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Microstructures of a duplex-phase Zr-2.5Nb alloy treated by pulsed laser were characterized by electron backscatter diffraction
(EBSD) and electron channeling contrast (ECC) imaging techniques. Major attention has been paid to non-equilibrium hybrid
microstructure consisting of both prior a and P phases, and a plates transformed from new  phases to probe a—f transformation
characteristics in the alloy. The origin of the hybrid microstructure is attributed to the specific thermodynamic conditions induced
by the pulsed laser treatment. ECC observation shows that newly formed  phases during laser heating prefer to nucleate and grow
at the expense of edges of prior o grains rather than their interiors. EBSD analyses further reveal that orientations of the new 3
phases are not determined by the prior a grains according to the Burgers relationship but maintain those of the prior B phases in

an epitaxial growth way.
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1 Introduction

Zr alloys have long been accepted as key structural materials
in the nuclear industry because of their low neutron absorp-
tion cross section, good corrosion resistance and mechani-
cal properties [1]. Among commercially available ones, their
microstructures could be essentially comprised of either sin-
gle (a, with hexagonal close packed (hcp) structure) or du-
plex (a+f, the latter with body centered cubic (bcc) structure)
phases after typical fabrications, leading to the category of
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single-phase and duplex-phase Zr alloys [2—7]. Zircaloy-2/4
belongs to the former while Zr-2.5Nb stands as a representa-
tive of the latter, which usually contains effective -stabiliz-
ing Nb [8-10].

In practice, f-quenching treatments are often employed for
both types of Zr alloys, with expectation to reach good ho-
mogenization of various alloying elements and alter crystallo-
graphic texture developed by earlier thermo-mechanical pro-
cessing [11,12]. In regards to the a—B—a cycle involved,
a number of efforts have been made to reveal microstruc-
ture and texture characteristics of the f—a transformation
at cooling [13—17]. In contrast, much less has been known
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on their o—f transformation characteristics at heating, due
largely to the difficulty of characterizing microstructure and
texture at elevated temperature. Although a few researchers
have been able to perform in situ X-ray/neutron diffraction
measurements on Zr alloys, they could only capture macro
textures of a and § phases rather than specific microstructures
[18,19]. Instead of resorting to such expensive procedures,
one may expect to retain the high temperature microstruc-
tures at room temperature for performing regular character-
ization more easily. Such conserved microstructures will be
thermodynamically unstable and hard to be attained through
conventional heat treatments (such as furnace heating). How-
ever, the difficulty may be reduced by employing other meth-
ods (such as pulsed laser treatment [20,21]), which are ca-
pable of producing non-uniform thermal fields inducing var-
ious non-equilibrium microstructures. Assuming hybrid mi-
crostructures composed of transformed/untransformed a and
B phases could be preserved at room temperature, the o—f
transformation characteristics of Zr alloys would be feasibly
revealed by regular characterization methods.

In the present work, a duplex-phase Zr-2.5Nb alloy was
subjected to pulsed laser treatment with various modified mi-
crostructures examined using a field emission gun scanning
electron microscope (FEGSEM). Particularly, detailed char-
acterization was performed for a non-equilibrium hybrid mi-
crostructure consisting of both prior a and B phases and o
plates transformed from new 3 phases. Results documented
in this work are believed to be able to facilitate better recog-
nition of a—f transformation characteristics in Zr alloys.

2 Materials and method

The as-received Zr-2.5Nb alloy (Zr-2.5 wt% Nb-0.1 wt%
Fe-0.1 wt% O) was as-hot-deformed, with estimated transus
temperatures of ~600, ~920 and ~1800°C for a,  and liquid
phases, respectively [12]. One specimen with dimensions of
15 mmx8 mmx3 mm in length, width and thickness directions
(denoted as LD, WD and TD, respectively) was machined
from the as-received material. LD-WD surface of the spec-
imen was subjected to pulsed laser treatment utilizing a
600 W Nd: YAG laser device. The selected laser power
was 100 W, with other operating parameters including 5 ms
pulse width (or pulse frequency 20Hz), +2mm defocusing
amount, 1 mm beam diameter, 8mm/s beam travel speed
along the LD in Ar gas atmosphere. Based on the selected
parameters, energy and power densities of the laser treatment
are 127.4kW/mm? and 12.5 W s/mm, respectively.

