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a b s t r a c t

Crystallographic measurement of the b to a phase transformation and d-hydride precipitation in a laser-
welded Zircaloy-2 ferrule tube were carried out using an electron backscattering diffraction pattern
(EBSP). A basket-weave structure with sub-micron lath width caused by quenching from the b to a phase
was observed in the heat-affected and fusion zones, and mainly showed a grain boundary misorientation
angle of 60� with an <11 �20> rotation axis. This result is consistent with the Burgers orientation relation-
ship of {110}b//(0001)a and <111>b//<11 �20>a for the b to a phase transformation. The texture of the
quenched a0 phase was strongly inherited from the original a phase, having a radial (0001) basal pole
and axial {11 �20} textures, even in the fusion zone. The primary hydride habit plane in the welded Zir-
caloy-2 was (0001)a//{111}d, matching previously obtained results for recrystallized cladding tubes.
In addition to the primary habit plane, secondary habit planes were observed for the other low-index
planes {10 �10} and {10 �11} in the fusion zone. The heterogeneous accumulation of hydrides in the tran-
sition zone between heat-affected and unaffected zones was mainly due to the residual stress distribu-
tion in the narrow region.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Hydride-related embrittlement of Zr-alloy fuel cladding and
spacer is an important issue limiting light water reactor fuel per-
formance at high burnup. Indeed, outside-in cracking of high bur-
nup BWR claddings has been observed at power ramp tests [1].
Although no such fuel spacer failure has yet been reported, the per-
formance of fuel spacers with high hydrogen concentrations
should be investigated. This investigation should include the integ-
rity of the fuel assembly during reactor operation as well as during
post-operation handling [2].

There are many weld locations in a fuel spacer, so spacer micro-
structure varies with position, drastically changing depending on
the distance from a welding center. In the fusion and heat-affected
zones, a ? b ? (molten state ? b) ? a0 or a ? (a + b) ? a0 phase
transformations occur. There have been many reported micro-
structural investigations by optical and scanning electron micros-
copy which focused on the metallographic morphology of the
transformed phases [3–8]. However, there have been few crystallo-
graphic examinations reported. From earlier X-ray examinations of
single-crystal Zr, an important crystal orientation relationship
ll rights reserved.
(Burgers relation) was derived for the b to a0 phase transformation
[9,10]. Theoretical [11] and experimental examinations [12] of the
texture change after a ? b ? a0 transformation in zirconium crys-
tals were performed. More recently, crystallographic investigations
of the phase transformation in Zircaloy-4 were carried out, using
an electron backscattering diffraction pattern (EBSP) and focusing
on inherited texture [13]. However, the crystallographic nature of
the quenched-lath structure has not been made clear, because of
the limited spatial resolution used in the EBSP measurements.
For the precipitation of d-hydrides in the transformed phase,
microstructural observations have been reported [14]. However,
there has been little crystallographic study of the hydride habit
plane or of precipitation sites in the quenched phase, despite much
crystallographic examination of the a annealed phase, such as our
previous EBSP investigations [15,16].

In this study, crystallographic data of the b ? a0 transformed
phase and d-hydride in laser-welded Zircaloy-2 ferrule tube were
obtained using a high-resolution EBSP technique. From crystal ori-
entation maps of the transformed phase as well as hydride and
pole figure analysis, crystallographic details of the quenched-lath
structure and hydride habit plane were elucidated. Moreover, the
cause of heterogeneous accumulation of hydrides was sought by
measuring macroscopic residual-stress distribution using X-ray
diffractometry.
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2. Experimental

2.1. Specimen

Specimens examined in the present EBSP measurements were
prepared by welding two Zircaloy-2 ferrule tubes with a recrystal-
lized a-grain structure, using a CO2 laser. The tube reduction and
annealing process was almost the same as those of Zircaloy-2 clad-
ding tubes. The Zircaloy-2 alloy compositions were 1.37 Sn, 0.17
Fe, 0.11 Cr, and 0.07 Ni by wt%, with the balance Zr. After welding,
the specimen tubes were hydrogenated in LiOH solution at 315 �C
for 24 h, then the tubes were cut longitudinally, as shown in Fig. 1.

