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Abstract

Zr-2.5wt%NDb pressure tubes, as used in the Indian pressurized heavy water reactors (PHWR), are fabricated
through a combination of hot extrusion followed by two stages of cold pilgering and annealing. The present study
makes an effort to systematically characterize the textural changes during the fabrication stages. The starting single-
phase hcp martensitic structure was textured to start with and it also went through strong texture developments during
hot extrusion. First and especially the second pilgering modified the texture. Such modifications were related to local
discontinuity of the softer second phase, as an apparent continuity restricted lattice rotation in the primary hcp phase.
Annealing caused discontinuity or spherodization of the bcc phase, but did not create recrystallization in the hcp
matrix. The combination of two pilgering plus annealing operations, though the latter did not cause noticeable texture
changes, however, reverted the final texture close to the parent hot-extruded texture.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The fabrication of components with appropriate
structure property has always been the real challenge
to thermo-mechanical processing (TMP). A classical
example is the selected component of the present study,
the Zr-2.5wt%Nb pressure tube. This alloy is being
increasingly used worldwide as pressure tube material
for pressurized heavy water reactors of Candu design
[1,2]. The Indian reactors are also now using the same
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material/component, albeit fabricated through a differ-
ent sequence of TMP than the original Candu fabrica-
tion sequence [3.4]. Both fabrication routes are shown
in Fig. 1 and earlier studies [3,4] had elaborated further
on the modified TMP sequences of the Indian route,
especially in terms of the overall microstructural
developments.

The modifications in the TMP, as in Fig. 1, were ex-
pected to yield several advantages over conventional
fabrication routes. Instead of an extrusion ratio of
11:1, as in the Candu TMP sequence, an 8:1 extrusion
ratio was used. This required a two-stage pligering (or
plug-rolling) with intermediate annealing steps (see
Fig. 1). The sequence, though adequate for dimensional
and overall microstructural developments, left several
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Fig. 1. Flow sheet for original Candu and the modified Indian TMP routes of Zr—2.5wt%Nb pressure tube fabrication. The following
stages of the Indian route were studied: (a) B-quenched, (b) hot-extruded, (c) first pilger, (d) first annealed, (e) second pilger, (f)
finished tube. The hot-extruded and the same material after vacuum stress relief are identical in terms of bulk texture and overall
microstructure, the stress relief annealing was primarily to remove residual elastic stresses.

unanswered questions on the developments of bulk and
microtexture. Texture strongly affects properties of the
Zr based alloys, as used in the nuclear industry [1,2,5-
16]. An optimized texture development is naturally one
of the emphases in a TMP sequence. Texture develop-
ments have, however, one more important issue attached
— it can be used to understand the mechanisms involved
in the individual TMP stages as well [4]. Interestingly
systematic studies, which are part of published litera-
ture, on the texture developments during the different
TMP stages of fabrication of 2.5 Nb pressure tube do
not exist. Usual understanding [4,15] was: the hot-ex-
truded texture is carried through the cold deformation
and annealing stages, final texture of the finished tube
being equivalent to the parent hot-extruded texture.
How far such understanding is quantitatively valid dur-
ing individual TMP stages in the modified TMP se-
quence (see Fig. 1) for 2.5 Nb pressure tubes it is not
really known. This is the basis for the present study.

2. Experimental methods
2.1. Material and processing

The detailed chemical composition of the Zr—
2.5wt%Nb alloy is listed in Table 1, the pressure tube
was fabricated through a sequence of TMP (see Fig. 1).

2.2. Characterization

The samples from different TMP stages, as marked in
the caption of Fig. 1, were subjected to three different
types of characterization — bulk texture measurements
by X-ray diffraction (XRD), measurements of the
XRD (20 scans) peak broadening and microstructural/
microtextural observations by transmission electron
microscope (TEM). The first two observations were
made in the mid-thickness sections of the extrusion
planes, while TEM observations were carried out at
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Table 1

Chemical composition of Zr-2.5%Nb alloy as used in the present study

Niobium (wt%) Oxygen (ppm)

Iron (ppm)

Hydrogen (ppm) Nitrogen (ppm)

2.51 1092 1250

<10 30

the mid-thickness of the long transverse (LT — contain-
ing extrusion and normal directions) planes.

