTD -1
21 = 6
BXTD TD,TD 1+ q ( )

And

ov
ﬁ:LRD_Rp =1 7

The value of q depends on the location of the material point
before and after the pilgering process.

Let D and d denote the outer diameter of tube measured
before and after pilgering. T and t are the wall thicknesses of
the initial tube and final tube.

t d
Q:lm?/lnB (8)

Q > 1 implies that the deformation is dominant by
diameter reduction. On the other hand, Q <« 1 indicates
deformation is dominated by the reduction in wall thickness.
Q = 1 indicates deformation conditions similar to uniaxial
extension along RD.

Consider the effective component of the velocity gradient.

Lrpnp = Lep,rp= LtprR0= Lrp,TD = 0 (9)

4, Results
4.1. As-extruded microstructure

The microstructure and texture of the hot-extruded tube are
shown in Fig. 2. In the IPF map, the longitudinal plane
(Fig. 2(a)) and cross-sectional plane (Fig. 2(b)) consisted of
equiaxed grains with different orientations. The grains with
almost isotropic morphology in different directions indicate
that the extruded microstructure is homogeneous. The
average grain size in Table 3 is ~100 um with an aspect ratio of
1.01 (RD compared to TD). The grain boundary map (Fig. 2(c))
shows that many grains are bordered by HAGBs in black color
with a high fraction of ~84%. The main part of the recrystal-
lization fraction map (Fig. 2(d)) includes dominant recrystal-
lized grains by the blue region together with some
substructured grains. These results indicate that the hot
extruded tube almost completely recrystallized. The related
ODF (Fig. 2(e)) at ¢, = 45° shows dominant a*-fiber ((h11}<1/
h12>), A\-fiber (<001>//ND) and weak y-fiber textures have
been established in hot-extruded microstructure with the

Fig. 2 — Microstructure and texture of the hot extruded FeCrAl tube including a) IPF map (RD-ND), b) IPF map (TD-ND), c) GB

map, d) REX map, and e) ODF at ¢, = 45°.
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Fig. 3 — Microstructure and texture of 2nd warm pilgered FeCrAl tube including a) IPF map (RD-ND), b) IPF map (TD-ND), c) GB

map (RD-ND), d) IQ map (RD-ND), e) ODF at ¢, = 45°.

main planes of {001}, {110} and {111} distinguished by red,
green and blue grains in the related IPF map, respectively.
Compared to the texture after hot extrusion in FeCrAl ODS
alloys [35], the main difference is the appearance of the shift of
the o-fiber towards the o*-fiber. The strong partial A-fiber
texture component was {001}<120>, while a*-fiber spread in
whole orientations.

4.2.  As-pilgered microstructure

Figs. 3 and 4 show the microstructure and texture evolution of
the hot-extruded tube after 2nd warm-pilger and 1st cold-
pilger rolling, respectively. In both figures, the IPF maps have
been evaluated for two different sections including longitu-
dinal plane (RD-ND) (Fig. 3(a) and 4(a)) and cross-section plane
(TD-ND) (Fig. 3(b) and 4(b)). In the longitudinal plane, a lot of
‘heterogeneous deformation’ microstructure appeared, the

grains are fragmented (i.e., formation of high-angle bound-
aries) and mainly elongated in addition to some equiaxed
grains. The elongated grains along the RD with a width of
~60—100 um. However, in the cross-section plane, torsional
deformed grains with <110> orientation (green) can be
observed in most regions. It can be rationalized by the fact
that pilger rolling could introduce a significant shear compo-
nent [36]. The comparison of average grain size in the RD and
TD directions (Table 3) indicates a lower aspect ratio of grains
in the rolling direction and smaller grain size of CR1 than WR2.
The GB map (Fig. 3(c) and 4(c)) of longitudinal plane demon-
strates that the grain structure changes to a mixture of frag-
mented and elongated grains. It is worth noting that there are
many equiaxed sub-grains and grains in the <111> oriented
grains engaged among or inside grains, including a high pro-
portion of 51%—68% LAGBs as shown by red lines. In some
cases, the size of elongated grains reached a few millimeters.

