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Abstract: Multiple characterization and analysis techniques including electron backscatter diffraction (EBSD), electron channeling
contrast (ECC) imaging, transmission electron microscopy (TEM) and microhardness test were jointly employed to investigate
microstructural characteristics such as local composition, morphology, grain boundary characteristics and interphase orientation
relationship of a forged Zr—2.5Nb alloy before and after f-air-cooling. Results show that the as-forged specimen is composed of
equiaxed and lamellar o grains and continuous net-like f-Zr films. After the f-air-cooling, the microstructure of the specimen is
featured by basket-weave Widmanstitten structure, in which the inter-a-plate second phases are nanoscale f-Zr. Analyses for
crystallographic orientations reveal that the Burgers relationship has been strictly followed during the f—a cooling. Compared to the
as-forged specimen, the hardness of the S-air-cooled specimen is higher, which could be attributed to the decreased structural sizes of
both a and S phases, and the increased fraction of high angle boundaries as well.
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1 Introduction

Zirconium (Zr) alloys have long been extensively
used in core components in the nuclear power plants
because of their high resistance to corrosion and
irradiation, as well as satisfactory combination strength
and ductility [1-5]. At elevated temperatures, most Zr
alloys will experience allotropic phase transformation,
i.e., a-Zr with a hexagonal close packed (HCP) structure
is to be transformed into S-Zr with a body centered
cubic (BCC) structure. After a cycle of a—f—a
transformation, distinct microstructures different from
those in the starting material are often obtained [6].
During typical fabrications, f-cooling is regarded as a
critical step that could greatly affect final performance of
Zr alloy products. As such, a number of efforts have been
stimulated to reveal microstructural features associated
with the f—a transformation of Zr alloys. Nowadays,
cooling rates, alloying/impurity elements are recognized
to be key factors determining their p-transformed
microstructures [7]. Nevertheless, earlier efforts have
essentially been focused on single-phase Zr alloys such

as Zircaloy-2/4 and Zr702, while much less effort is
known on that of dual-phase Zr alloys like Zr—2.5Nb,
which has important application (as pressure tubes) in
heavy water nuclear reactors [8,9].

In regards to characterization methods by which
earlier researchers investigated the f-transformed
microstructures in Zr alloys, conventional optical
microscopy (OM) and transmission electron microscopy
(TEM) were frequently used [10,11]. However, OM and
TEM have the deficiencies of rather low magnification
and limited field of view, respectively. Also, specimen
preparation procedures for OM and TEM are completely
different, making specific locations of the interest
difficult to be jointly studied by them [12]. As an
alternative, the present authors [13—15] have recently
noticed that electron channeling contrast (ECC) imaging
technique based on field emission gun scanning electron
microscope (FEGSEM) allowed clearly revealing various
f-cooled microstructural features in a wide field of view,
filling the gaps between OM and TEM. In addition, the
specimen surface prepared for the ECC observation
could be directly used for -electron backscatter
diffraction (EBSD) characterization to quantify their
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crystallographic orientations [15—17]. The combined use
of ECC and EBSD thus allows microstructures of
particular interest to be feasibly and accurately
characterized and analyzed. In the present work, a
dual-phase  Zr—2.5Nb alloy was subjected to
f-air-cooling treatment and microstructural changes
induced by the heat treatment were carefully
characterized by use of both FEGSEM-based ECC and
EBSD techniques. Results documented in this paper are
expected to facilitate better understanding on f-cooled
microstructures of dual-phase Zr alloys.

2 Experimental

The as-received Zr—2.5Nb alloy was an as-forged
rod material with the chemical composition of ~2.5% Nb,
~0.1% Fe, ~0.1% O and Zr balanced (mass fraction).
Specimens with dimensions of 12 mm, 8 mm and 1 mm
were cut form the as-received material, corresponding to
their length direction (LD), width direction (WD) and
thickness direction (TD), respectively. Prior to the S
treatment, the as-cut specimens were encapsulated in
quartz tubes under vacuum (<1x107° Pa) to avoid
oxidation. The encapsulated specimens were put into a
box furnace (SX2—8—16) which had been heated to
1000 °C in advance. After 10 min holding, the specimens
were taken out from the furnace and cooled in air
(estimated cooling rate of ~5 °C/s [18]).

