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Abstract

We report the micro-texture of two extruded Zr—2.5Nb tubes determined using scanning electron microscopy com-
bined with electron back-scattering diffraction (SEM/EBSD) and transmission electron microscopy and selected area
diffraction (TEM/SAD). The pole figures determined by SEM/EBSD correspond well with bulk pole figures previously
determined by X-ray diffraction (XRD). Three components of texture are seen to correlate with the shape and morphol-
ogy of the a-grains and their contained dislocation substructures. The first component corresponds to elongated alpha
grains containing a high density of a and ¢ + a dislocations in which the c-axis is oriented at a relatively high angle to the
long dimension of the a-grains as viewed in transverse section; these grains comprise a texture component with the c-
axes in the radial transverse plane, tilted towards the radial direction. The second component corresponds to elongated
a-grains containing a low dislocation density in which the c-axis is oriented parallel to the long dimension of the alpha
grains: these grains also comprise a texture component with the c-axis in the radial/transverse plane, but predominantly
in the transverse direction. The final component corresponds to colonies of Widmanstétten-like a-grains that are trans-
formed from the f-phase: the majority of these grains have their c-axes in the axial direction. These grain have very low
dislocation densities and are probably developed during cooling, after extrusion.

Crown Copyright © 2004 Published by Elsevier B.V. All rights reserved.

1. Introduction

Zr-2.5Nb is used in the extruded and cold-worked
condition for pressure tubes in CANDU® reactors.
Many of the properties of the material are associated
with the crystallographic texture produced during the
extrusion stage (extrusion ratio of 10:1, preheat temper-
ature of 1090K). In standard pressure tubes, this com-
prises a predominantly transverse distribution of the
basal plane normals, sometimes with a weak component
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down the tube axis [1,2]. The typical manufacturing
route for cold-worked and stress-relieved fuel cladding
(repetitive cold-working and intermediate annealing
after extrusion, with a high ratio of wall reduction to
diameter reduction on the final pass) gives a distribution
in which the basal plane normals are closer to the radial
direction [3,4]. Some of the properties of this alloy that
are technologically important, such as delayed hydride
cracking and irradiation induced deformation, have
been demonstrated experimentally and theoretically to
be controlled by the texture [5-8].

The Zr—Nb phase diagram in the vicinity of the o/
transus is a monotectoid with the monotectoid reaction
at about 870K and 20%Nb. The o/f transformation in
pure Zr is at about 1135K, and this is elevated by about
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70K by commercial levels of oxygen — typically
1000 ppm by wt. In Zr-2.5Nb, the o + B phase field ex-
tends from about 870K to 1200K [1].

In a previous paper on the role of hot-extrusion on
texture development, Holt and Aldridge [9], showed a
correlation between the extrusion conditions (extru-
sion-temperature (923-1123K), preheat time (0.5-3h),
extrusion ratio/geometry (4:1, 10:1), and billet micro-
structure (fine, coarse)). The bulk textures of the extru-
sions, observed by X-ray diffraction (XRD) comprised
three components:

1. A predominantly radial ! component hypothesized to
be developed by crystallographic rotation of the o
phase due to pyramidal, prism and basal slip. This
component is similar to the textures produces by cold
working when the wall reduction is significantly
greater than the diametral reduction [3,4,10]. This
was subsequently shown by Rodriguez [11] to be
the texture expected if the predominant deformation
mechanism is a combination of prism and pyramidal
slip.

2. A predominantly transverse component hypothesized
to be associated with the texture developed in the -
phase, the effects of stress on the o/f phase transfor-
mation and phase boundary sliding (which results in
bodily rotation of the o phase within the B phase).
This component is not seen during cold work and
cannot be explained by any combination of known
slip systems.

3. A predominantly axial component hypothesized to
be associated with the texture developed in the B-
phase and the o/p phase transformation. This compo-
nent is associated with a significant volume fraction
of B-Zr, present during extrusion, and is also not seen
during deformation at any temperature at which the
material is predominantly o-Zr.