A FEGSEM (Zeiss Sigma HD, Germany) equipped with
an electron backscatter diffraction (EBSD) detector (Oxford
Instruments NordlysMax2, UK) was employed to inves-
tigate microstructure and orientation characteristics of the
laser-treated specimen. Softwares used for EBSD data
acquisition and post-processing were AZtec 2.4 and HKL
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Channel 5, respectively. For direct microstructural obser-
vation, a technique of electron channeling contrast (ECC)
imaging of backscattered electrons was mainly employed,
which is known to be capable of revealing various crystal-
lographic orientation-related defects [20,22], in addition to
atomic-number (Z) contrast. Before both EBSD and ECC
examinations, the specimen was mechanically ground using
SiC paper and then electro-polished in mixed solution of
70 vol% methanol, 20 vol% butyl cellosolve and 10 vol%
perchloric acid at =30°C and 20kV to obtain flat and stress
free surfaces [23,24].

3 Results

3.1 The starting microstructure

Figure 1(a) is an ECC image showing the microstructure of
the as-received Zr-2.5Nb material. Two types of morpholo-
gies are evident: the major one consisting of bulk grains in
equiaxed or lamellar shape and the minor one correspond-
ing to thin films surrounding the bulk grains. Considering
phase constituent of the alloy [12,23], the bulk grains and the
thin films are known to be a-Zr (majority) and f-Zr (minor-
ity), respectively. Different contrasts between a grains sug-
gest varied orientations. The B films appear brighter than
all o grains, which should be related to the Z contrast of
backscattered electrons. The Z-contrast allows heavy ele-
ments (high Z) to be displayed brighter than light elements
(low Z). For Zr-Nb alloys, [ phases conserved at room tem-
perature contain much higher Nb content (>10 wt%) than a
phases (<0.6 wt%) [25,26]. Since Nb (Z=41) is slightly heav-
ier than Zr (Z=40), the more enriched Nb should have led to
the brighter contrast of the B films than the a grains. Also
from Figure 1(a), grain sizes of a phases are found to be rather
scattered, ranging from submicron to near ten micrometers.
For the B films, on the other hand, their thicknesses are mainly
limited to a few hundred nanometers, with an average value
measured to be 72nm.

EBSD indexing for both phases in this alloy was reported in
earlier work to be a tough task, especially for the thin f films
[27,28]. Nevertheless, they are satisfactorily resolved in this
work, as testified in Figure 1(b) (a band contrast map with
high image quality). Both phases are further clearly presented
in an orientation imaging map (Figure 1(c)), with a black ar-
row indicating indexed f films. Figure 1(d) shows misorien-
tation angle distribution of o grains revealing a large number
of low angle boundaries (LABs, 2°<6<15°). The abundance
of the LABEs is believed to result mainly from active disloca-
tion slip during prior hot deformation. More specifically, fur-
ther rotation axis analyses for these LABs suggest prismatic

aslip ({1010}/ < 1120 >) as the predominant slip system, as
illustrated in our earlier work [23]. In addition to the LABEs,
a few high angle boundaries (HABs, 8>15°) can also be seen
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Figure 1 (Color online) Starting microstructure of the Zr-2.5Nb. (a) ECC image; (b) EBSD band contrast map; (c) orientation imaging map of both o and f3
phases corresponding to (b); (d) misorientation angle distribution histogram of a grains in (b). Arrows in (a)—(c) indicate § phases.

in Figure 1(d), confirming significant orientation variation
suggested by ECC observation (Figure 1(a)).