A FEGSEM (Zeiss Sigma HD) equipped with a
back scattering electron (BSE) detector and an electron
backscatter diffraction (EBSD) analysis system (Oxford
Instruments NordlysMax?) was mainly employed for
microstructural characterization. The BSE detector was
used to produce electron channeling contrast (ECC)
images, which were known to be
crystallographic orientation-related defects [19,20]. For
EBSD data acquisition and post-processing, AZtec 2.4
and HKL Channel 5 software packages were used,
respectively. Before ECC and EBSD examinations,
electro-polishing was performed for the specimens to
obtain flat and stress-free surfaces (LD—TD). The
analyzed surfaces were immersed in a mixed solution of
10% perchloric acid, 20% butyl cellosolve and 70%
methanol (volume fraction), and polished at 20 V and
=30 °C for 30—60 s. An FEI Tecnai G2 F20 transmission
electron microscope (TEM) and an energy dispersive
spectroscope (EDS) attached to the TEM were also
utilized for supplementary  microstructure and
composition characterization. The TEM foil specimen
was prepared using a twin-jet polishing apparatus with a
solution of 10% perchloric acid and 90% ethylalcohol
(volume fraction). In addition, specimen hardness was
measured using a Vickers indentation tester (HVS—1000)

sensitive  to

at a load of 100 g for 10 s.
3 Results and discussion

3.1 ECC observation

Figures 1(a) and (b) show low- and high-
magnification ECC images of the as-forged specimen,
respectively. The major phase (a-Zr) appears to be in
either equiaxed or lamellar shape, while the continuous
net-like films are recognized as f-Zr (the minor phase).
The sizes of a grains are found to be rather scattered,
ranging from submicron to above 10 pum (Fig. 1(a)).
Thicknesses of the f-Zr films vary from several tens to a
few hundreds of nanometers, with an average value of
72 nm (Fig. 1(b)). For « grains, different image contrasts
suggest varied orientations. It is noticed that the S-Zr
films generally appear to be brighter than the a grains,
which should be related to atomic-number (Z) contrasts
of back scattered electrons. With respect to the Z-contrast,
compared to light elements (low atomic number),
stronger BSE signals can be produced by heavy elements
(high atomic number), leading to higher brightness. For
elements involved in the Zr—2.5Nb alloy, Zz., Zv, Zr.
and Zo are 40, 41, 26 and 8, respectively. Clearly, the
phase containing more Nb is expected to be brighter in
the ECC images. It was demonstrated that the maximum
solubility of Nb in f-Zr (~20%, mass fraction) was
greatly larger than that in a-Zr (<0.6%) [21] and more
than 10% Nb was needed to prevent its decomposition
during cooling of Zr—Nb alloys [22]. Thus, it is the more
saturated Nb that allows the f-Zr films to be brighter
than o grains in their ECC images.

Figures 1(c) and (d) show low- and high-
magnification ECC images of the f-air-cooled specimen.
From Fig. 1(c), one can see that the microstructure
mainly consists of differently orientated packets, which
have substructures of individual parallel-stacked plates
and inter-plate thin films (Fig. 1(d)). Such thin films also
appear to be brighter than adjacent plates, similar to the
case of the as-forged specimen. Inside each packet, rather
uniform contrast can be observed for their plates,
suggesting the same crystallographic orientation for
them. By the linear intercept method, the average width
of the plates is measured to be 0.34 um while the mean
thickness of inter-plate films is 55 nm. According to
earlier classification [7], the microstructure presented in
the p-air-cooled specimen corresponds to basket-weave
Widmanstétten structure. A recent work [12] has revealed
that plate widths in a dilute Zr—Sn—Nb alloy subjected to
the similar f-air-cooling are about 2 um on average.
Comparatively, substructures in the Zr—2.5Nb alloy are
largely refined, probably due to the increased amount of
the effective f-stabilizing element Nb [23].
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3.2 TEM characterization