Standard Zr-2.5Nb pressure tubes are extruded at
1090K (where the volume fraction of o is something
over 50%) with an extrusion ratio of about 10:1. They
exhibit mainly the texture Component 2, with the c-axes
in the radial/transverse plane, predominantly in the
transverse direction. This texture is not affected by sub-
sequent 25-30% cold-drawing or stress relief at 670K for
241 [9]. The micro-texture (texture which is measured on
a crystal to crystal basis) of a standard pressure tube,
measured by scanning electron microscopy (SEM) and
electron back-scattering diffraction (EBSD) and trans-
mission electron microscopy (TEM) and selected area
diffraction (SAD), was reported by Griffiths et al. [12].

! The three principal directions of the tube are defined as
radial, transverse and axial in this paper: radial/ transverse and
radial/axial are the planes containing the radial and transverse
and radial and axial direction respectively.

It was found that the long axis of the grains as viewed
in the radial/transverse plane coincided closely with the
c-axes (within +15°), and the distribution of c-axes in
the radial transverse plane is thus closely related to the
orientation of the grain boundaries in this plane. Prior
to extrusion these grains are formed from the B-phase
on cooling after forging or a [-heat-treatment, they
are plate-like [9] and, due to the Burgers relationship
[13], the c-axis is in the plane of the plate. They remain
plate-like as pro-monotectoid o-particles during pre-
heating for extrusion [14], and after extrusion are flat-
tened and folded in the radial/transverse plane, and
highly elongated in the axial direction.

The purpose of the current paper is to verify the lat-
ter result for a higher temperature of extrusion and to
correlate the grain morphology with the three compo-
nents of texture using SEM EBSD and TEM SAD.

2. Experimental materials and procedures

The materials examined were two extruded tubes,
#10 and #20 described in Ref. [9]. These tubes were cho-
sen because they exhibited texture Components 1 and 3.
The tubes had an inner diameter of 16mm and a wall
thickness of 4.6mm and were made with an extrusion ra-
tio of 3.9:1 and a Q ratio (ratio of true strain in the wall
thickness direction to that in the circumferential direc-
tion) of 2.6, after preheat for 1/2 and 3h at 1125 and
925K respectively, for tubes 10 and 20. The billets were
machined from 75mm diameter Zr-2.5Nb rod made
from an ingot melted to the specification for Zr-2.5Nb
pressure tubes for CANDU reactors, Table 1. Prior to
preheating for extrusion, the billet for tube 10 had been
B-quenched in oil to give a fine Widmanstétten struc-
ture, and that for tube 20 had been slow cooled from
the B to give a coarse Widmanstétten structure (see
Fig. 2(a) and (b) of Ref. [9]). Tube 20 exhibited a com-
bination of Components 1 and 2, Component 1 being
more dominant and tube 10 exhibited mainly Com-
ponent 2 with a significant amount of Component 3.

Table 1
Chemical specification for Zr-2.5Nb pressure tubes for
CANDU reactors (circa 1980)

Niobium 2.4-2.8wt%
Oxygen 900-1300 ppm by wt.
Hydrogen <20 ppm by wt.*

Iron <1500 ppm by wt.®

Carbon <270ppm by wt.
Chromium <200ppm by wt.
Tantalum <200ppm bt wt.

Zirconium + other Balance

permissible impurities

% Changed to <5ppm by wt. in the mid 1990s.
® Changed to <600ppm by wt in the mid 1980s.
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Table 2
Resolved fraction of basal plane normals in the principal
direction for tubes examined in this study

Tube # Fradial Flransverse Faxiul
10 0.35 0.44 0.21
20 0.55 0.38 0.07

Table 2 gives the previously reported resolved fractions
of basal plane normals in the three principal directions
of the tubes, F,, defined by:

Fy= Z V(0)cos®0,
0

where d is the direction (radial, transverse, axial) and
V(0) is the volume fraction of material with its c-axis
at an angle 0 from the d direction.