For peak broadening a 260 range of 10-100° scan,
with CuKo radiation and a scan rate of 0.003° s~!
was used. A panalytical expert pro system with a fast
detector was used in such scans and peak broadenings
were estimated at full width (20 angle) and half-maxi-
mum (FWHM) intensity. X-ray pole figures were meas-
ured on a Siemens D500 compatible goniometer.
Orientation distribution functions (ODFs) were calcu-
lated by inversion of the four incomplete pole figures
and using the standard series expansion [17]. The details
of X-ray texture measurements are explained elsewhere
[18]. The volume fractions of ideal texture/orientation
components were estimated from discretized ODFs.
TEM samples were prepared using standard electropol-
ishing techniques [18], and the microtextural observa-
tions were made using TSL-ACT package in a Philips
CM200 TEM.

3. Results

Samples were obtained from different stages of the
Indian TMP sequence, as shown in Fig. 1. It is to be
noted that the vacuum stress relieving, had no effects
on the bulk texture and on the microstructure of the

hot-extruded tube — the treatment being primarily used
to relieve near surface residual stresses. The results on
all other sequences are classified as the bulk observa-
tions, both peak broadening and bulk texture, and the
microstructural observations, both microstructural and
microtextural observations in TEM (except for the
hot-extruded material, the ‘fineness’ of both the primary
and the second phase restricted optical and SEM obser-
vations), and are presented accordingly.

3.1. Bulk observations

3.1.1. 20 Scans

Fig. 2 shows the combined 20 scans for the TMP
stages. Such scans can provide a sense of gross textural
changes, or changes in individual poles, and also
changes in the respective peak broadening. The latter,
taken with a parabolic fit at FWHM, can be treated as
an index of relative hardening [19]. As shown in
Fig. 2, considerable textural changes were observed dur-
ing hot extrusion, while the integrity of the hot-extruded
texture was qualitatively maintained during the subse-
quent TMP stages. This is, however, an incomplete
and even inaccurate observation/statement, as shown
in the subsequent bulk texture developments through
X-ray ODFs.
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Fig. 2. 20 XRD scans for samples from different TMP stages — stages as indicated in Fig. 1. (1 k/) indices for the important o peaks are

marked.
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Fig. 3. Peak broadening (FWHM) data at different TMP stages for the marked o peaks in Fig. 2. An expected 10% error is marked by

suitable error bars.

The peak broadening results are shown in Fig. 3. It is
to be noted that the typical accuracy of such peak broad-
ening estimates is considered to be about 10% of the
estimated FWHM values — this probable ‘inaccuracy’ is
marked on Fig. 3 with suitable error bars. The possible
causes of this ‘inaccuracy’ are machine and software re-
lated and also related to the presence of the minority
bee B phase. The latter could not be indexed effectively,
because of its very low volume fraction, in spite of the
slow scan speed and the relatively efficient detector, and
hence possible convolution of o and B peaks may arise
in certain locations. In spite of the probable ‘inaccuracy’,
one general trend is clear — pilgering broadened the peaks,
or hardened the respective orientation components, while
annealing had a softening effect. Deviations from this
general trend fell well within the 10% inaccuracy.

