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ABSTRACT

Hydride reorientation can occur as a result of vacuum drying or transportation of
spent nuclear fuel rods prior to dry cask storage. The elevated temperatures
generate high internal gas pressure in the fuel rods, causing é-hydride platelets
to precipitate perpendicular to the hoop stress during cooling. Because the
loading causes multiaxial stresses, it is of interest to elucidate the role of stress
state on the threshold stress for hydride reorientation. To that end, specially
designed specimens were used with a range of stress biaxiality ratios (c,/c5)
from uniaxial tension (ci/c,=0) to near-equibiaxial tension (c:/c,=0.8). The
threshold stress was determined in each case by matching the major and minor
stresses (and thus the local stress state) calculated by finite-element analysis to
the hydride microstructures created by the thermomechanical treatment at that
specific location. Using cold-worked stress-relieved Zircaloy-4, the results show
that as the stress biaxiality ratio increased from uniaxial tension to near-equibiaxial
tension, the threshold stress decreased from 155 to 75 MPa. To elucidate the
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hydride reorientation process, hydride precipitation and d-spacing behavior were
investigated in situ using synchrotron radiation diffraction. The precipitation
temperature for out-of-plane hydrides was lower than that for in-plane hydrides.
The 3{111} d-spacing aligned with the hydride platelet face was greater than the
d-spacing of planes aligned with platelet edges. Furthermore, {111} planes
exhibited bilinear thermally induced expansion, but only for those planes aligned
with hydride plate edges. In contrast, the hydride platelet face contracted upon
heating. The experimental results were explained by a reversal of stress state
associated with precipitating or dissolving hydrides within «-zirconium. In
addition, irradiated cladding after thermomechanical treatments was examined
by synchrotron radiation diffraction at ambient temperatures. Although the
hydride intensity was low for accurately determining d-spacing, the diffraction
patterns indicated that B-niobium peaks present in the un-irradiated cladding
were diminished after irradiation.

Keywords

synchrotron radiation, hydride, zirconium, threshold stress, in situ X-ray
diffraction, stress state, biaxiality ratio, Zircaloy-4, hydride reorientation,
irradiated cladding

Introduction

During nuclear reactor operation, hydrogen is picked up by the cladding as a re-
sult of waterside corrosion of the zirconium alloy. When the solid solubility limit
of hydrogen in the alloy is exceeded [1,2], hydrogen precipitates as circumferen-
tial (in-plane) d-hydride platelets, i.e., with faces perpendicular to the radial direc-
tion of the cladding tube (equivalent to the normal direction of sheet samples), as
primarily caused by the crystallographic texture. Spent fuel rods may be subjected
to a heat treatment to remove moisture from the outer surface prior to dry storage
or transportation. During the heat-up stage of vacuum drying, the internal pres-
sure within the cladding tubes increases because of the expansion of fill gases and
gaseous fission products, giving rise to multiaxial tensile stresses. Although the
hydrides partially or entirely dissolve in the cladding at the elevated temperatures
required for drying (up to 400°C), the subsequent cool down causes hydride re-
precipitation. It is well known that if hydrogen precipitation from a solid solution
occurs under a sufficiently high hoop stress component (i.e., above a threshold
stress), hydride reorientation occurs in which radial (out-of-plane) hydride plate-
lets precipitate and then are oriented perpendicular to the hoop stress [3-6].
These radial hydrides can drastically degrade the mechanical response of the clad-
ding tube by changing the failure mode at low temperatures from ductile to
brittle-like such that a through-thickness crack can much more easily propagate
[7-10]. The change in failure mode is accompanied by an increase in the ductile-
to-brittle transition temperature of the cladding even at relatively low hydrogen
concentrations [8,10]. The subsequent performance and retrievability of the spent
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fuel cladding under transport and storage conditions could be adversely affected
as a result.