Substriiotired

m; Grid248x 160

4
[ e—
r) @, (0~907)

@ (0~907)

min=0

Fig. 4 — Microstructure and texture of 1st cold pilgered FeCrAl tube including a) IPF map (RD-ND), b) IPF map (TD-ND), c) GB

map (RD-ND), d) IQ map (RD-ND), e) ODF at ¢, = 45°.
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Fig. 5 — Microstructure and texture of annealed FeCrAl tube at 850 °C following 2nd warm pilgering including (a) IPF map
(RD-ND), b) IPF map (TD-ND), c¢) GB map (RD-ND), d) REX map (RD-ND), €) ODF at ¢, = 45°.

The related IQ maps (Figs. 3(d) and 4(d)) show that some parts
of elongated grains have a seriously deformed structure,
indicating a high stored energy accumulation which is char-
acterized by {111} plane. The stored energy of the deformed
grains depends on the orientation, ranging from {100}, {111} to
{110} higher orders, respectively [37]. (e.g. {111} grain in Fig. 3(a)
and {001} grain in Fig. 4(a)). The crystallographic textures of
both WR2 and CR1 samples are presented in Fig. 3(e) and 4 (e))
show almost similar texture. The overall texture intensity of
the CR1 sample is less than that of the WR2 sample, but the a-
fibers spread in whole orientations. It illustrates a major
change after pilger rolling as an extension in a-fiber with the
invariant direction of <110>. As noticed in IPF figures, the pink
grains of {001} <120> orientation observed in the hot-extruded
condition completely disappeared and an abundant texture of
new orientation of {223} <110> and {111} <110> can be seen.

4.3, As-annealed microstructure

To facilitate thin-walled tube production and prevent pre-
mature failure during the subsequent rolling process, inter-
mediate anneals were carried out at 800—850 °C for 1 h. Fig. 5
presents the microstructure and texture of annealed tube
after the 2nd warm pilger rolling. The microstructure of the
WR2An tube in both longitudinal and cross-section planes
show a bimodal structure (Fig. 5(a and b)). The bimodal
structure in the longitudinal plane is mainly composed of
elongated large grains with <111> orientation and ~10 pm
recrystallized grains. The microstructure of the cross-section
shows that mixed grains consist of equiaxed grains and
<110> orientation strip grains. As shown in the grain bound-
ary map (Fig. 5(c)), the deformed grains include a high-level
density of LAGBs with a fraction of ~90%, which is consis-
tent with the almost 67.1% deformed regions in the recrys-
tallized fraction map (Fig. 5(d)). It is worth noting that after
annealing at 850 °C for 1 h, there are still many deformed
microstructures, which can be explained from the small area
reduction and Q value in Table 2. The related ODF map shows
strong a-fiber as in the as-pilgered condition.

The annealed 3rd cold pilger rolling tube had a significantly
different microstructure and texture to that of annealed the
2nd warm pilger rolling tube. As observed in the IPF maps of
the annealed tube in different sections (Fig. 6(a, b, c)), slightly
elongated large grains with both typical blue and green grains
with a length of ~11 pm at ~ 30° to the rolling direction or
parallel the normal direction in addition to some finer equi-
axed grains. The average grain size of the longitudinal plane,
rolling plane and cross-section plane was 11.4 um, 11.8 pm and
11.4, respectively. Both the low fraction of LAGBs about 8.8%
(Fig. 6(d)) and the high recrystallized area fraction (Fig. 6(e))
indicate that almost complete recrystallization happened.
The related texture in ODF (Fig. 6(f)) shows that two main a-
fibers and y-fibers have been developed which can be seen in
the IPF maps as blue and green grains, respectively. The
dominant y-fiber indicates that recrystallization significantly
reduces the rolling texture intensity and changes grains
orientation.

4.4. Laves precipitate distribution

Laves precipitate distribution in the microstructure of both
longitudinal and cross-section planes with different process
steps was investigated by SEM. Fig. 7 shows the BSE images of
Laves precipitate distributions indicated by the white contrast
compared to the dark matrix. Previous studies have shown
that these Laves phase particles were mainly (Fe,Cr),(Mo,Nb)
[28—-30]. The faceted needle-like Laves precipitates were
distributed at grain boundaries and within grains of the hot-
extruded tube as shown in Fig. 7(a,e). After the first warm-
pilger rolling, the morphology Laves precipitates changed
from needle-like to spherical or elliptical, which was signifi-
cantly different from the hot extruded state. Some cracks
within Laves phase particles and deboning of the interface
between the matrix and the Laves phase were occasionally
observed, as marked by black arrows in Fig. 7(b). In the CR1
sample (Fig. 7c), Laves phase particles within shear deformed
bands were observed to deviate from RD by ~15-35°.
Fig. 7(b—h) shows that the Laves phase particles were
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N
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Fig. 6 — Microstructure and texture of recrystallized FeCrAl cladding tube at 800 °C following 5th cold pilgering including (a)
IPF map (RD-ND), b) IPF map (TD-ND), c) IPF map (RD-TD), d) GB map (RD-ND), e) REX map (RD-ND), f) ODF at ¢, = 45°.