The samples for SEM and EBSD (electron backscat-
tered diffraction) were prepared by cutting the tubes nor-
mal to axial direction (i.e. the face examined is
transverse cross section), mechanical polishing and elec-
tropolishing in 5% perchloric acid + 60% metha-
nol + 35% butycellosolve at —45°C and 20V. They
were examined on a JEOL 840 SEM equipped with an
HKL backscattered electron camera and an automated
data acquisition and analysis software (Channel 5).
The resolution of the JEOL 840 is about 1 um, so that
the finest grains are not sampled. In EBSD experiments,
the samples were positioned in the chamber such that
the three directions of the tubes (radial, transverse and
axial) corresponded to the coordinates in the pole fig-
ures, Xy, Yo and Z,, respectively. The scanning step size
and the time per cycle in EBSD acquisition were set to
be 0.2 pum and 0.160s, respectively. An SEM image, the
corresponding crystallographic mapping and pole fig-
ures were produced for each examined area. The angles
between the c-axes and the grain boundaries of elon-
gated pro-monotectoid o grains in the radial/transverse
plane were determined by measuring the angle between
the o-grain boundaries and radial direction on SEM
micrographs, and the Euler angles of the same o grain.
The distributions of the angles between the long axes
of the grains and the radial directions of the tubes were
also measured on SEM micrographs.

The TEM thin foils having normals parallel to the
axial and transverse directions of the tube were prepared
to study the microstructural details and crystallographic
orientation of both pro-monotectoid o grains and trans-
formed B (o bundles in Tube #10). Slices of 150-250 um
thick were cut normal to either axial or transverse direc-
tion and the discs of 3mm in diameter were punched,
followed by twin-jet electro-polishing in 5% perchloric
acid + 95% methanol at —50°C and 20V. The thin foils
were observed using a Philips CM 20 at 200kV. Double
tilt sample holder (o tilt: £50° and B tilt: £30°) was used
to determine the crystallographic orientation of different

o grains by matching the image and diffraction patterns
taken when the two tilt angles were recorded. The distri-
bution of the angle between c-axis and pro-monotectoid
a-grain boundaries in radial/transverse plane of Tube
#20 was obtained by examining a large number of o-
grains in different areas of different thin foils. For thin
foils of Tube # 10, the orientation of c-axis of the trans-
formed o-bundles with respect to the axial direction was
recorded, and the angle between c-axis and the pro-
monotectoid o-grain boundaries was measured also.
The thin foils normal to the transverse directions of
the two tubes were also examined to reveal the micro-
structures in the radial/axial plane.

3. Results
3.1. Microstructures

In the radial/axial plane, Tube 20 comprised mainly
elongated grains containing a relatively high density of
c-component and a-type dislocations (Fig. 1(a)). When
viewed in the radial/transverse plane of the tube, the
grains were flattened and often folded, the long axes
making a range of orientations relative to the transverse
and radial directions of the tubes (Fig. 1(b)).

In the radial/axial plane Tube 10 exhibited a large
proportion of elongated grains which clearly arise from
deformation of the pro-monotectoid grains present at
the extrusion temperature, prior to extrusion, but also
a significant proportion (~50%) of grains not aligned
with the axial direction of the tube, Fig. 2(a). These lat-
ter grains often occurred in ‘colonies’ or parallel group-
ings. In the radial-transverse plane the microstructure
comprised many flattened, folded grains, similar to those
in Tube 20, but with lower dislocation densities (Fig.
2(b)). It also showed misaligned colonies similar to those
observed in the radial axial plane. For the most part, the
colonies of grains in Tube 10 exhibited very low disloca-
tion densities when imaged using g = (0002), as in Fig.
2(b), and when imaged using g = {101 1}. This indicates
that the densities of both c-component and a-type dislo-
cations are low and, therefore, that the o colonies were
formed by transformation from B to o after extrusion.

3.2. Bulk textures

The (0002) pole figures determined by EBSD are
shown in Figs. 3 and 4 and the F,;s are shown in the
upper right corner of the figures, where x = radial,
y = transverse and z = axial. Tube 20 (Fig. 3) showed a
predominance of Component 1 for the section exam-
ined, greater than had been observed over a much larger
sample using X-ray diffraction. Tube 10 (Fig. 4) showed
a predominance of Component 2, with a substantial pro-
portion of Component 1 and a significant proportion of
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Fig. 1. Microstructure of Tube 20 observed by TEM in radial-axial section (a) and in radial-transverse section (b). The axial and
transverse directions of the tube are close to horizontal respectively in (a) and (b).