3.2 The laser-induced microstructures

Figure 2 includes microstructures following laser treatment
and Figure 2(a) is a low-magnification image where two
dashed lines are added to indicate interfaces between modi-
fication zones of interest. The boxed region in Figure 2(a),
crossing different modification zones, is magnified in
Figure 2(b). The upper part in Figure 2(b) is found to be
comprised of common a-plate structures with essentially
uniform sizes that are clearly revealed by high-magnifica-
tion observation (Figure 2(c)). That is why we denote this
modification zone as uniform plate structure (UPS) zone.
Figure 2(c) also reveals that dense nanotwins exist inside
many o plates and their presence is believed to result from
shear stresses during martensitic transformation induced by
rapid cooling. Overall, such UPS is similar to that in conven-
tionally B-water quenched Zr-2.5Nb alloy which has been
extensively studied [14,29,30]. Beneath the UPS zone, three
other types of morphologies are observed (jointly denoted as
non-UPS zone), which are exemplified in Figure 2(d)—(f) cor-
responding to regions D, E and F in Figure 2(b), respectively.
In contrast to the well-defined UPS, Figure 1(d) presents a
bimodal a-plate structure (BPS) featured by relatively coarse
plates as multiple cores surrounded by dense fine plates.
Note that both the UPS and the BPS are fully comprised of a
plates and the prior § phases are completely absent. A rough

temperature gradient across both the a-plate-structure zones
(such as regions C and D) is estimated to be >3.8 °C/pum. For
region E (Figure 2(e)), however, although the prior bulk a
phases are also transformed into plates, the B films seem to
be nearly unaffected. In spite of interesting morphologies
revealed in Figure 2(d) and (e), the disappearance of prior
a grains hinders direct analyses on a—f transformation
characteristics. The pulsed laser treatment is able to induce a
hybrid microstructure of prior f phases, a plates (transformed
from new P phases) and prior a grains towards the alloy ma-
trix (Figure 2(f)). This is believed to be ideal for unraveling
nucleation and growth features of new  phases relative to
orientations and sites of both the prior o and  phases, as to
be demonstrated in the following. The temperature gradient
estimated for the latter two zones with prior B (e.g. regions
C and D) is ~1.5°C/pm.

Figure 3(a) is a significantly magnified image correspond-
ing to the boxed region in Figure 2(f). One can clearly see that
inside a prior a grain enclosed by continuous B films, edges
of the grain are essentially replaced by fine a plates. As these
plates could only be products of B—a cooling, these edge re-
gions must be preferred nucleation sites of new B phases dur-
ing heating, compared to the plate-free interior of the a grains.
Figure 3(b) is a large EBSD band contrast map of such hybrid
microstructure, covering the region observed in Figure 3(a)
and thus allowing orientation characteristics of various struc-
tures to be determined. A small region of interest is extracted
from Figure 3(b) (the white box) and analyzed in Figure 3(c)—
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Figure 2 Overall microstructural observation on the laser-treated Zr-2.5Nb. (a) Cross-sectional view of the laser-modified regions at low magnification; (b)
magnified image corresponding to box B in (a); (c)—(f) further magnified ECC images corresponding to regions C—F along the black arrow in (b). Dashed lines
in (a) roughly distinguish different zones.
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Figure 3 (Color online) (a) Closer ECC observation on the boxed region in Figure 2(f); (b) EBSD band contrast map corresponding to Figure 2(f); (c) orien-
tation imaging map; (d) grain boundary map of a phases; (¢) misorientation angle distribution histogram corresponding to the boxed region in (b). Consecutive
numbers in (c) indicate different o variants transformed from a f orientation.
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(e). In Figure 3(c), both the prior a and § show a single
orientation while seven different orientations are noticed for
transformed a plates, as marked by numbers. According to
the Burgers relationship [31,32], 12 a-Zr variants could be
produced by one B-Zr orientation and five possible misori-
entations (10.5°, 60°, 60.8°, 63.3° and 90°) exist between
these a variants. o-Grain boundaries with and without the
Burgers misorientations are depicted by different colors in
Figure 3(d). One can see that all boundaries between the
a plates examined in Figure 3(c) have the Burgers misori-
entations (particularly those around 60°-63° according to
Figure 3(e)), suggesting that they are generated by the same
B parent. On the contrary, none of these plates has Burgers
boundaries with the prior a grain but suggests (Figure 3(e))
misorientation angles near 18° and 46° between them.