homogeneously distributed in the matrix. Fig. 7(d,h) show that
annealing results in coarsening of the Laves phase particles
compared to the pilgered samples. The size statistics of Laves
phase particles were summarized based on Image-Pro Plus as
shown in Table 4. The results show that the distribution of
Laves is homogeneous in both longitudinal and cross-section
planes of the FeCrAl tube. During pilger processing of FeCrAl
cladding tubes, the high number density and area fraction of
Laves phase particles decreases from ~8 x 10 m~2, ~8% for
WR1 tube (about two times) to ~4 x 10'* m~2, ~4% for finished
tubes, respectively. Laves phase particles were ~250 nm in the
as-pilgered sample, while the coarsened Laves phase particles
in the annealed sample were ~330 nm. The decrease in area
fraction and number density indicates that applied TMP dis-
solves some of the Laves phase particles into the matrix.

These finely dispersed Laves phase particles are important for
controlling the microstructure and recrystallization of clad-
ding tubes [28,31].

4.5.  Hardness and tensile properties

Hardness is one of the methods to evaluate the mechanical
properties of materials, and it is approximately related to the
tensile strength of metals [38]. Vickers hardness evolution
during the cladding tube manufacturing process is illus-
trated in Fig. 8(a). The hardness value increases dramatically
from 253 + 3 HV1 of the hot extruded tube to 308 + 2 HV1 of
3rd cold pilgered tube. The hardness increases with
increasing rolling passes is attributed to the formation of
substructure during deformation, which can be verified in

TN e
." Recrystallifed”

Fig. 7 — BSE images revealing the Laves phase particles evolution of tubes during pilgering step. (a,e) hot extruded, (b,f) 1st
warm-pilgered, (c,g) 1st cold-pilgered and (d,h) after 1st cold-pilger annealed.
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Table 4 — Statistical measures for number density and

area fraction of Laves phase particles in different states of
FeCrAl alloy tubes.

State Number density Area fraction Particle size
(10" m ?) (%) (nm)
WR1 gp-nD 973+ 1.8 9.26 + 1.9 310 + 33
WR1rp-np 7.22 +2.4 7.47 +2.8 319 + 31
WR2 rp-nD 7.37 + 0.4 7.42 +2.3 227 + 18
WR2 1p-nD 7.07 +0.3 6.87 + 1.0 241 + 14
WR2AN gp-nD 5.45 + 0.6 6.46 + 1.1 367 + 27
WR2AN 75D 5.19 + 0.4 6.62 + 0.9 352 + 24
CR1 rpnp 6.17 + 0.2 5.72 + 0.8 249 + 20
CR1 1p.np 8.11+0.2 5.68 + 1.0 251 + 14
CR1AnN gp-nD 8.83+0.2 6.39 + 0.7 328 + 16
CR1AD 1pnD 7.88 + 0.3 6.56 + 0.6 329 + 20
CR3An gp-nD 4.35+0.1 6.25 +0.1 355 + 29
CR3An 1p.np 3.66 +0.1 473 +£0.1 360 + 32
CR3AD grp.1p 4.05+0.2 498 + 0.4 348 + 27

Figs. 3(d) and 4(d). The annealing treatment resulted in a
sharp drop of hardness, indicating that applied thermal
treatment softens the ferritic structure. The hardness of the
final annealed sample (CR3An) is ~210 HV1, corresponding to
the fully recrystallized microstructure shown in Fig. 6.
Fig. 8(b) display the tensile properties of FeCrAl alloy tubes
after various rolling passes and annealing. The first warm
pilger rolling resulted in an increase in yield strength from
565 MPa for the hot extruded tube to 759 MPa, but a sharp
decrease in total elongation from 26.5% to 3.5%. After inter-
pass annealing, the yield stress and ultimate tensile
strength decreased (in agreement with the Vickers hardness
results in Fig. 8(a)) and the total elongation increased, indi-
cating that deformability was also restored. The final
annealed cladding showed yield strength of 475 MPa and the
highest total elongation of 41%.