In order to reach more definite recognition on
the inter-plate films in the p-air-cooled specimen,
TEM-EDS analyses have been made and shown in
Fig. 2. Figure 2(a) shows a TEM bright-field image of a
small location, from which a dislocation-free matrix can
be seen. The inter-plate thin films (second phases) in
Fig. 1(d) are also observed, as arrowed in Fig. 2(a). EDS
analyses for the second phase reveal co-existence of Zr,
Nb and Fe (Fig. 2(b)). The Nb content is found to be
19.36% (mass fraction), much higher than its maximum
solubility in a-Zr. The diffusion of Nb was reported to be
rather sluggish in Zr alloys [24] and tends to be enriched
in residual f-Zr [25]. Combined with the above ECC
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results, the inter-plate thin films in the p-air-cooled
specimen can be confirmed to be Nb-stabilized residual
p-Zr phases. Meanwhile, the consistency between TEM
and ECC results also verifies effectiveness of the
FEGSEM-based ECC technique in characterizing
dual-phase structures (even at nanoscale) in Zr alloys.

3.3 EBSD characterization and analysis

EBSD maps scanned for a-Zr (the major phase) in
both the as-received and the f-air-cooled specimens are
presented in Fig. 3. Figures 3(a) and (c) show their band
contrast (BC) maps, from which one can know that most
regions are successfully indexed with high image quality,
except a few non-indexed zones (with black contrasts)

Fig. 1 Direct ECC observation of Zr—2.5Nb alloy: (a, b) Low- and high-magnification images of as-received specimen, respectively;

(c, d) Low- and high-magnification images of f-air-cooled specimen, respectively

(b)
Element w/%
Fe 0.81
Nb 19.36
Zr 80.83
Zr
Nb
Zr  Zr
- LB AN
5 10 15 20
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Fig. 2 TEM bright-field image (a) and EDS result (b) (corresponding to arrowed location) of f-air-cooled Zr—2.5Nb alloy
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(1120)

Fig. 3 EBSD characterization of Zr—2.5Nb alloy: (a, b) BC and OI maps of as-received specimen, respectively; (c, d) BC and OI

maps of S-air-cooled specimen, respectively (Black and gray lines in (b) and (d) indicate high and low angle boundaries, respectively;

consecutive numbers in (d) indicate various orientations)

due probably to stress concentration. The a-grain shapes
and morphologies revealed by the BC maps are also
consistent with direct ECC observation (Fig. 1).
Figures 3(b) and (d) show orientation imaging (OI) maps
(orientations indicated by colors) of the as-received and
the p-air-cooled specimens, respectively. Also, the OI
maps are boundaries with 2°<6<15° and 6>15°, i.e., low
angle boundaries (LABs) and high angle boundaries
(HABs) delineated by black and gray lines, respectively.
By means of the grain-reconstruction method [26], the
size of each HAB-enclosed grain could be represented by
a circle-equivalent diameter after determining its area.
This method allows sizes of irregularly-shaped grains to
be approximated and compared between specimens.
Such calculation gives average sizes of 1.4 and 2.1 um
for a grains in the as-received and the p-air-cooled
specimens, respectively. With respect to specific grains,
Fig. 3(d) reveals rather good orientation uniformity for
the p-air-cooled specimen. However, grain subdivision
seems to exist in the as-forged specimen due to the
non-uniform orientations of grains (Fig. 3(b)), similar to
the case reported in a rolled commercially pure Zr
sheet [27].