Optical micrographs after hydride etching and sectioning the
tube in the radial–axial plane are shown in Fig. 1. The precipitation
morphology of hydrides is significantly different in each of the fol-
lowing four zones: fusion, heat-affected, transition, and unaffected.
Larger hydrides of several tens to 100 lm in size appeared to pre-
cipitate randomly in the fusion and heat-affected zones. On the
contrary, in the unaffected zone, axially-oriented (or circumferen-
tially-oriented) hydrides were found, as seen in Zircaloy-2 cladding
tubes [15,16]. In the transition region between the heat-affected
and unaffected zones, a heterogeneous accumulation of hydrides
was observed. Though the hydrogen concentrations of each zone
were not determined, an average concentration in the present
welded specimen was 150–200 ppm. The final surface treatment
of polished samples for EBSP mapping was carried out by electro-
polishing in a solution of 6% HClO4, 35% CH3(CH2)2CH2OH and 59%
CH3COOH.

2.2. EBSP measurements

Crystallographic orientation measurements of welded speci-
mens cross-sectioned in the radial–axial plane were made using
a field emission scanning electron microscope (FE-SEM, JEOL-
JSM6500F) equipped with an EBSP system (TSL-OIM). The esti-
mated diameter of the electron beam at an acceleration voltage
of 20 kV and a probe current of 1.5 nA was about 20 nm, and the
scanning step for EBSP mapping was 50 nm. Mapping data were
obtained for the four representative zones. The mapping area
was about 15 � 30 lm for the fusion zone, and about 20 � 20 lm
for the other zones. From the EBSP data of a-Zr and d-ZrHx, various
analyses of image quality map, crystal orientation and direction
maps, direct and inverse pole figures, and grain boundary charac-
teristics were derived. The relationship of crystallographic orienta-
tion between hydrides and the grains of the surrounding Zr matrix
was evaluated by a direct pole figure plot of the Zr matrix and hy-
dride phases at each analysis point [15,16].
Fig. 1. Metallograph of laser-welded Zircaloy-2 tube in a longitudinal section. (a) U
2.3. X-ray diffractometry

Residual stresses in the welded specimen were measured by an
X-ray diffractometer (JEOL-JDX-8030) using the conventional
2h � sin2w plot method. In the present measurements, Cr-Ka of
30 mA at 40 kV and the reflection peak of (20 �22) from hcp Zr
(2h = 137.17�) were employed. In the calculation of residual stress,
the mechanical properties of Young’s modulus: 97.2 GPa and Pois-
son’s ratio: 0.293 were used [17].
3. Results and discussion

3.1. Crystallography of the b to a transformation

All EBSP data were obtained from the radial direction of a lon-
gitudinal section of the specimen tube. Fig. 2(a)–(d) give image
quality (IQ) maps of the four zones: unaffected, transition (be-
tween unaffected and heat-affected), heat-affected, and fusion.
The IQ map is formed by mapping an image quality parameter onto
a gray scale, describing the quality of the diffraction pattern at each
point in an EBSP scan. The quality of diffraction pattern is depen-
dent on the perfection of the crystal lattice in the diffracting vol-
ume. Thus, the image quality in strained locations containing
many dislocations, grain and sub-grain boundaries with the mixed
diffraction patterns from the two grains, as well as segregated pre-
cipitates, becomes lower. The corresponding inverse pole figure
(IPF) maps of a-Zr grains (// radial direction) are shown in
Fig. 3(a)–(d). Each grain color in the maps is coordinated with
the stereographic triangle (0001)/{10 �10}/{2 �1 �10} of the hexago-
nal structure. Black and white lines denote high-angle (>15�) and
low-angle grain boundaries (5–15�), and black regions correspond
to d-ZrHx grains.

The IQ and IPF maps in the unaffected and transition zones of
the present ferrule tubes correspond well to previous EBSP results
for recrystallized Zircaloy-2 cladding tubes [15,16], because the
tubes are fabricated by similar methods. One difference is that
the equiaxed grain size in the transition zone (3.5 lm) is some-
what larger than in the unaffected zone (2.8 lm). The latter grain
size is in good accordance with that of cladding tubes [16]. The
IQ and IPF maps in the heat-affected and fusion zones are quite dif-
ferent from the previous two zones. In these b quenched zones, a
so-called Widmanstatten structured a0 platelet phase is clearly evi-
dent. In the heat-affected zone, this phase is composed of two re-
gions: basket-weave (prior-b1) and quasi parallel-plate a0

structures (prior-b2). The basket-weave structure is observed over
almost the entire fusion zone. The parallel-plate structure is
formed on one habit plane of prior-b grain at the parent grain
naffected zone; (b) transient zone; (c) heat-affected zone and (d) fusion zone.