To further illustrate the importance of inter-pass anneal-
ing for pilger rolling, Fig. 9 shows the tensile fracture mor-
phologies of the first warm pilgered tube and after annealing.
Obviously, many dimples can be seen in the fracture, and
FeCrAl alloy tubes shows typical ductile fracture characteris-
tics. Interestingly, the Laves phase particles are distributed in
the dimples, as shown in the BSE mode in the upper half of

Fig. 9. The secondary electron images displayed the fracture of
the warm pilgered tube shows shallow dimples with a size
below 2 pm, while the fractography after annealing shows
deep and coarse dimples. It is worth noting that tear traces
appeared in the dimple of the annealed tube, which is a typical
feature of necking.

4.6. Prediction of pilger rolling texture by VPSC model
The crystallographic textures shown in the ODF maps in Figs.
2—4 indicated that the texture of FeCrAl alloy tubes signifi-
cantly change during the pilgering. The evolution of rolling
texture can usually be simulated by VPSC model. Based on the
modeling in Section 3, we selected two representative steps,
namely WR2 and CR1, to validate VPSC predictions. The texture
of the WR1An and WR2An tubes as the initial texture to
simulate the texture evolution after the WR2 and CR1 step. The
VPSC predicted and experimentally measured textures during
pilgering of FeCrAl tube after WR2 and CR1 steps are shown in
Fig. 10. Fig. 10(a,c) show the experimentally measured ¢, = 45°
ODF mabp after the WR2 and CR1 steps. Pilger rolling resulted in
strong o-fiber, and the texture components {223}<110> and
{111}<110> showed the highest orientation intensity. Regarding
the ODF after the pilger rolling step (Fig. 10(b,d)), a good
agreement between the measured ODF and the predicted ODF
was observed. VPSC modeling has been shown to be suitable for
predicting rolling texture development. However, some dis-
crepancies between measured and predicted textures were
found. The texture intensity of the experimental result is lower
than that predicted in the VPSC simulations. This discrepancy
may be due to some inherent limitations of the modeling,
which assumes homogeneous macroscopic strain or ignores
grain fragmentation. In addition, VPSC simulation is based on
the microscopic texture imported by EBSD, which cannot
consider the macroscopic texture of the whole sample. The
precipitates were ignored in the simulation, although it in-
fluences the texture evolution.

5. Discussion

The microstructure, texture and precipitated phase are the
key factors affecting the in-service performance of FeCrAl
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Fig. 9 — Tensile fracture morphologies of FeCrAl tubes (a) first warm pilger rolling and (b) after annealing.

cladding. The microstructure and texture evolution related to
the TMP of FeCrAl cladding tube is of great value for industrial
production.

5.1.  Microstructure controlled by processing conditions

The present study provides a strong correlation between
processing conditions and microstructure observed based on

EBSD results. The microstructure is usually reflected by grain
size, morphology, orientation, and grain boundary charac-
teristics. The grain size and aspect ratio distribution for
varying processing conditions are shown in Fig. 11. The
equiaxed grain in the as-extruded microstructure is randomly
distributed, ranging from 30 pm to 300 pm. Pilgering induced
‘heterogeneous deformation’ microstructure which the elon-
gated larger grains were identified as ‘non-fragmenting’ and
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smaller grains generalized as ‘fragmenting’ undergo refine-
ment in grain size (or grain fragmentation). Fig. 11(a) illus-
trates that pilgering results in grain refinement, but the aspect
ratio is significantly increased as shown in Fig. 11(b). The WR2
sample showed the maximum average aspect ratio of 3.2.
After the inter-pass annealing and final annealing, the elon-
gated grain became almost equiaxed grain. It can be noted
that the grain size and after the pilger cold rolling is almost
equal, following Gaussian distribution. The 3rd pilger cold
rolling and final annealing has little effect on grain refinement
and aim to improve the dimensional accuracy of the tube and
obtain a homogeneous microstructure.