Different orientations revealed in Fig. 3(d) appear to
be 12, which agrees with the number of o variants
generated by a single f§ parent according to the Burgers
relationship [28]. To further reveal quantitative

relationships between various o packets in the f-air-
cooled specimen, their orientations are projected in
{0002} and {1120} pole figures in Fig. 4. From the
{0002} pole figure, all the 12 orientations can be
grouped into six pairs. For the two orientations in each
pair, their c-axes are found to be coincidently parallel to
each other, for example, orientations 1 and 2. After
resorting to the {1120} pole figure, however, (1120)
directions of the two orientations are noticed to slightly
differ from each other by about 10°. This suggests a
misorientation of ~10°/(0001) for every pair of «a
orientations, well corresponding to the first Burgers
misorientation (Five possible Burgers misorientations
exist for any two a orientations inherited from the same
/ orientation, i.e., 10.5°/(0001), 60°/(1120) , 60.8°/
~(1231)y , 63.3°/~(4483) and 90°/~ (1230 ). Again
referring to the {1120} pole figure, all the 12
orientations could also be classified as four groups, with
each group including three orientations (like those
numbered by 1, 5 and 11) sharing one (1 120) direction.
Interestingly, there exists about 60° between basal poles
of such grouped orientations, thus being coincident with
the second Burgers misorientation (60°/(1 120)).

Figures 5(a) and (b) show boundary maps of the
as-received and the S-air-cooled specimens, respectively.
In addition to common LABs and HABs, boundaries
with the Burgers misorientations (denoted as Burgers
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Fig. 4 {0002} (a) and {1120} (b) pole figures of B-air-cooled Zr—2.5Nb alloy
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Fig. 5 Grain boundary maps of as-received (a) and f-air-cooled (b) specimens, and misorientation angle distributions of as-received

(c) and p-air-cooled (d) specimens

boundaries (BBs)) are also distinguished by colorful
lines. For the as-forged specimen, Fig. 5(a) shows that
both the BBs and common boundaries (LABs and
HABsS) are abundant. Such common boundaries could be
related to plastic deformation and/or dynamic recovery/
recrystallization during the forging. From Fig. 5(b),
however, it can be seen that there are essentially no
common boundaries in the S-air-cooled specimen while
almost all boundaries belong to the BBs.

Figures 5(c) and (d) present misorientation angle

distribution histograms corresponding to Figs. 5(a)
and (b), respectively, allowing fractions of various
boundaries to be further quantified. In Fig. 5(c), three
evident peaks can be noticed. Among them, the two
peaks around 60° and 90° should correspond to the last
four Burgers misorientations (Five possible Burgers
misorientations exist for any two « orientations
inherited from the same f orientation, i.e., 10.5°/(0001),
60°/ (1120, 60.8°/~(1231) , 63.3°/~(4483) and 90°/
~(1230) ). Besides, the low angle peak in Fig. 5(c)
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confirms the significance of common LABs, especially
those with 6<10°. Different from the case in the
as-received specimen, no spread of misorientation angles
can be seen except three sharp peaks near 10°, 60° and
90° in the p-air-cooled specimen (Fig. 5(d)). A
rotation-axis analysis for its peak near 60° reveals
three preferred rotation axes of (1120), ~(1231) and
~(4483) , suggesting that this peak is superposition of
the second, the third and the fourth Burgers
misorientations [29]. Similarly, rotation-axis analyses for
the peaks near 10° and 90° indicate the first and the fifth
Burgers misorientations, respectively. All the above
(mis-)orientation-related analyses strongly confirm the
strict obedience of the Burgers orientation relationship
during the f—a cooling of the Zr—2.5Nb alloy.

In earlier work [30] strong a-variant selection was
reported to occur in a Zr—2.5Nb alloy p-treated at a
cooing rate of ~0.3 °C/s. Such a low rate is believed to
give birth to parallel-plate o structures, which prefer to
nucleating at f boundaries along specific habit planes. As
a result, only a few favorable a orientations (variants)
could be selected. In the present work, however, the
f-air-cooling results in basket-weave a structures that
could nucleate at many sites inside £ grains (Figs. 1(c)
and 3(c)). Cubic symmetry of the f phase allows more
habit planes to be provided [31] so that all the o variants
can be generated, as demonstrated by the above EBSD
analyses.

