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Hydride formation in a fully recrystallized Zr-2.5%Nb alloy having equiaxed grains of o and $ was stud-
ied. Primarily the electron back scatter diffraction (EBSD) technique was used for the characterization of
the hydrides in conjunction with optical and transmission electron microscopy. Hydrides were found to
have preferentially formed along the o/f interfaces. Microtexture measurements showed that the orien-

tation relationship (OR) between o and §-hydride phase was (000 1), |[ (1 1 1)sand [2110], || [110]s. It
was shown that the hydrides have higher preference to form along such o/B interfaces which have one of
the low index planes of the p phase constituting the interface.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Structural components made up of Zr based alloys are exten-
sively used in the core of thermal nuclear reactors. However, for-
mation of brittle hydride phase in these components is known to
result in their property degradation, generically called as ‘hydride
embrittlement’ [1,2]. In order to minimize such hydride induced
degradation, it is desirable to develop optimized microstructures
which can mitigate the problem of damage due to hydride forma-
tion to a reasonable extent [3]. Development of ‘hydride embrittle-
ment’ resistant microstructures requires an understanding of the
effect of microstructural parameters such as phase distribution,
morphology on the formation of hydrides. In particular, knowledge
of the role of second phase (B) on the precipitation behavior of the
brittle hydrides is of great practical and scientific interest. Thor-
ough understanding of the changes in hydride formation mecha-
nism related to the presence of the second phase can help tailor
the microstructures for a better ‘hydride embrittlement’ resistance.

Earlier studies have shown the grain boundaries to be preferen-
tial sites for the hydride formation, particularly under conditions of
slow cooling relevant to nuclear reactors [4]. However, most of
these observations are valid in case of hydride precipitation in
the single phase Zr alloys such as Zircaloy-2 and Zircaloy-4 [4-
12]. Some limited studies have shown that the o/f interfaces act
as preferential sites for the precipitation of the hydrides in case
of two phase Zr alloys such as Zr-2.5%Nb alloy [13-15]. However,
such studies largely depended on the transmission electron
microscopy (TEM) and/or optical microscopic examinations for
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the characterization of the hydrides and matrix microstructures.
It was shown that OR (orientation relationship) derived from opti-
cal microscopy is different from that observed at a higher resolu-
tion in TEM [1,16]. On the other hand, observations from TEM
have the limitations of statistical validity. In order to address these
issues (of accurate determination of OR with improved statistics)
and bring out the role of interfaces on the hydride precipitation,
scanning electron microscope (SEM) based electron back scatter
diffraction (EBSD) technique was employed in the present study
for the characterization of the hydrides. The following important
issues are being addressed in this present work:

o The role of a/p interfaces on the formation and growth of the
hydrides.

e The reasons, if any, for the preference of hydrides for specific
boundaries.

Zr-2.5%Nb alloy (two phase alloy containing hcp-o and bcc-B)
has been selected as candidate material to meet the above objec-
tives. A detailed characterization of the hydrided microstructures
was carried out using the conventional techniques of optical and
TEM along with extensive EBSD.

2. Experimental

The composition of the Zr-2.5%Nb alloy used in the present
study is shown in Table 1. The alloy samples were subjected to
58% cold deformation by pilgering, followed by annealing at
700 °C for 14 days. The objective was to get equiaxed microstruc-
ture of the constituent phases, with beta grains at the tri-junctions
of the alpha grains. Such microstructure is expected to have
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Table 1
Composition of the alloy used in the present study.

Element Nb [0} H N Zr

Amount by weight 2.5% 1100 ppm <5 ppm 30 ppm Balance

significant amount of special interfaces (interfaces with specific
misorientations) whose role on hydride formation is interesting
to study.

Gaseous hydrogen charging was employed for hydrogenation of
the samples. Samples were polished metallographically on all open
faces (in order to increase surface area, and thus improve hydrogen
absorption), followed by cleaning in acetone. Initially the sample
chamber was evacuated to 1.0 x 102 bar pressure, and flushed with
the hydrogen gas. Controlled amount of hydrogen was put into the
system to achieve a pressure close to 1 bar. The sample was heated
to 300 °C, and allowed to absorb the required amount of hydrogen.
The difference in the initial and final hydrogen pressure was an indi-
cation of the amount of hydrogen absorbed by the sample. Samples
were charged to nominal hydrogen levels of 200 and 300 ppm (by
weight). The size of the specimens used for the study was approxi-
mately 10 x 10 x 4 mm. The magnitude of the thickness of the sam-
ple ensured uniform hydrogen distribution under the experimental
conditions used for hydrogen charging (A temperature of 300 °C for
nearly 6 h followed by slow cooling). The stability of the base micro-
structure was assured during the hydrogenation, as the base micro-
structure was a fully recrystallized structure (annealed for 14 days
at 700 °C) and is not expected to undergo any appreciable changes
during hydrogenation as temperature (300 °C) and time (6 h) of
hydrogenation were significantly low to induce any measurable
changes in the base microstructure.