To further clarify orientation relationship between various
structures in Figure 3(c), their crystallographic projection
is presented in Figure 4. As the Burgers relationship pre-
dicts {110}/ {0001}, and <111 >, // < 1120 >, [31], pole
figures of {110} and {111} of the B-Zr and {0001} and
{1120} of the a-Zr are used to perform comparative analy-
ses. Comparing Figure 4(a) and (b), one could find that
projection sites in {0001} pole figure of most o orientations
(except the one in the lower left quadrant) are coincident
with those in {110} pole figure of the preexisting § phase. To
make an easier comparison, all o orientations are separately
projected in Figure 4(c)—(h). Clear projection deviation
between Figure 4(a) and (c) indicates that the prior o grain
in Figure 3(c) has no orientation relationship with the sur-
rounded B film. In contrast, the Burgers relationship is found
to exist between every o plate and the B orientation. For
example, Figure 4(d) shows that basal planes of plates 1
and 2 are aligned parallel to each other (superposed symbols
of circle and triangle) and their projection coincides with
one of the six {110}, planes in Figure 4(a). Meanwhile,
one of the three < 1120 > planes for both plates is found
accordingly coincident with one of the four {111}, planes.
This testifies that the two a plates are definitely related to
the prior B phase by the Burgers relationship and they are
different variants generated by the same P orientation. In
fact, Figure 4(d) also reveals a slight angular deviation (~10°)
between {1120} projections of the two variants, suggesting
the Burgers misorientation of 10.5°/ <0001 >. After mak-
ing similar orientation analyses for other a plates, all of them
can be confirmed to be variants generated by a B orientation
identical with that of the prior B phase. In other words, the
orientation of the B parent of a plates in Figure 3(c) seems to
be determined by the surrounding preexisting B film rather
than the prior o grain.

4 Discussion

In recent years, there have indeed been a few efforts at-
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tempted to probe a—p transformation characteristics of Zr
alloys, especially by employing X-ray/neutron diffraction
methods [18,19,33-35]. For single-phase Zr alloys (e.g.
Zircaloy-2/4), Wenk et al. [34] and Romero et al. [19] re-
ported occurrence of P variant selection during heating
a phases, i.e. not all six B orientations theoretically pre-
dicted by the Burgers relationship from one o orientation
would appear. For duplex-phase Zr alloys, however, the
preexisting B phases may exert some effect on the a—f
transformation at elevated temperature. For instance, Sattari
et al. [35] suggested that in a duplex-phase Zr alloy Excel
(Zr-3.55n-0.8M0-0.8Nb) newly formed [ phases during
heating resulted from epitaxial growth of the preexisting
B-Zr and thus perfectly inherited the original B orientations
(texture). Nevertheless, Daymond et al. [18] argued that
high temperature 3 phases in heated Zr-2.5Nb should mainly
be generated through nucleation and growth inside o grains,
similar to the case in Zircaloy-2/4 [19,34]. Such contro-
versies in literature may be attributed to lack of explicit
microstructural information provided by earlier researchers.
In fact, to clarify this question, both the prior and the newly
formed phases are better to be simultaneously characterized.
Due to thermodynamic difference, it is hard to make them
co-exist at room temperature through conventional heat
treatments. While advanced electron microscopes fitted with
special heating stages may enable in sifu observation on high
temperature microstructures [36], their expensive access fees
have prevented researchers to reach better recognition on the
above question.

In the present work, however, by employing pulsed laser to
treat a Zr-2.5Nb, we are able to obtain non-equilibrium mi-
crostructures consisting of prior o and  phases, and a plates
transformed from new [ phases as well (Figures 2 and 3). As
revealed in Figure 3(a), the newly formed B phase (parent of
a plates) prefers to appear in the periphery (rather than the in-
terior) of the prior o grain (adjacent to the preexisting f§ film).
Figure 4 confirms that the parent of o plates owns identical
orientation with the prior B phase but has no orientation re-
lationship with the prior a grain, excluding possibility of the
new 3 phase nucleating from the o grain by the Burgers rela-
tionship. These results strongly suggest that the a—f} trans-
formation in the duplex-phase Zr alloy is proceeded by epi-
taxial growth of prior B phases, evidencing those suggested
by Sattari et al. [35].