Fig. 12 shows the misorientation distribution at represen-
tative stages in FeCrAl cladding tubes fabrication. Pilgering
results in a significant increase in the frequency of LAGBs
while inter-pass annealing increased the fraction of HAGBs.
The reduced LAGBs and increased HAGBs during annealing
are characteristic of recovery associated with recrystalliza-
tion. In that scheme, LAGBs are progressively transformed
into HAGBs with formation of new nuclei, which is consistent
with Fig. 5(c). This recovery effect resulted in a decreasing
hardness and an evolution of the grain morphology. In both
HE and final annealed samples, the boundary misorientation
angle distribution deviates from the Random distribution.
Certain deviations from the Random distribution caused by
the texture of the alloy could still be observed. A small fraction
of LAGBs not accounted for by the Random distribution that is
mainly caused by a small amount of deformed structure
remaining in the microstructure as obvious from color varia-
tions in some of the grains in Figs. 1(a) and 6(a).

5.2.  Texture evolution during pilgering and annealing

The crystallographic textures shown in ODF maps in Figs. 2—6
indicated that the texture of FeCrAl tubes significantly change
during the pilgering and annealing. Based on Fig. 2(e), the hot
extruded texture has strong a*-fiber and insignificant A-fiber.
It should be noted that A-fiber oriented in <001> orientation
with strong texture component {120}<001> while o*-fiber in
the whole orientations decreases gradually with distance
from {120}<001>. After pilgering, the overall texture intensity
increases obviously, a*-fiber disappears and new a-fiber is

formed. Pilgered samples exhibited typical rolling texture for
BCC alloy consisting of « (<110>//RD) and y (<111>//ND) fibers.
These observations are in good agreement with reported cold
deformed fibers of single phase FeCrAl alloys [18,19,39]. A
crystalline rotation happens during cold deformation with
<110> orientation or {111} plane as the rotation axis which is
consistent with conventional ferritic steel [40]. Inter-pass
annealing significantly affects texture evolution. The overall
texture intensity of the WR2An sample decreased signifi-
cantly, the a-fiber decreased while the partially recrystallized
grains formed {001}<110> and {111}<110> components. The
final annealing results in y-fiber distributed throughout the
orientation lines. This indicated that the y-fiber belonging to
recrystallized texture has better stability.

Fig. 13 Presents a quantitative estimation of the area frac-
tion of three dominant fibers during fabricating FeCrAl clad-
ding tube. Subset selection for each texture component was
done at the maximum deviation of 15° from the ideal fiber
orientations. The area fractions of three fibers of hot extruded
tube are almost equal, implying a weak texture. As the pilger
proceeding, the area fraction of a-fiber increases and A-fiber
decreases. The inter-pass annealing could additionally
remove the o-fiber deformed grains due to the pilgering step
and transform them into predominantly y-fiber recrystallized
grains. y-fiber is known to have excellent formability, which
explains the annealing restores the deformability of the tube.
For FeCrAl alloys with bcc structure, the deformed grains and
recrystallized grains are more likely to rotate along {110} slip
plane or <111> slip direction. Therefore, the final finished tube
has dominant a-fiber and y-fiber. It is worth noting that the
evolution is consistent in both longitudinal and cross-section
planes of the tube, with the area fraction of the longitudinal
plane being slightly higher than that of the cross-section
plane.
5.3.  The effect of laves precipitates on microstructure
The Laves phase particles in FeCrAl alloys are crucial to con-
trol the microstructure and improve high-temperature sta-
bility [18,25,28—32]. In order to illustrate the effect of the Laves
phase on the microstructure, the warm pilgered tube was
annealed at 800 °C for 1h and 1100 °C for 1 h. Fig. 14 shows that
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materials.

the microstructure is controlled by the Laves phase. The BSE
image of Fig. 14(a) shows that the Laves precipitates pins grain
or subgrain boundaries and control grain refinement. Fig. 14(a)
EBSD-IQ map shows that these grains exhibit a bimodal
structure with small size subgrains ~1 pm and large grains
~5 pum. It is worth noting that the IPF map from Fig. 14 shows
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Fig. 13 — Area fraction of A-fiber, «-fiber and y-fiber changes
during pilgering and annealing of FeCrAl tubes.

mixed microstructures consisting of recovered and recrystal-
lized grains. The recovered area belonging to the y-fiber with
elongated dislocation cell bands ~10 pm in width were aligned
to the RD, as indicated by high local misorientation as shown
in Fig. 14(a) KAM map. The <100>//ND and <110>//ND orien-
tated grains nucleated preferentially, belong recrystallized
regions, showing low local misorientation. Once Laves pre-
cipitates dissolve into the matrix as shown in Fig. 14(a) BSE
image, resulting in abnormally coarse grains. At high tem-
perature, the ferrite matrix lacks the pinning of the Laves
phase (solid solution into the matrix), resulting in significant
grain coarsening. The abnormally coarse grains exhibit
prominent y-fiber at high temperature, indicating its high
temperature stability. Therefore, these Laves phase dispersed
in the matrix is very important to stabilize the microstructure
at high temperature.