A Fei-3d® SEM mounted with a TSL-OIM® system was used for
the EBSD measurements with a step size of 100 nm. Such a small
step size ensured a reasonably good number of data points to be
recorded inside each hydride plate. A number of EBSD scans span-
ning 100 x 300 um? were performed on each sample covering a
cumulative area close to 1 mm?. This resulted in scanning several
hundreds of alpha and beta grains, and tens of (close to 100) hy-
drides. The inherent difficulty in covering very large area in EBSD
scans was due to the requirement of a very fine step size for suc-
cessful indexing of the hydride phase. This was circumvented by
scanning the sample at a number of locations through multiple
scans. Samples for EBSD were prepared by the standard metallo-
graphic polishing followed by electro polishing using a solution
consisting of 80% methanol and 20% perchloric acid at a tempera-
ture of —20°C. A Technai 300® operated at 300 kV was used for
TEM characterization.

3. Results
3.1. Distribution and nature of hydrides

Fig. 1 shows the distribution of the hydride phase in the Zr-
2.5%Nb alloy sample with 300 ppm of hydrogen. The matrix micro-
structure essentially consisted of equiaxed grains of o phase with
relatively large B grains at the tri-junctions of the « grains. Such
a structure was the result of prolonged annealing at 700 °C for a
period of 14 days following cold deformation. Grain sizes of the «
phase were in the range of 5-10 pum. The g phase grain size ranged
from 3 to 7 um. The relative volume fractions of the o and f phases
in the samples were 0.83 and 0.17 respectively. The hydrides in
these samples were observed to be predominantly located along
the interface boundaries of the o and g grains. The size of the hy-
drides was of the order of 5-10 pum along the length. The thickness
of the hydrides on the other hand, ranged from 0.5 to 2 pm. A min-
or fraction of the hydrides were observed to have formed inside the
o grains (intra-granular hydrides) and along the o/a grain bound-
aries as well. Morphology of the interface hydrides was evidently
very different from that of the intra-granular hydrides. While the
former followed the contours of the o/p interface, the latter have
formed in sharp and straight needle like fashion along specific
crystallographic planes. Though the formation of the hydrides
was predominately along the o/p interface, their growth was al-
ways into adjacent o grain only. Interestingly, even though there
are a considerable number of o/ grain boundaries present in these
two phase samples, a majority of the hydrides have formed along
the o/p interfaces only. No major differences in the crystallo-
graphic or morphological features of hydrides in samples with
200 and 300 ppm hydrogen were observed. Hence results from
only 300 ppm samples are presented and are valid for samples
with 200 ppm hydrogen as well.

EBSD has confirmed that the hydrides formed in these samples
were of “5” type which is an equilibrium hydride phase in the Zr-H
system with a composition ZrH; s. Since the 8-hydride is the dom-
inant hydride formed under reactor operation conditions (rela-
tively slow cooling), the observations of the present study bear
more practical significance. TEM characterization of the hydrided
samples has further confirmed that the o/f interface is the most
preferred site for the hydride formation in these samples, see
Fig. 2. TEM also has shown that, though hydrides have formed
along the o/ interface, they have grown into adjoining « grains
only. Further, the § and B interface was more sharper and showed
relatively less strain contrast in comparison to the corresponding
3/a interface as can be observed from Fig. 2. The diffraction pat-
terns recorded in the TEM also confirmed the hydrides to be equi-
librium 8-hydride. Superimposition of the diffraction patterns from
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Fig. 1. (a) Optical and (b) EBSD micrographs showing the distribution of the hydrides in Zr-2.5%Nb alloy charged with 300 ppm (by weight) of hydrogen. In the optical
micrograph light, gray and dark regions correspond respectively to «,  and 5-hydride phases.
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Fig. 2. TEM micrograph showing the presence of the hydride along the o/p interface. Diffraction patterns from the different regions (marked with the numbers) are
superimposed. Electron diffraction from the respective phases was recorded using a selected area diffraction aperture. This has ensured the diffraction to be recorded from the

intended phase only without the interference of the adjoining phases.

o, f and 5-hydride phases indicated that they are having OR with
each other.