3.1.2. Bulk texture

Fig. 4 shows the X-ray ODFs outlining the bulk tex-
ture developments during the different TMP stages. Fig.
5 extends the ODF observations through volume frac-
tion developments of families of crystallographic planes.
The estimated maximum ODF intensity, an index of
‘texturing’ [17], values are listed in Table 2. The observa-
tions on Figs. 4 and 5, and also of Table 2, can be sum-
marized as:

e The B-quenched alloy has a non-random texture. Hot
extrusion causes significant texture developments
(Figs. 4 and 5) and also in ‘texturing’ (see Table 2).
The hot-extruded texture can be roughly generalized
as fiber-like texture with each fiber representing a

family of orientations — specific crystallographic
plane with all possible crystallographic directions
on it.

e The subsequent TMP stages retain the semblance of
the hot-extruded texture — though there were strong
modifications in both texture and ‘texturing’ (Figs.
4 and 5 and Table 2). It is interesting to note, how-
ever, that the finished tube (after the second pilgering
followed by autoclaving) had similar texture (includ-
ing maximum ODF intensity) as that of the hot-
extruded material.

e Other than the hot extrusion, first and the second pil-
gering cause the most significant textural changes
(Figs. 4 and 5 and Table 2).

One of the important aspects of the bulk texture
developments on properties is the relative concentration
of the basal planes (or so-called basal texture) on the
three planes — extrusion/rolling plane (RP) containing
RD (rolling/extrusion direction) and TD (transverse
direction), short transverse (ST) section containing
ND (normal direction) and TD and the long transverse
(LT) section containing RD and ND. Fig. 6 shows the
volume fractions of basal fiber in all three cross-
sections. For the hot-extruded alloy, the basal concen-
tration is maximum at the rolling plane and least in
LT/ST. The finished tube has a similar ratio, though
there were changes in the intermediate TMP stages.
This further confirms quantitatively that the parent
hot-extruded texture is effectively reverted back in
the finished tube, after two stages of pilgering and
annealing.
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Fig. 4. ODFs representing the crystallographic texture of the hcp o phase at the different TMP stages, stages as marked in Fig. 1.
Following contour levels (times random) are used for ODF plotting — 1.5, 2.5, 4.5, 5.5 and 8.7.
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Table 2
Maximum X-ray ODF intensities at different TMP stages

Condition Maximum ODF intensity
B-quenched 4.9
Hot-extruded 8.7
First pilgered 5.4
Annealed 4.7
Second pilgered 8.3
Final tube 8.2

3.2. Microstructural observations

Microstructural/microtextural — observations were
mostly obtained from LT plane (long transverse, though
limited observations were made in other cross-sections
as well). Following is a brief summary on the observa-
tions at the different processing stages. The B-quenched
structure is discussed elsewhere [3].

3.2.1. Hot-extruded ({b) as in Fig. 1)

Fig. 7 shows the stage (b) (as in Fig. 1) of the process-
ing stage — hot-extruded material. Two types of hcp o
grains were observed — relatively large single crystals/
grains of o with 0.5-1 um size along ND (often with high
aspect ratio; aspect ratio of RD:ND typically range
from 1:1 to 1:7 — an average of 1:3 was noted). Such a
grains were often (but not always) surrounded by the
bee B phase. Relatively fine o grains, 0.1-0.2 pm in size,
were observed with fine B dispersion in about 10-20% of
the overall microstructure.

3.2.2. First pilgered ({c) as in Fig. 1)

As in Fig. 8, the pilgering had a direct geometrical ef-
fect on the o grains — they were flattened/pancaked

30

(average thickness varied between 0.2 and 0.5 pm).
Shearing was quite apparent (pilgering has a complex
tri-axial strain state) in several locations of the micro-
structure. Pilgering also highlighted the discontinuity
in B and presence of deformed o without any visible f
surrounding it. The microtexture developments in o
grains did depend strongly on the presence/continuity
of B. As shown in Fig. 8, in case of presence/continuity
of the second phase, the o grain ‘remained’ single-crys-
talline and no new lattice curvature or high angle bound-
aries were observed. The so-called long range
misorientation (LRM) [18] development was repetitive
for such a. On the other hand, in case of noticeable ab-
sence or discontinuity in 3 (as shown in Fig. 8) the LRM
development was cumulative and significant misorienta-
tion developments including high angle boundaries were
observed in the deformed o. The TEM based microtex-
ture measurements, as in Fig. 8, were aimed at bringing
out the pattern of orientation changes and misorienta-
tion developments and should not be used as represent-
ative microtexture measurements to highlight stability of
orientation(s). Statistically from TEM based microtex-
ture this would be very difficult to index and was not at-
tempted in the present study.