Fig. 2. Image quality (IQ) maps of laser-welded Zircaloy-2 tube. (a) Unaffected zone; (b) transition zone; (c) heat-affected zone and (d) fusion zone.
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boundaries, while the basket-weave (nonparallel) structure results
from the random precipitation of a0 plates on a number of planes in
a prior-b grain [7]. In fact, the quasi parallel-plate structure in
Fig. 3(c) has the same crystal orientation. The lath boundary, not
sub-grain boundary, seen in the IQ maps of Fig. 2(c) and (d) with
the same crystal orientation probably results from small second-
phase particles (SPP) which align during the phase transformation,
because the quantity of nucleation sites for the a0 plates has been
related to the abundance of SPP, composed of low solubility ele-
ments in the b phase [6,8].

Variation of the quenched microstructure has been also related
to the cooling rate from the b phase [7]. A faster cooling rate of
10–600 �C/s favors the basket-weave structure, while the paral-
lel-plate structure is formed by cooling rates of <10 �C/s. At very
fast cooling rates of >1600–2000 �C/s, the martensitic acicular
structure is formed. Though the accurate temperature transient
in the fusion zone is unknown, the cooling rate may be inferred
to be above several 10’s of �C/s from the existence of the basket-
weave structure and the lath width of about 0.5–1.0 lm in the fu-
sion zone, based on the reported correlation between cooling rate
and lath width [3].

Fig. 4(a)–(c) show the (0001) and {11 �20} pole figures obtained
by EBSP for the unaffected, heat-affected, and fusion zones, respec-
tively. The unaffected zone, as well as the transition zone, has a
strong radial texture of the (0001) basal pole, with projections
tilted from the radial to the circumferential direction in the range
from 0� to 50�. This radial texture of the basal pole is similar to that
of recrystallized Zircaloy-2 cladding tubes [15,16], because they
have a similar reduction schedule to the present ferrule tube. Fur-
thermore, an axial {11 �20} texture is observed. Namely, the analy-
sis of all the acquired EBSP maps shows that the fraction of the
<11 �20>//AD fiber within 15� was 65.4%. Compared to these origi-
nal textures, the basal pole projections in the heat-affected and fu-
sion zones become much more concentrated, and the {11 �20} axial
texture remains valid, even in the fusion zone. The fractions of the
<11 �20>//AD fiber within 15� were 58.2% in the heat-affected zone



Fig. 3. Inverse pole figure (IPF) maps of laser-welded Zircaloy-2 tube (// radial direction). (a) Unaffected zone; (b) transition zone; (c) heat-affected zone and (d) fusion zone.
Black and white lines denote high-angle (>15�) and low-angle grain boundaries (5–15�), and black regions correspond to d-ZrHx grains. Dotted green line is the boundary of
two prior-b colonies.
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and 97.2% in the fusion zone. The basal pole figures in these b
quenched zones are a consequence of variant selection of crystal
orientation during the transformation. The concentrated projec-
tions of the basal pole are fairly consistent with the distributions
of grain boundary misorientation angles in Fig. 5. The original a-
grain structure has a wide variation of misorientation angle from
5� to 90�. On the other hand, in the heat-affected and fusion zones,
the misorientation angles are concentrated at 60� ± 5� with a rota-
tion axis of <11 �20>, and additionally at 90� ± 5� in the heat-af-
fected zone. This implies that the a0 platelet grains preferentially
nucleate and grow with crystal orientations of 60� and 90�.

In the IPF map of the heat-affected zone (Fig. 3(c)), it is obvious
that the mapping area is divided into two prior-b colonies inherited
from different parent grains. Dotted green line is the boundary of
the two colonies. In both colonies, the crystal orientation relation-
ship of the basal pole with 60� and 90� is found, as seen in
Fig. 4(b). In both the prior-b1 and prior-b2 colonies, three (0001)
projections separated by 60� are observed on the RD-TD plane,
which are inherited from the original texture. In the IPF map of
the fusion zone (Fig. 3(d)), except for the small area of prior-b2 col-
ony at the upper left, the prior-b1 basket-weave colony consists of
the quenched a0 grains with three different crystal orientations,
which correspond to the three strong projections of the basal pole
figure on the RD-TD plane (Fig. 4(c)). The above EBSP results are
fully consistent with the Burgers orientation relation for the b
(bcc) to a (hcp) phase transformation, i.e. (0001)a//{110}b and
<11 �20>a//<111>b. The habit plane of the b phase is {110} with
6-fold symmetry. Therefore, one of the six {110} planes of the
b-structure becomes the (0001) plane of the a-structure, while
one of the four <111> directions in the b-structure becomes one



Fig. 4. (0001) and {11 �20} pole figures of laser-welded Zircaloy-2 tube (// radial
direction). a: Unaffected zone; b: heat-affected zone; c: fusion zone. (0001)
projections marked by ‘circles’ and ‘squares’ in the heat-affected and fusion zones
are the reflections from prior-b1 and prior-b2 grains, respectively.