3.2. Microtexture of the hydrides

EBSD measurements of the orientations inside the hydride
phase have indicated that even the largest hydrides (observed in
this study), which were of nearly 10 pm in length, were having sin-
gle orientation with an orientation spread not exceeding 2°. This is
in contrast to the previous studies which have reported that most
of the large hydrides which were visible under optical microscope
were actually stacks of several hydride plates in succession [16,17].
The nature of the a/8 and B/3 interfaces are shown in terms of the
respective misorientation distribution function (MODF) plots in
the Fig. 3. An MODF plot is a graphical representation of the pres-
ence (or lack) of preference of grain/interface boundaries with ref-
erence to what is expected from a random distribution of
boundaries [18]. MODF typically uses the angle/axis convention
for the representation of the grain/interphase boundaries. The an-
gle corresponds to the misorientation between the two crystals
and axis corresponds to the vector about which one of the crystal
needs to be rotated to match its lattice orientation with the other
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crystal. Similar to an ODF (Orientation distribution function),
MODEF is a distribution in three dimensional orientation space.
Hence one can plot the MODF as a contour map in the constant
intervals of misorientation angles about stereographic triangle rep-
resenting the crystal axes. When the constituent phases of a micro-
structure exhibit orientation relationship with each other, one
shall get higher intensity contours around the point representing
the OR in the MODF. Thus an MODF facilitates an easy way to iden-
tify the OR between different phases. As can be seen from the
Fig. 3a, there is a strong OR between the o-Zr and §-hydride, as
indicated by the maximum intensity value of 21 times to the ran-
dom distribution. The observed OR corresponded to

0001), [[(111);

2110, |[110]

It may be emphasized that this OR was derived by analyzing a
number of hydrides in a two phase zirconium alloy using the EBSD
information (with higher statistical validity), and is in agreement
with the previous studies based on TEM observations [1,14,15]
and other EBSD based studies of single phase zirconium alloys
[9-11]. The OR between the B phase and 3-hydride, on the other
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Fig. 3. (a) Misorientation distribution function plot (MODF) for the o and 5-hydride boundaries. (b) MODF for the g and §-hydride boundaries.
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hand, is not as strong, see Fig. 3b, maximum MODF intensity being
close to 8 times to the random distribution. Analysis of individual
interface hydrides has shown the presence of following OR (with
considerable scatter of 20°) between the B and §-hydride.

OTD)g [[(T11),

(100], [ [110];

Since TEM as well as EBSD results have shown conclusively, that
the hydride phase was growing only into the adjoining « grains but
not into the B phase, existence of the OR between the §-hydride
and B phase is somewhat surprising.

The three phases i.e., «, f and 3-hydride have clear difference in
their in-grain misorientation profiles. This is clearly shown in
Fig. 4, which is a plot of grain average misorientation (GAM) distri-
bution in the different phases. The GAM is a measure of extent of
remnant plastic strain in the grains. Under the measurement con-
ditions of the EBSD used in the present study, 0.3° of error in ori-
entation measurement is to be expected, which can be taken as
the cut off for the presence or absence of remnant plastic strain.
The plot clearly shows that the GAM distribution of g phase is low-
est and is close to machine error, indicating virtually strain free p
grains. In contrast -hydride shows highest development in GAM
suggesting towards accumulation of considerable plastic strain in-
side it. o phase on the other hand, showed GAM distribution inter-
mediate to the former two phases. The present study thus provides
a quantitative measure of strain partitioning between the various
phases arising out of transformation strain caused by hydride pre-
cipitation. The observed strain partitioning could be attributed to
selective partitioning of hydride transformation strains to « phase
in preference to f phase. Since the formation of the ZrH; 5 involves
a volume expansion of 17%, considerable plastic strain is expected
both in the hydride as well as the « grains into which it was grow-
ing. These observations, are in line with the TEM observations
which indicated absence of any significant strain at the B/ inter-
face, Fig. 2.

3.3. Preference of hydrides for specific o/p interfaces

The results presented so far have unequivocally confirmed the
formation of the hydrides preferentially along the o/f interfaces.
However, in order to investigate if all of the a/B boundaries (char-
acterized by their misorientation expressed in angle/axis pair)
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Fig. 4. Grain average misorientation (GAM) distribution in «, p and §-hydride
phases. Only the grains where hydrides were observed were considered for this
plot. This is due to the fact that misorientation due to hydride formation can occur
only in the grains adjacent to hydrides.