3.2.3. First pilgered plus vacuum annealed ({d) in Fig. 1)

As in Fig. 9, the changes in microstructure were ‘re-
stricted’, as the overall microstructure was not too differ-
ent after annealing. The ‘restricted’ changes can be
classified as ‘limited’ (in some locations) spherodization
of B and recovery of o. The statement on recovery is
made from the observations on the quality/sharpness
of the Kikuchis — this improved noticeably after anneal-
ing. The average grain size (distance between high angle
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Bimodal

Distribution
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Fig. 7. Microstructure after hot extrusion. Bimodal grain size distribution of o is visible in the microstructure.

boundaries along ND), however, did not change signif-
icantly as compared to Fig. 8 (about 0.3 pm both before
and after the annealing treatment), indicating the ab-
sence of significant recrystallization or grain growth at
this stage.

3.2.4. Second pilgered ({e) as in Fig. 1)

The second pilgering, with only 20-25% reduction in
thickness, did bring out the B discontinuity more effec-
tively (see Fig. 10). The thickness of o was not visibly
affected (as compared to Fig. 9), explainable from the
relatively minor reduction in thickness of 25%, as com-
pared to 50-55% during first pilgering.

3.2.5. Finished tube ({f) in Fig. 1)

Final autoclaving (see Fig. 11) did not modify the o
size, again indicating the absence of recrystallization.
However, the second phase was, often spherodized.

4. Discussion

As discussed earlier, the TMP sequence of the 2.5 Nb
pressure tube was modified, in the so-called Indian route
as given in Fig. 1. The processing stages in the modified
sequence were, however, optimized based on the struc-

tural developments and their effects on the properties
[3.4]. The present study provides an insight in the struc-
tural developments, in general, and textural/microtex-
tural developments, in particular, during the individual
processing stages:

e Hot extrusion: The B-quenching provided the
starting single-phase martensitic structure [18], which
was transformed during the hot extrusion with signifi-
cant textural developments. The bimodal grain size dis-
tribution of the hot-extruded structure, as in Fig. 7, can
be explained through P to o phase transformation. At
the hot extrusion temperature, the  volume fraction is
larger; so the large o plates are those which nucleated
at early stages of hot extrusion. During cooling from
the hot extrusion temperature, Zr-rich B transforms to
o+ Nb-rich Bnp. These o plates would be small. This
may explain the bimodal distribution of o. A similar
example is often reported in steel [20] hot-rolled at
temperatures where both austenite and ferrite are stable
— the large ferrite grains evolve from deformation/recrys-
tallization of ferrite, while the finer ferrite evolve from
the austenite-to-ferrite transformation.

e Pilgering: The pilgering operations had a similar
strain path and the strain was significantly lower in case
of the second pilgering. Even then the textural modifica-
tions were equally strong for the second pligering, and at
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often exceeded 20°, while for (c) the average misorientation was 4° (and did not exceed 8°). These trends are representative.

times such modifications (as in the case of basal pole —
Fig. 6) were opposite. If the deformation texture devel-
opments were governed by slip-twin activities alone,
such changes cannot be explained. The only way to ex-
plain these, albeit qualitatively, is from the differences
in the starting microstructure. Microtextural changes
in both the pilgering stages were related to evolution
of lattice rotations in regions with discontinuous pres-
ence of B (see Fig. 8). The apparent discontinuity being
more in second pilgering was responsible for the strong
texture developments during the same, though the strain
was ‘limited” as compared to the first pilgering. An ex-
treme example of the B continuity in establishing the ab-

sence of textural developments is reported in a separate
study [18] on Widmannstétten 2.5 Nb — where o plates
had undergone no macroscopic strain, but only an in-
plane rigid body rotation. Though macroscopic strain
was present in the pilgered samples (see Fig. 8), but
continuity was clearly related to the absence of signifi-
cant lattice rotations. In Widmannstétten 2.5 Nb with
B continuity and no macroscopic strain [18], an absence
of qualitative or quantitative texture development was
observed. However, for the present material, sluggish
(sluggish as compared to single-phase [18]) texture mod-
ifications were noted. The only way to explain this is to
consider that the second phase acted more like strain