Fig. 2. Microstructure of Tube 10 observed by TEM in radial-axial section (a) and in transverse cross-section (b) and showing
promonotectoid o (arrows) and transformed  (broken arrows).). The axial and transverse directions of the tube are close to horizontal
respectively in (a) and (b).

20 Fx=0.787 Fx=0.340
{0002} - Fy=0.147 ] TRy Fy=0.454
Fz=0.066 : g B Fz=0.206

Fig. 3. (0002) pole figure determined by EBSD for Tube 20 Fig. 4. (0002) pole figure determined by EBSD for Tube 10
(x = radial, y = transverse, z = axial). (x = radial, y = transverse, z = axial).
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20 Fx=0.107
Fy=0.426
Fz=0.467

{1010}

Fx=0107
Fy=0.426
Fz=0.467

{11-20}

Fig. 5. Prism pole figures determined by EBSD for Tube 20 (x = radial, y = transverse, z = axial).

Z0 Fx=0.330
F Fy=0.273
Fz=0.397

{11-20

Z0 Fx=0.330
by Fy=0.273
Fz=0.397

Fig. 6. Prism pole figures determined by EBSD for Tube 10 (x = radial, y = transverse, z = axial).

Component 3. In this case the F/'s agreed fairly well with
the earlier X-ray data.

The prism pole figures determined by EBSD are
shown in Figs. 5 and 6. In both cases {1010} is aligned
with the tube axis. In Tube 20 {1010} and {1120} are
distributed at 60° intervals in the axial/transverse plane
with a 30° offset, corresponding to Component 1 of
the (0002) texture. Tube 10 shows bands of {1010}
at 30° from the radial/transverse plane and bands of
{1120} 30° away from {1010} corresponding to ra-
dial/transverse spread of (0002). There are also weaker
bands of {1010} and {1120} in the radial/tranverse
plane corresponding to Component 3 (crystals with
(0002) in the axial direction, Fig. 7).

3.3. Micro-textures

Figs. 8 and 9 show the distribution of the angle be-
tween the c-axis and the long dimension of each grain
examined as viewed in the radial/transverse plane. The
data in Fig. 8 were obtained by TEM/SAD and those
in Fig. 9 by SEM/EBSD. The data obtained by both
techniques are similar, exhibiting broad maxima 20—
40° on each side of the origin. Figs. 10 and 11 show
the equivalent data for Tube 10, for the elongated

(pro-monotectoid) o-grains. In contrast to the case of
Tube 20, the data for Tube 10 are clustered within 10—
20° of the origin.

Of 87 colonies of misaligned grains examined by
TEM/SAD in Tube 10, 76 had a [000 1] zone axis within
about 15° of the axis of the tube, corresponding to Com-
ponent 3 of the texture (Fig. 12). The remaining 11 had a
range of pyramidal and prism zone axes (Table 3).

3.4. Grain-axis orientations

Figs. 13 and 14 show the distribution of angles be-
tween the long axis of the pro-monotectoid a-grains
and the radial direction as observed in radial/transverse
section (Figs. 1(b) and 2(b)). In Tube 20 there is a very
pronounced maximum in the transverse direction similar
to that observed in pressure tubes [12]. Tube 10 has a
less pronounced maximum in the transverse direction.

4. Discussion

The pole figures derived from the SEM/EBSD exam-
ination of tube are consistent with the previous observa-
tions using XRD [9], and clearly show the existence of
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Z0 Fx=0.013
Fy=0.028
957

{10-10}

E;jijgg {11-20}

Fy=0.015
e Fy=0.053

Feoas (1120}

0.034

Fig. 7. {1010} (middle) and {1120} (right) pole figures for Tube 20 corresponding to Component 3 (grains with their c-axis aligned
with the tube axis as shown on the left — here, x = radial, y = transverse, z = axial).
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Fig. 8. Distribution of the angle between c-axes and long axes
of a-grains in the radial/transverse plane of Tube 20 determined

by TEM SAD.
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Fig. 9. Distribution of the angle between c-axes and long axes
of a-grains in the radial/transverse plane of Tube 20 determined
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Fig. 10. Distribution of the angle between c-axes and long axes
of promontectoid a-grains in the radial/transverse plane of
Tube 10 determined by TEM SAD.
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Fig. 11. Distribution of the angle between c-axes and long axes
of pro-monotectoid o-grains in the radial/transverse plane of

Tube 10 determined by SEM EBSD.
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Fig. 12. Distribution of [0001] zone axis with respect to the
electron beam direction (axial direction of Tube 10) in TEM for
76 of 87 measurements of a-bundles.