Fig. 5. Phase map showing the interface hydrides along with the o/B interfaces
following the Burger's OR within a tolerance of 10° from the ideal Burger’s OR (in
blue). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

have equal probability of hydride formation, specific boundaries
are superimposed on the EBSD-phase map as shown in Fig. 5.
The blue lines in the figure indicate the Burger’s boundaries, i.e.,
those o/ interfaces which have a misorientation corresponding
to Burger’s OR (45°@ [2 11 0], or 45°@ [0 0 1];) within a tolerance
of 10°. EBSD analysis of the grain boundaries showed that the
length fraction of such Burger’s boundaries was 10% of the total
boundary length which includes all of the a/B and o/o boundaries.
Furthermore, among all of the o/ boundaries about 40% were ob-
served to be of Burger’s boundaries. If the hydrides have no specific
preference to these Burger’s boundaries, only 10% of the hydrides
are expected along these interfaces. However, as shown in Fig. 5,
nearly all of the hydrides are located along the Burger’s boundaries
only, indicating a strong preference of the hydrides to form along
the a/B interfaces which follow Burger’s OR. It is also interesting
to note that not all the interfaces that were found to be following
Burger’s OR were having hydrides forming along them. This sug-
gests that apart from misorientation between the « and  some
additional factors govern the feasibility of hydride formation.

Boundary trace analysis was performed on the interface hy-
drides to determine the interface plane on which 3-hydride was
forming. In doing this analysis it was assumed that the observed
interface plane was perpendicular to the plane of measurement,
i.e., interface plane normal lied in the plane of the measurement.
This assumption was necessitated because of 2-D nature of the
EBSD measurement which does not allow knowing the tilt and
twist nature of the boundary [18]. Even then, the information
gained using such assumption can be useful in differentiating the
hydride forming and non-forming boundaries to some qualitative
extent. The results of the analysis, indicated that the hydrides were
growing parallel to one of the low index planes of the B phase.
(100) (110)s were found to be the most commonly observed
planes onto which §-hydrides were growing. Unlike in case of B
and §-hydride interfaces where in most cases they shared a low in-
dex plane (such as (00 1) or (11 0)) as the interface, the o/3-hy-
dride interface was found to be invariably a high index plane. In
addition ao/8-hydride interface planes showed considerable scatter
and no single dominant plane as a favored interface could be
identified.

4. Discussion

Studies aiming at the understanding of the formation of the
hydrides in Zirconium alloys have largely been driven by their
immense practical relevance in controlling the damage due to
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the hydride embrittlement. Most of such previous studies, how-
ever, have depended mainly on the optical and/or TEM techniques
for the characterization of the hydrides [12-15]. With the advent of
modern tool of EBSD, it is possible to revisit some of the previous
observations to gain new insights into the phenomena governing
the formation of hydrides [4,9-11]. In a recent study, extensive
use of microtexture data obtained from EBSD, has been shown to
give invaluable information on the role played by the special
boundaries on the formation of the hydrides in case of single phase
recrystallized Zircaloy-2 [4]. Investigation of the role played by the
interfaces, if any, in case of two phase alloy systems on the forma-
tion of hydrides, naturally is a logical extension of such studies and
thus becomes the motivation for the present study.

The main observations of the present study can be summarized
as:

e Hydrides in the two phase Zr-2.5%Nb alloy in a completely
recrystallized condition have formed primarily along o/B inter-
faces, with only a minor fraction of hydrides being along oo
grain boundaries.

e Though hydrides have a strong OR with the o phase into which
they were growing, there was some apparent OR between the
hydrides and  phase too.

e The majority of the hydrides were observed along those o/f
interfaces which have a misorientation corresponding to Bur-
ger’s OR. However, not all the o/B interfaces which are related
by the Burger’s OR are having the hydrides along them.

e Hydrides have grown on one of the low index planes of the g
phase while their interface plane with the o phase appeared
to be arbitrary, i.e., no set of low index planes could be identi-
fied as preferred interface planes.

Grain and/or phase boundaries are known to be some of the
most potential sites for the heterogeneous nucleation of product
phases [19,20]. Hence the observation of the o/p interfaces to be
the preferred sites for the hydride formation is not surprising.
However, formation of the hydrides along o/B interfaces in prefer-
ence to o/o. boundaries (which are also present in significant pro-
portion) needs to be explained. The main reason attributed for the
effectiveness of the grain boundaries as potential nucleation sites
is their relatively higher energy. However, in the present study,
experimental evidence shows the formation of hydrides along
the o/ interfaces which are related by Burger’s OR. Such interfaces
are expected to be low energy interfaces, due to relatively higher
atomic matching across the interface [21-23]. Hence the governing
factors for the selection of o/p interfaces as preferred hydride
nucleation sites have to be more than mere boundary/interface
energy.