56 M. Kiran Kumar et al. | Journal of Nuclear Materials 335 (2004) 48-58

Fig. 9. Microstructure after first annealing indicating spherodization of B. The thickness of the o, however, did not change noticeably —
indicating the absence of noticeable recrystallization.

Fig. 10. Regions of B discontinuity were more apparent after the second pilgering. However, the change in grain (o) size was, not too
evident, the strain being limited to 25% reduction in thickness.
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Fig. 11. Microstructure of the finished tube. No significant
changes in grain (o) size (and no noticeable recrystallization or
grain growth), but spherodization of  were evident.

localizations, where the majority of deformation/dislo-
cation activities were restricted, leaving the adjacent
hep matrix free from significant lattice rotations and tex-
ture developments.

o Annealing: Both annealing treatments resulted in
reduced dislocation densities, as indicated by reduced
peak broadening and the microstructural evidence,
including clarity/presence of Kikuchi patterns. The lack
of changes in o grain size and also in bulk texture devel-
opments during both the annealing steps, however,
clearly establish the absence of any significant recrystal-
lization. The average grain size of the o phase (along
ND) was about 0.3 um, both before and after the first

annealing treatment. That means no noticeable recrys-
tallization even in the heavily deformed tubes. This
was due to pinning (Zener pinning) by the second phase
B. Continuous dynamic recrystallization is a possibility
during hot extrusion, but not in the latter fabrication
stages. Continuous recrystallization during static
annealing and/or deformation (or extended recovery),
though common in single-phase zirconium based alloys,
were not observed in the present two-phase system. The
suppression of new cell walls or sub-boundaries in the
0.2-0.3 um range of the o grains (and with B continuity)
and sub-grain formation in case of B discontinuity were
observed. The latter was dominant during annealing, as
annealing did bring a relatively larger extent of  discon-
tinuity through spherodization of the second phase.
Spherodization after the first annealing (see Fig. 9)
was responsible for more o—o interactions leading to
strong textural changes during the second pilgering with
only 25% reduction.

In summary, texture of the hot-extruded material
could be ‘brought back’ by a combination of two-stage
pilgering and annealing. The crucial factor for signifi-
cant textural developments during both the pilgering
was the discontinuity in the second phase . The absence
of recrystallization during annealing is related to the rel-
ative absence of high-angle boundaries created during
respective pilgering and also from pinning by the second
phase.

5. Summary

e Significant development in crystallographic texture
was obtained through hot extrusion. Subsequent
two-stage pilgering plus annealing process ‘brought
back’ the hot-extruded texture, though there were
changes during individual pilgering stages.

e The hot-extruded microstructure had a bimodal size
distribution for hcp o grains — the possible source
of fine o grains being B-to-a transformation.

o The effectiveness of pilgering on texture/microtexture
development did depend on the relative presence/con-
tinuity of the second phase B. In case of B continuity,
the lattice rotations were restricted limiting the mis-
orientation developments (and also developments in
bulk texture) of the o grains. Relatively more B dis-
continuity during the second pilgering explains a
strong texture development with only 25% reduction
in thickness (as compared to 50-55% in the first
pilgering).

e Other than relative spherodization of B, annealing
did not bring any noticeable recrystallization, hence
no significant changes in texture and o grain size were
observed. Relative softening during annealing, as
evident from reduced X-ray peak broadening, was
mainly through recovery.
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