Fig. 5. Grain boundary misorientation angle of laser-welded Zircaloy-2 tube.
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of the <11 �20>a directions in the a-structure [9,10]. The angles be-
tween {110}b planes are 60� and 90�, and are reflected on the pro-
jections of the basal pole figures in Fig. 4(b) and (c). Namely, three of
the six {110} planes with the same zone axis align at the interval of
60� on the RD-TD plane. In the phase transformations of a ? b ?
(molten state) ? b ? a0, the strong <11 �20>a//AD was found in
both the original a- and quenched a0-structures, even in the fusion
zone. This implies that the parent b grains also have a strong
<111>b//AD. One possible explanation for the texture inheritance
in the fusion zone is that a successive solidification of the molten
Zircaloy starting from the edge of the heat-affected zone with the
strongly textured b grains, controls the crystal orientations in the
phase transformation of molten state ? b ? a0.

3.2. Hydride habit plane

Hydride platelets (black regions in Fig. 3) in the welded Zirca-
loy-2 specimen precipitate in both grains and grain boundaries
along the axial direction in the radial–axial plane of the tube. The
equivalent grain size is 0.9–1.8 lm and the width of the platelets
is 0.3–1.0 lm. These hydride morphologies are similar to the a-an-
nealed recrystallized structure of Zircaloy-2 cladding tube [15,16].
A remarkable difference between unaffected and transition zones
is the number of hydrides precipitated, despite their very similar
a-annealed structures. In the latter zone, a much larger number
of hydrides are precipitated.

The hydride habit plane, or the crystallographic relationship be-
tween micron-sized hydrides and the surrounding Zr grains, in the
four zones was surveyed using the same pole figure method em-
ployed in our previous reports [15,16]. The crystal planes exam-
ined were (0001), {10 �17}, {10 �11}, and {10 �10} for a-Zr matrix
grains, and {111}, {100}, and {110} for the d-hydride grains. Coin-
cidence of the crystallographic orientation of the hydrides and Zr
grains was judged by a difference in angles of <±5�.

In the equiaxed a-grain structure of the unaffected and transi-
tion zones, the orientation relation of (0001)a//{111}d was con-
firmed for almost all cases at dozens of analysis locations
(probability: >93%), which is in good accordance with previous re-
sults obtained for recrystallized Zircaloy-2 cladding tubes [15,16].
In the parallel-plate a0 grain structure (prior b2 domain) and the
basket-weave structure (prior b1 domain) in the heat-affected
zone (Fig. 3(c)), broken hydride strings traverse the two domains.
The angle between the hydride strings (denoted b and c in
Fig. 3(c)) is 60� with a rotation axis of <111>, as shown in the pole
figures of Fig. 6 (location (a, b, c)). These broken hydride strings
precipitate with the orientation relation of (0001)a//{111}d from
the coincidences of these projection angles at the locations (a, b)
and (a, c), as well as other small hydrides. In the basket-weave
structure of the fusion zone (Fig. 3(d)), the relation between small
island-type Zr grains and surrounding hydride (location (d, e))
shows (0001)a//{111}d, while for the other small hydride cases
the relations of {10 �11}a//{111}d (location (f, g)) and {10 �10}a//
{110}d (location (h, i)) are also valid, as shown in Fig. 6. The latter
two relations for hydride habit plane have been reported in the lit-
erature [18,19].