5.4. Further development of FeCrAl alloy cladding

The microstructural evolution of FeCrAl alloy tubes in the
multi-pass pilgering process is closely related to the selected
processing conditions, including the area reduction and Q
value per pass and the inter-pass annealing time and tem-
perature. In order to achieve desirable microstructures with
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balanced processability and mechanical properties, process-
ing conditions need to be optimized. In addition, high effi-
ciency in industrial production requires less total passes to
achieve final dimensions. A large strain per pass results in
high cumulative stress. However, it is also likely to cause
cracks or failure as the process progresses. Considering the
typical tensile properties of the FeCrAl alloy tube in Fig. 8(b),
the elongation is significantly reduced from 26.5% for the hot
extruded tube to 3.5% after one pass of pilger rolling. At the
same time, the yield strength and hardness increase signifi-
cantly, implying that the resistance to deformation increased.
The next pass of rolling without inter-pass annealing will
inevitably cause cracking of the tube. Warm-pilger rolling and
high annealing temperature is beneficial at the beginning of
tube pilgering steps because it requires overcoming a rela-
tively large deformation resistance of the initial wall thickness
reduction. For practical tube fabrication, the inter-pass
annealing time should be less than ~1 h and an appropriate
annealing temperature to save energy and improve efficiency.
The annealing temperature depends on the cumulative strain
of the tube, and usually a high cumulative strain will reduce
the recrystallization temperature. It can be seen from Table 2
and Fig. 5 that the low area reduction results in the tube still a
large amount of deformed microstructure annealing at 850 °C
for 1 h. However, the high area reduction results in a fully
recrystallized microstructure of cold-pilger tube annealing at
800 °C for 1 h. Lower annealing temperatures are applied in
the later stages of the tube pilgering step to control dimen-
sional accuracy.

For single-phase bcc structure FeCrAl alloy tubes that
cannot be strengthened by phase transformation, the ther-
momechanical processing process should be properly
controlled. For the pilgering process, strain and Q value
affect the microstructure and rolling texture. Inter-pass
annealing softens the bcc matrix for further processing
with refined grains and weak deformation texture. There-
fore, inter-pass annealing is very important for the subse-
quent processing of cladding. In addition, the addition of
chemical components of FeCrAl alloys such as Mo, Nb, will
form Laves phases to effectively strengthen and delay the

recrystallization kinetics of the alloy compared with the
base components. Hence, the effect of the chemical
composition should also be considered to develop FeCrAl
alloy cladding.

6. Conclusions

The microstructure and texture evolutions of industrially
fabricated FeCrAl cladding tubes were investigated with the
help of EBSD and SEM. The main conclusions are as follows.

1. The hot extruded microstructure exhibited ~100 pm equi-
axed <001> orientated grains while pilger rolling changes
to elongated and fragmented grains with <111> and <110>
orientations. The applied annealing treatment restores the
deformed grain with high stored energy to fine recrystal-
lized grains. Final annealed tube showing ~11 pm recrys-
tallized grains with preferred <111> orientation in 3D
directions.

2. Textural evolution during the fabrication of FeCrAl clad-
ding was generalized as the evolution of o-fiber and v-fi-
bers. The pilgered texture predicted by VPSC is consistent
with the experimental results. Pilgering strengthened a-
fiber, while annealing weakened «-fiber and strengthened
y-fiber.

3. Pilger rolling results in increases in hardness and
strength, but a sharp decrease in elongation. Inter-pass
annealing softens the ferritic matrix and restores
ductility. The final annealed cladding applied with TMP
has fine grains with total elongation of ~41% and yield
strength of 475 MPa.

4. Microstructural evolution in the Laves precipitates fol-
lowed the sequence of faceted needle-like — spherical —
faceted ellipsoidal in pilger processing FeCrAl cladding
tubes. Fabrication of the cladding by TMP halved the area
fraction and number density of the Laves phase. Annealing
results in coarsening and resolution of Laves precipitates.
Laves precipitates could pin the grain boundaries to sup-
press grain coarsening.
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