In addition, the results presented in Figures 3 and 4 may
also allow us to tentatively discuss effect of untransformed
o phases on f—a transformation in the alloy. A strong
texture memory effect was reported by different researchers
[19,34] for heat treated Zr alloys with peak temperatures
lower than B transus and attributed to the significant role
played by untransformed (remnant) o phases in determining
preferred o variants during cooling. However, Figure 4 in
this work shows that none of orientations of the transformed
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Figure 4 (Color online) Crystallographic projection corresponding to Figure 3(c). (a) {110} and {111} pole figures of the B film; (b) {0001} and {1120} pole
figures of all a orientations; (c) the prior a orientation; (d)—(h) various o variants. Symbols in (a) and (d) indicate coincident projection of B and o orientations.

a plates is consistent with the prior a grain, which thus shows
hardly any effect on the B—a process. The inconsistency with
earlier work may lie in the fact that the remnant a phases in
refs. [19,34] were already well related to high temperature
B phases before  cooling, allowing further a variants with
prior orientations to be preferably precipitated with energy
advantage [37]. In contrast, the prior a and  orientations in
Figure 3(c) are mutually non-Burgers related (due probably to
previous hot deformation), hence such effect of the untrans-
formed o phases is also lost.

In regards to origin of the above microstructures (Figure 2),
we need to reconsider the non-equilibrium processing associ-
ated with the pulsed laser treatment in the present work. Dif-
ferent from conventional heat treatments, only a small vol-
ume of surface layer can be rapidly heated in laser-treated
specimens, with the temperature gradient decreasing towards
the alloy matrix (along the arrow in Figure 2(b)). Since the
laser pulse is short (5 ms), the activated volume will be cooled
down soon after transient heating. Nevertheless, the peak
temperatures in regions C and D in Figure 2(b) could be high
enough to allow Nb to diffuse. According to ref. [38], the

diffusion coefficient (D) of Nb in B-Zr is extrapolated to be
1.6x107"2m?s at 1500°C. The 5 ms duration at such a high
temperature gives a diffusion distance of about 180nm (cal-
culated by 2+/Dt where ¢ is the time), larger than the aver-
age thickness of B-films (72nm). This means that relatively
sufficient diffusion of Nb can take place. When the Nb con-
tent in preexisting B films is lower than ~10 wt% after dif-
fusion, subsequent cooling is no longer able to conserve the
prior B phases but transforms them into a plates [26]. By and
large, the transformation involved in the UPS zones is be-
lieved to resemble that of conventional B solution treatment
[14,29,30] while the presence of the BPS may be related to
less homogeneous Nb distribution due to slightly lower tem-
perature. For regions E and F in Figure 2(b), lower peak
temperatures would lead to more limited Nb diffusion. For
instance, D, in B-Zr is measured to be 1.68x107“m?¥s at
900°C [38], allowing only a diffusion distance of 18.4nm for
5 ms. Therefore, no remarkable change is expected for the
prior Nb-enriched B films that can be subsequently conserved.
Accordingly, the newly formed B phases would be Nb-de-
pleted and easily transformed into o plates after cooling
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Figure 5 Schematic illustrating nucleation and growth of new 3 phases during pulsed laser heating and resultant a plates during cooling.

(Figure 2(e) and (f)). Those untransformed a grains in
Figure 2(f) suggest that heat supplied by the pulsed laser
is no longer sufficient for complete a—f transformation in
locations deeper than about 350 pm from the surface.

After the above analyses, the formation of the non-equilib-
rium microstructure in Figure 3 can be schematically illus-
trated in Figure 5, which also clarifies the a—f transforma-
tion features in the pulsed laser-induced Zr-2.5Nb alloy. Ini-
tial heating induced by the pulsed laser allows new [ phases to
nucleate from the preexisting B films. However, limited heat
due to the short pulse only allows highly restricted Nb diffu-
sion so that the prior and the new B phases are Nb-rich and
Nb-depleted, respectively. The limited heat may also allow
the new f nuclei to slightly grow in an eptiaxial way but not
to annex the entire prior a grain. In subsequent cooling, the
Nb-rich prior B phases are still conserved while the Nb-de-
pleted new B phases are transformed into o plates according
to the Burgers relationship.

5 Conclusions

A non-equilibrium hybrid microstructure consisting of both
prior o and B phases and a plates transformed from new 3
phases is induced by pulsed laser in a duplex-phase Zr-2.5Nb
alloy. Newly formed P phases during laser heating prefer to
nucleate and grow at the expense of edges rather than interiors
of prior a grains. Orientations of the new B phases are not
determined by the prior o grains according to the Burgers
relationship but maintain those of the prior  phases in an
eptiaxial growth way.
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