In general, precipitation of a secondary phase in a two phase
system depends on relative concentration, amount and solid sol-
ubility of the constituent phases in addition to the nature and
number of nucleation sites available for precipitation [19,24]. In
this context, spatial distribution of the hydrogen in the sample
can have an important role in determining the preferred sites of
hydride formation. The hydrogen charging temperature used in
the present study was 300 °C, which incidentally is also the oper-
ating temperature of the PHWR (pressurized heavy water reactor)
reactors. At this temperature, the solid solubility of hydrogen in
and o phases are considerably different, hydrogen being more sol-
uble in the p phase [25,26]. The hydrogen solubility data in the
beta phase is available for composition of 20%Nb only [25]. There
are no reports of any significant deviation of the hydrogen solu-
bility in the beta phase as a function of the Nb content to the
knowledge of the authors. Hence as a first approximation the
hydrogen solubility of the beta phase observed in the present
study (with a Nb content of approximately 13-14%) can be as-

sumed to be equal or close to the beta phase with 20%Nb. A
hydrogen solubility ratio of 9 between B-Zr (20%Nb) and o-Zr
was reported [27]. Such a large variation in hydrogen solubility
in the constituent phases leads to considerable hydrogen parti-
tioning between the two phases at the hydrogenation tempera-
ture. In other words, selective accumulation of the hydrogen in
B phase takes place. Considering the nominal level of 300 ppm
of hydrogen used in the present study, and taking the solubility
of hydrogen in o-Zr as 60 ppm (at 300°C) [25,27], it can be
shown that only 17% of the total hydrogen will be in o-Zr at
the hydrogenation temperature. In contrast, as high as 83% of to-
tal hydrogen will be in B-Zr which constituted only 17% of the
volume fraction of the microstructure used in the present study.
When the sample is cooled, during which the hydride precipita-
tion takes place, diffusion of hydrogen to the nearest potential
nucleation site is expected to be the critical step [28]. Naturally,
o/p interfaces happen to be the nearest interfaces for a majority
of the hydrogen atoms due to higher concentration of the hydro-
gen in B grains. Furthermore, the diffusivity of the hydrogen in
the B phase is much higher than that in the « phase [29]. The po-
tential of the o/p interfaces for aiding the nucleation of hydride
phase is further enhanced by the fact that the p grains observed
in the present study are primarily located at tri-junctions of the
o grains. It is a well known fact that the tri-junctions are one of
the strongest heterogeneous nucleation sites for solid state phase
transformations, like precipitation [19,24]. Since « phase does
have some hydrogen dissolved in it at the temperature of hydro-
genation, precipitation of hydrides along o/o grain boundaries is
possible in a condition where there is no suitable o/ interface
is present in the vicinity of the hydrogen atoms. This can explain
the observation of a relatively small fraction of hydrides along o/
o grain boundaries. In addition, since the hydrogenation temper-
ature used in the present study is 300 °C and the level of hydro-
gen charging is up to 300 ppm, one would expect formation of
hydride phase at the hydrogenation temperature, as the terminal
solid solubility (TSS) of the alpha phase is only 60 ppm at this
temperature. This also leads to formation of some hydrides along
the a/a. However, it is to be noted that number fraction of such
hydrides is low (see the Section 3.1) compared to the hydrides
that formed along the /B interfaces as the bulk of the hydrogen
is concentrated in the g phase due to the hydrogen partitioning
arising out of wide variation in solubilities of o and B phase for
hydrogen.

The present study has also shown that, though nucleation of
the hydrides has taken place along the o/p interface, their growth
occured only into the adjoining o grains. Although a detailed
thermodynamic analysis is beyond the scope of the present study,
previous works [30-33] suggest that the thermodynamic driving
force for the o — ZrH; 5 transformation to be stronger than that
of the B — ZrH, 5 transformation. This is a consequence of a high-
er affinity of hydrogen to Zr than to Nb which is present in signif-
icant amount in g phase [25]. This implies that the presence of a
OR between the p and 3-hydride cannot be due to B — ZrH;s
transformation. The observed OR between the interface §-hydride
and B is in fact a consequence of the fact that most of the o/p
interfaces have Burger's OR and & has stronger OR with the «
phase.

In summary, the present study has shown the important role
played by the nature of interfaces on the precipitation of hydrides
making use of microtextural information obtained from EBSD. It
has provided the quantitative measure of strain partitioning during
the formation of hydrides at the o/ interfaces. Hydride precipita-
tion was shown to depend on the level of hydrogen partitioning at
the hydrogenation temperature and availability of suitable g inter-
faces (low index planes of g phase) which are conducive for the
growth of hydride phase into the adjoining « phase.
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