3.4 Microhardness test

The average hardness value of the f-air-cooled
specimen was measured to be HV 254, larger than that
(HV 217) of the as-received specimen. Usually, one may
expect reduced grain sizes for specimens with increasing
hardness, according to the well-known Hall-Petch
effect [32]. However, in the present work, the average
size (2.1 pum) of a grains (the major phase) in the
f-air-cooled specimen is found to even increase,
compared with that (1.4 pum) of the as-received
specimen. Thickness of f-Zr films is found to decrease
from 72 to 55 nm after the f-cooling and their refinement
should have contributed to part of the increased hardness.
Nevertheless, the f-Zr phase is always the minor
constituent, which is not expected to make the major
contribution to hardness. Although the measured a-grain
(packet) sizes appear to increase after the f-cooling, it is
noticed that fine substructures (submicron a plates
separated by the nanoscale f-Zr films) exist in their
interiors (Figs. 1(c), 1(d) and 3(c)). Assuming that
dislocations are activated in an a plate, they cannot easily
slip into neighboring a plates with an identical
orientation in the same packet (Fig. 3(d)). This is due to
the existence of the inbetween S films, which could
actually play a role like HABs in the Hall-Petch model.

It is therefore known that the effective structure (a plate)
impeding dislocation ship is in fact refined, which should
be the main reason accounting for the hardness increase
in the f-air-cooled specimen. In addition, with respect to
boundary types, Fig. 5 shows that the fraction of HABs
(including Burgers boundaries with 6>15°) in the
[-air-cooled specimen is evidently higher than that in the
as-received specimen. The latter contains more LABs
which usually provide smaller impedance than HABs [33]
and result in decreased harness as well.

For phase transformation-induced hardness, its
increase in f-cooled Zr alloys has also often been
attributed to the solid solution strengthening of alloying
elements [12,34]. However, in the present work, the
cooling rate offered by the S-air-cooling is relatively low
(~5°C/s), which allows sufficient diffusion to occur. As a
result, supersaturation of alloying elements in the a-Zr
matrix after rapid quenching could not be expected.
During the slow cooling, alloying elements tend to
precipitate as second phase particles along a-plate
boundaries in Zircaloy-2/4 [34,35], or are retained in
residual f-Zr (element-enriched) along with element-
depleted a-Zr in the Zr—2.5Nb alloy. In fact, we have
performed EDS tests (not shown here) for the
transformed o plates and detected hardly any saturated
constitutes in their interiors, which are consistent with
the above analyses. It is therefore known that the solid
solution strengthening effect would not make a
considerable contribution to the increased hardness of the
f-air-cooled specimen.

4 Conclusions

1) Detailed microstructural characterization reveals
that the as-forged Zr-2.5Nb alloy is composed of a
grains in either equiaxed or lamellar shape and
continuous net-like S-Zr films. After the f-air-cooling,
the microstructure is featured by basket-weave
Widmanstétten structure, in which the second phases
inter o plates are nanoscale f-Zr.

2) The crystallographic orientation examination
confirms that the Burgers relationship is strictly obeyed
during the f/—a cooling.

3) Compared with the as-forged specimen, the
hardness of the f-air-cooled specimen is higher, which
could be attributed to the decreased structural sizes of
both a and p phases, and the increased fraction of high
angle boundaries as well.
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SR pHETATS Zr-2.5Nb § & B BB R4S
mor !, T, IR, AEE Y, 8L, pids?

1. SERHET RS MERSES TR, FEK 400054;
2. el KZ ERAFMREES K LS TREEARFRF L, FEH 066004

W OE. NAET A SRR T SO T S (EBSD) A H B AT (ECC) g iR, 45 4@ i st
(TEM) K B h BE MR S R A F B, WS K B HEAS Ze-2.5Nb && M EMA L (BHRMX s B3R, SR
FRAE. HHIRIE A 5¢ RED)HHTRAE. WFFERIL, A Zr-2.5Nb 5 & BRSNS BR 4R o Sk X IES: MR
B-Zr WER . G BTG, AR LR I IR ER IR, o SR IRA PR IIR AR B-Zro B A HTUESE,
B AT IETE p—oa FARTHIEAE Burgers HUAIDC R . AHX THRASHE M, A AHSWFEM TR B3N, X5H o
BRE&SE B B-Ze Fi 2 TP [0k /s LA B K A 4 i 7 A3 ) 38 i 5
KA BAe: A RMAES SRR
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