Table 3
Zone axes and deviation from axial direction of Tube 10 for 11
a-bundles with zone axes other than [0001]

Zone axis X-tilt (°) Y-tilt (°)
[2201] -8 -5
[2201] 13 2
[0110] -1 —6
[0110] 2 6
[0110] -8 2
[0110] —12 —4
[4401] 4 0
[3301] 3 4
[1211] 6 -3
[1213] 2 —6
[1213] 4 -2
04
0.35 ]
03
5 0.25
B 02
©
W 0.15
0.1
0.05
0 HHHH Hﬂﬂm
Angle,

Fig. 13. Distribution of the angle between the long axis of the
promonotectoid a-grains and the radial direction in the radial/
transverse plane of Tube 10.
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Fig. 14. Distribution of the angle between the long axis of the
promonotectoid a-grains and the radial direction in the radial/
transverse plane of Tube 20.

three dominant components of texture. Combining this
with the TEM/SAD data we see that Components 1
and 2 occur in the elongated o grains, with component
1 dominant at lower extrusion temperature and compo-
nent 2 dominant at higher extrusion temperature. Com-
ponent 3 occurs only in the misaligned colonies of
grains and is dominant in these grains. The difference
between the pole figure for Tube 20 derived from
SEM/EBSD, and that previously reported from XRD
(the former contains a higher proportion of basal plane
normals in the radial direction) may relate to sampling
errors because the finest grains are not sampled by
EBSD. Also, although many points were sampled by
EBSD (>20000), only of the order of 100 distinct grains
were sampled, so that there may also be a statistical
error.

The elongated grains in both tubes are clearly those
present as pro-monotectoid o before extrusion. They
originate from the B heat treatment prior to extrusion
and represent the majority of the structure on preheating
for extrusion at 925K, and perhaps 20-40% of the struc-
ture on heating at 1125K prior to extrusion. Because
these grains are formed during the o/f phase transfor-
mation, they are expected to exhibit the Burgers relation-
ship to the prior B{1120}, ”{111}w<0001>|K011>w
with a habit plane of {1120},||{1 12}, [15]. The c-axis,
and {1010}, are thus in the plane of the plate. That the
Burgers relationship holds in these circumstances was
clearly seen in the development of texture in heat-treated
Zr—2.5Nb pressure tubes [16]. Prior to extrusion, the tex-
ture is approximately random [9].

After extrusion the c-axis of these grains is rotated
into the radial/transverse plane in both tubes, however
the alignment associated with Component 2 (Tube 10)
is more pronounced, and there is clearly a transition in
the mechanism with extrusion temperature, the c-axis
no longer being in the plane of the plate in Tube 20,
but remaining in the plane of the plate in Tube 10.
The former has the texture expected for material that
has deformed by prismatic, basal and pyramidal slip.
This has been clearly demonstrated by modeling texture
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development during rolling of Zr by Rodriguez [11], the
rotation occurring relative to the orientation of the
boundaries, in the conventional manner, by slip, within
the individual grains.