Hydride reorientation is influenced by properties inherent to the alloy such as
the amount of cold work, grain microstructure, and crystallographic texture
[3,4,11-14]. In addition, the specific influences of thermomechanical parameters
such as maximum temperature, dwell time at maximum temperature, cooling rate
and number of cycles, and applied stress on the threshold stress for hydride reori-
entation have been extensively studied [8,9,15-19]. However, although there is a
significant amount of data on the value of the threshold stress to reorient the
hydrides during cooling, most of it was obtained under uniaxial tension condi-
tions [4,6,12,17,20-24], whereas the internal gas pressure creates biaxial stress
states with stress biaxiality ratios (c,/c; &~ 0.5) that are significantly higher than
uniaxial tension (G,/c; =0). Some threshold stress data for hydride reorientation
are available from studies using internally pressurized tubes that produce stress
states similar to what occurs during vacuum drying [9,15,16]; however, these val-
ues vary widely, making a firm comparison to the many threshold stress values
obtained from uniaxial testing difficult. Thus, the effect of the stress state on the
threshold stress to reorient hydrides in cladding material is not well known be-
cause no systematic study has addressed this issue to date. Furthermore, it is of in-
terest to understand the mechanism of hydride reorientation in detail. One
possible approach is to use high-energy synchrotron radiation diffraction to
study the changes in the hydride diffraction peaks during a thermomechanical
treatment while the sample is subjected to load at temperature. Using this meth-
od, it is possible not only to follow the diffracted intensity of the sample in situ
but also the change in the lattice parameter as the hydrides dissolve and re-
precipitate with and without load. By separately integrating the different orienta-
tions of the diffraction ring, it is possible to obtain diffraction signals from the
planes oriented along the load direction or perpendicular to it and thus from the
face or the edge of the hydride particles. Although recent studies have utilized
high-energy synchrotron radiation to examine the hydride dissolution/precipita-
tion behavior in situ during the thermal cycling behavior of zirconium alloys
[25-30], several aspects of the observed d-spacing behavior of hydride planes are
not only complex but also poorly understood. For example, although the existence
of a radial hydride signature has been identified [24], the root cause of this signa-
ture has not been explained.

This study examined the role of the stress state on hydride reorientation and
the d-spacing behavior of both in- and out-of-plane hydrides during thermome-
chanical treatment. The threshold stress to reorient hydrides was determined using
specimen configurations that produced stress states ranging from uniaxial tension
(0,/01=0) to near-equal biaxial tension (c,/c; =~ 0.8) that bound the conditions
of vacuum drying. High-energy synchrotron radiation diffraction data were ana-
lyzed for d-spacing behavior because both in- and out-of-plane hydrides dissolve
and precipitate during thermomechanical treatment under a multiaxial stress state
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similar to that of cladding undergoing a drying cycle. The results and its implica-
tions were analyzed and discussed in the context of the known literature.

Experimental Methods

This study utilized cold-worked stress-relieved (CWSR) Zircaloy-4 flat sheet material
with a nominal thickness of 0.67 mm that was obtained from ATI Specialty Alloys
and Components. This Zircaloy-4 sheet exhibited the usual strong crystallographic
texture [31] with basal planes that were aligned +30° away from the sheet normal
along the transverse direction (TD) [32]. Kearns factors [3] of the sheet in three dif-
ferent directions were measured as fy=0.59, f; =0.05, and fr=0.31 in the normal
direction, rolling (similar to longitudinal) direction (RD), and TD, respectively [33],
similar to a typical CWSR Zircaloy-4 nuclear fuel cladding tube texture [34].

Hydriding of the samples was performed by gaseous diffusion. Prior to the hydrid-
ing process, the native oxide layer was removed using an acid solution of distilled wa-
ter, nitric acid, and hydrofluoric acid by parts in volume 10:10:1, following which the
samples were coated with a 200-nm-thick nickel layer to allow hydrogen diffusion into
the samples. The samples were then heated in a tube furnace to 500°C under a vacuum
of less than 13.3 uPa, and a mix of hydrogen and argon gas (12.5 % H, and 87.5 % Ar
by volume) was introduced for 2 h at 500°C. This treatment simultaneously induced
hydrogen absorption, homogenization, and stress relief. The hydrogen contents of
the samples were approximately 180 wt. ppm (maximum: 197 wt. ppm; minimum:
157 wt. ppm); these contents were systematically determined before and after ther-
momechanical treatment using hot-vacuum extraction® [35]. The hydrogen level of
180 wt. ppm was high enough that precipitation during cooling started at a tempera-
ture at which hydrogen is mobile and low enough that the complete dissolution of
hydrogen can occur at a reasonable temperature (approximately 400°C).