The heterogeneous accumulation of hydrides in the transition
zone (see Fig. 1) appears to be similar to that observed in Zr liner
cladding tubes, in which hydrides accumulate nonuniformly in
the Zr liner region adjacent to the Zr liner/Zircaloy-2 interface. This
phenomenon can be clearly explained by the difference in the ter-
minal solid solubility of hydrogen between Zircaloy-2 and pure Zr
[20]. Hydride precipitation and growth arise preferentially in the
pure Zr liner because of its lower hydrogen solubility. In the pres-
ent welded Zircaloy-2, there was no significant difference in alloy
element concentration, such as Sn, or in texture between the unaf-
fected and transition zones. Moreover, no heterogeneous accumu-
lation of hydrides in the transition zone was confirmed for the
welded specimens after stress relief annealing at 500–577 �C. Con-
sequently, the residual stress distribution in welded specimens is
most likely responsible for the heterogeneous hydride accumula-
tion in the transition zone. For example, relatively larger tensile
stresses were measured near the fusion center, or at a particular



Fig. 6. Pole figure analysis results of a-Zr and d-ZrHx for determination of hydride habit plane in the heat-affected ((a, b, c) location) and fusion zones ((d, e), (f, g), (h, i)
locations). Circles in the pole figures denote the coincidence of crystallographic orientations.

Fig. 7. Residual stress distributions in laser-welded Zircaloy-2 tube by X-ray
diffractometry. Measurements were taken at the inner surface and at the center of
the longitudinal section of the specimen.
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distance from it, in welded Zircaloy specimens [21,22]. The lower-
ing of the hydrogen solubility by tensile stress has been experi-
mentally demonstrated [23].

Fig. 7 shows a residual stress distribution along the axial direc-
tion in the present welded tube, as measured by X-ray diffractom-
etry. The measurements were made on the inner surface of the
longitudinal specimen. In the fusion and heat-affected zones, the
data vary from zero to tensile stress region. In the transition zone
between the unaffected and heat-affected zones, the sign of resid-
ual stress abruptly changes from tension (�120 MPa) to compres-
sion (�150 MPa) over a narrow region. Then the residual stress
gradually approaches zero in the unaffected zone. In this narrow
transition zone, heterogeneous hydride accumulation would be
driven by tensile stress-induced lowering of hydrogen solubility
during the hydrogenation and cooling periods. In fact, few hydrides
are seen in the heat-affected zone just adjacent to the transition
zone. The residual stress distribution is caused by a significant
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difference in thermal expansion between the unaffected and heat-
affected zones during cooling after welding.

4. Conclusions

Crystallographic measurements in laser-welded Zircaloy-2 fer-
rule tubes, focusing on the b to a phase transformation and d-hy-
dride precipitation in the quenched b phase, were made using
EBSP. Furthermore, the macroscopic residual stress distribution
was evaluated by X-ray diffraction. The data were obtained in
the following four zones: unaffected, transition, heat-affected,
and fusion.

(1) The a grain structure and texture of the unaffected and
transition zones were almost the same as previously
observed in Zircaloy-2 cladding tubes. The equiaxed a grain
size in the transition zone was 3.5 lm, slightly larger than
that observed (2.8 lm) in the unaffected zone. Both zones
show a strong (0001) radial texture and an {11 �20} axial
texture.

(2) From the image quality (IQ) maps, the parallel and basket-
weave a0 plates with sub-micron lath width were detected
in the heat-affected and fusion zones experiencing b to a
transformation. The lath boundary, not sub-grain boundary,
observed in the IQ maps having identical crystal orientations
was attributed to linear alignment of small second-phase par-
ticles. The (0001) and {11 �20} textures of the quenched a0

lath phase were strongly inherited from the original a grain
texture, even in the fusion zone. The texture inheritance in
the fusion zone was probably attributed to a successive solid-
ification of the molten Zircaloy starting from the edge of the
heat-affected zone with the textured b grains, which con-
trolled the crystal orientations in the phase transformation
of molten state ? b ? a0.

(3) The misorientation angles of grain boundaries in the heat-
affected zone were concentrated mainly at 60� and partially
at 90�, while those in the fusion zone were mostly at 60� to
the <11 �20> rotation axis. This result was fairly consistent
with the Burgers orientation relation of {110}b//(0001)a
and <111>b//<11 �20>a for the b to a phase transformation.
(4) The primary hydride habit plane in the heat-affected and
fusion zones was (0001)a//{111}d, as well as in the unaf-
fected and transition zones, which was in good accordance
with the previously obtained results for recrystallized Zirca-
loy-2 cladding tubes. Besides the primary habit plane, sec-
ondary habit planes were observed for the other low-index
planes {10 �10} and {10 �11} in the fusion zone.

(5) The heterogeneous accumulation of hydrides in the transi-
tion zone between the unaffected and heat-affected zones
was mainly due to the residual stress distribution in the nar-
row region, which was measured by X-ray diffractometry.
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