The texture of the elongated o grains in Tube 10, is
the predominant component in CANDU pressure tubes.
The fact that the c-axis remains within the plane of the
plate suggests that little pyramidal slip is occurring. Pre-
viously, it was hypothesized that this component could
develop, at least partially by the bodily rotation of the
o plates within the B matrix, it being well established
that in Zr alloys, B-Zr is much softer than o-Zr in the
temperature range of interest, e.g., Ref. [17]. This mech-
anism would tend to align the c-axis in the wall of the
tube, but not specifically into the transverse direction —
which would require simultaneously, a rotation of the
plate about its own normal. The answer may lie in the
mechanism of rotation, which would require not only
a much higher strain rate in the - than in the o-phase,
but also shear (sliding) along the o/f} phase boundaries.
A study of the boundary dislocation structure might re-
veal more about possible mechanisms of this rotation.
An alternative explanation is preferred growth and
shrinkage of variants of the o orientation, in response
to the strains imposed during extrusion (radial
strain = —0.98, transverse strain = —0.38). Note that
Rodriguez [18] concluded that the phase transformation
was not involved in texture development in Zr-2.5Nb at
1125K in uniaxial tests on cylinders, based on the tex-
ture of a specimen of Bz, (Zr-20Nb) deformed under
the same conditions as the Zr-2.5Nb, which showed
no correlation of {110} g with (0002),. This may be mis-
leading since the slip mechanisms may be affected by the
Nb content (that of the B-phase in Zr-2.5Nb at 1125K is
<10%) and the strain path of the B-phase in the duplex
alloy may be different from that in the single phase alloy.
In pressure tubes, the texture of the B-phase measured
in situ is a {001}, (110)p ‘rolling texture’ [19]. This
contains variants of {110} that coincide with o-tex-
ture Components 2 and 3. The strains derived for the
Burgers relationship during transformation from B to
o [13] are:

e contraction of about 13% along (1120)
sponding to (001)g or the radial direction;

e expansion of about 6% along (1100)_, correspond-
ing to (110)p or the axial direction;

e contraction of 2% along [0002],, corresponding to
(1 TO}B or the transverse direction.

4> Corre-

The strain would favor the development of an a-var-
iant corresponding to Component 3 at the expense of
other variants.

It is now clear, from the very low dislocation density
observed in the Widmanstéitten colonies, that Compo-
nent 3 of texture (c-axis in the axial direction of the tube)

is formed after extrusion, during the B to o transforma-
tion upon cooling. Again, there appears to be a pre-
ferred variant of the transformation, but the stresses
imposed by the extrusion tooling are now relaxed. The
factors that could potentially influence the transforma-
tion are the differences in thermal expansion between
the two phases, and the constraints imposed by the
much stronger, highly elongated, a-grains. The large
thermal expansion coefficient along the c-axis would in-
duce compression along the transverse direction in the -
phase, (110), but this direction does not experience a
large contraction during transformation, and also any
differential expansion would be very small («1%) com-
pared with the transformation strains. Alternatively, the
potential expansion along (1 TOO}W or contraction along
(1120), would be severely constrained in the axial direc-
tion because of the fiber reinforcing effect of the aligned
a-grains. Corresponding with the prism pole figures for
Component 3, Fig. 7, the weaker alignment of the o-
grains in the transverse direction would offer less con-
straint corresponding to the intermediate strain along
(1120),. The least constraint would be in the radial
direction corresponding to the large expansion along
(1100),.

5. Conclusions

Pole figures determined by SEM/EBSD for extruded
Zr-2.5Nb tubes correspond reasonably well with bulk
pole figures previously determined by X-ray diffraction
(XRD).

Three components of texture are seen to correlate
with the shape and morphology of the a-grains and their
contained dislocation substructures. The first component
corresponds to elongated alpha grains containing a high
density of a and ¢ + a dislocations in which the ¢ axis is
oriented at a relatively high angle to the long dimension
of the a-grains as viewed in transverse section; these
grains comprise a texture component with the c-axis in
the radial transverse plane, tilted towards the radial
direction. The second component corresponds to elon-
gated o-grains containing a low dislocation density in
which the c-axis is oriented parallel to the long dimension
of the alpha grains in radial transverse section: these
grains also comprise a texture component with the c-axis
in the radial/transverse plane, but predominantly in the
transverse direction. The final component corresponds
to colonies of Widmanstitten-like o-grains that are
transformed from the B-phase: the majority of these
grains have their c-axes in the axial direction. These grain
have very low dislocation densities and are probably
developed upon cooling after, extrusion.

The appearance of these components is attributed to
combinations of a and ¢+ a slip within the a-phase
(Component 1) and the effects of stress (Component 2)
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and constraint (Component 3) on the  to o phase trans-
formation during and after extrusion respectively.
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