The uniaxial tensile behavior of this CWSR Zircaloy-4 sheet was determined
previously for temperatures ranging from 25 to 400°C [24,36-39]. For example, the
yield stress at room temperature was 600 MPa, and at 400°C, which was the as-
sumed temperature of the finite-element analyses of the specimens, it was 300 MPa.
In addition, at 400°C, the strain-hardening exponent had the following value:
n=dlnc/dine = 0.022.

Fig. 1 shows the three types of test specimens used to create the range of stress
strates: tapered uniaxial, plane strain [37,40], and near-equibiaxial. The tensile axes
of these specimens were oriented along the TD (corresponding to the hoop orienta-
tion of a cladding tube).

Because the double-edge notched-based geometry requires numerical calculations
to determine stress distributions within the samples, finite element analyses were

SFor the samples that were utilized to determine threshold stress values, the hydrogen contents over the
sample length and width before thermomechanical treatment showed differences of less than 10 wt. ppm.
After the thermomechanical treatment, we did not observe a difference in hydrogen content more than
15 wt. ppm within the sample gage section and over the gage length.
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FIG.1 Mechanical test specimen geometries (all dimensions shown are in mm):
(a) tapered uniaxial tension, (b) plane-strain double-edge notch tension, and
(c) near-equibiaxial double-edge notch specimen with holes. The mechanical
load was applied along the TD that corresponds to the hoop direction for tube
geometry. TD =transverse direction.
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performed using ANSYS to calculate the magnitude of the local principal stresses
along with the corresponding stress biaxiality ratios. These calculations were per-
formed under the assumptions of plane stress through the thickness and isotropic®
mechanical properties at 400°C. The finite element analysis performed on the plane-
strain tension sample geometry in the elastic region indicated that the stress biaxiality
ratio (0,/0,) across the gage width decreased from 0.57 (near plane strain) at the mid-
point between the two notches to 0 (uniaxial tension) near the notch. To investigate
the stress-state effect for stress biaxiality ratios greater than 0.57, the near-equibiaxial
samples shown in Fig. 1c were used. Fig. 2 shows plots of the major and minor stresses’
and stress state along and perpendicular to the gage length. The notch and hole ar-
rangement produces a range of biaxial stress states when under load. Near the center
of the specimen, a near-equibiaxial stress biaxiality ratio of approximately 0.83 is
achieved (see Fig. 2c). An extensive region exists near the gage center in which the
major stress is nearly constant while the minor stress decreases, resulting in a range
of stress states along the gage length. Although the finite element analysis predicts a
small plastic zone near the notches of a loaded specimen, the threshold stress values
reported later were determined from regions of the sample that remained elastic.

6Zircaloy-4 exhibits anisotropic mechanical properties; MATPRO reports approximately elastic moduli of 75
GPa along the axial and 72 GPa along the hoop directions at 400°C [41]. Because the difference in elastic

moduli is small, we assumed the elastic modulus is isotropic at the hydride precipitation temperatures.
"Note that for these plane-stress analyses, the minimum principal stress was always the zero through-

thickness stress. Thus, we adopted the notation for the in-plane stresses as the major and minor stresses;
both are principal stresses, and the major stress is also the maximum principal stress.
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FIG. 2 Calculated stress-state response of the near-equibiaxial sample when the
average tensile stress across the gage width (from one notch to another) was
210 MPa. (a, b) Major and minor stress distributions and the equivalent stress
distribution; (c, d) stress biaxiality ratio along the gage width and length. The
finite element calculation was performed using material properties at 375°C.
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Fig. 3 shows the two-, three-, and five-cycle thermomechanical treatment used in
this study. Each cycle involved heating to 450°C (at a rate of 5°C/min) to dissolve the
hydrides, a 1-h dwell, and subsequent cooling down to 150°C at a rate of 1°C/min,
except for the fourth and fifth cycles in which the cooling rates were higher at 5 and
10°C/min. When the temperature reached 375°C (hydrogen still in solid solution)
during cooling, a mechanical load was applied (red lines). The choice of 375°C was
based on the desire to minimize any plastic zone near the specimen notches (due to
increasing Zircaloy yield stress with decreasing temperatures) and yet to retain the
hydrogen in solution. Subsequent cooling caused out-of plane hydride precipitation if
the stress was higher than the threshold stress. The thermomechanical treatment
shown in Fig. 3b and ¢ were used in the in situ synchrotron radiation experiments;
these treatments included a zero-stress first cycle to examine the dissolution and pre-
cipitation of in-plane hydride particles.

After the thermomechanical treatment, the hydride microstructures were
characterized using light microscopy of either the normal plane, i.e., the flat sheet
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FIG.3 Thermomechanical treatment (temperature in black and load in red) of samples
for (a) ex situ bulk hydride reorientation experiments and in situ synchrotron
radiation diffraction experiments: (b) three-cycle or (¢) five-cycle
thermomechanical treatment.
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surface or through-thickness plane (normal to RD). For micrographs of the
through-thickness plane, the degree of hydride reorientation was characterized
using the radial hydride fraction (RHF), which was determined based on the ex-
amination of a 600 by 200-um” rectangular region of the micrographs within
which the ratio of total length of radially oriented hydrides to total length of all
hydrides [31,42] was estimated as follows:

Total length of hydrides oriented within 45° < 0 < 135°

RHF =
Total length of hydrides at any orientation

1)

where:

0 = angular deviation from the TD of the sheet for the individual macroscopic
hydrides [36].

Using Image] software, hydrides were labeled according to their orientation,
and their number and lengths were determined. For the through-thickness micro-
graphs, the onset of hydride reorientation was defined as the achievement of a radi-
al hydride fraction of 0.05.
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Samples were examined after swab etching with the same solution used for the
removal of the native oxide layer to reveal the hydrides. For micrographs that viewed
the normal (or sheet surface) plane, the in-plane hydrides are oriented parallel to the
plane of view and cannot be seen in these micrographs. However, the out-of-plane
hydrides, which are perpendicular to the sheet surface, could be clearly seen after
etching, and the onset of hydride reorientation was determined as occurring when
the hydrides were first observed. The threshold stresses for hydride reorientation
were identified as the calculated stresses by finite element analysis at that location.

In situ X-ray diffraction experiments were performed at the 1-ID-C beamline
at the Advanced Photon Source at the Argonne National Laboratory. Fig. 4 shows
the beamline experimental setup: a 100 by 100-um?* rectangular X-ray beam was
incident on a sample that was placed in a furnace and subjected to load at tempera-
ture during the experiment. Because of its high energy (80 keV), the beam was
transmitted through the 0.6-mm-thick double-edge notched sample that generated
diffraction rings from both o-zirconium and §-hydride phases that were recorded
in an area detector. During hydride dissolution and precipitation, the diffraction
data were continuously acquired by moving the incident beam sequentially to the
locations on the sample where the stress biaxiality ratio was 0, 0.53, or 0.83. By inte-
grating the diffraction rings over 15° arcs either aligned with the loading direction
(TD) or normal to it (RD) [24,25], the hydride dissolution and precipitation behav-
iors were tracked in situ.

Fig. 4b shows the diffraction peaks after the integration of the ring patterns
shown in Fig. 4a. These peaks were indexed and fitted using three types of software:
pseudo-Voigt functions in GSAS [43] and MATLAB and the Pearson-7-Area func-
tion in Peak Fit [44]. The d-spacings, full-width at half maximum, and intensities of
characteristic peaks of both zirconium and hydride phases could be determined.

FIG. 4 (a) Experimental setup at the 1-ID-C beamline and (b) typical X-ray diffraction
pattern of the sample integrated over the full diffraction ring as seen in
(a) containing 172 wt. ppm hydrogen.
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In the case of Fig. 4, the rings were integrated over the full circle, but the integration
of segments along the RD or TD only are also possible.

To investigate the possible role of the radiation damage on hydride reorienta-
tion, two sets of irradiated cladding specimens, Zircaloy-4 and M5, were examined
using high-energy X-ray diffraction at ambient temperature. In the first experiment,
irradiated cladding samples were prepared by cutting small slices of Zircaloy-4
from H. B. Robinson irradiated to a neutron fluence of 14 x 10> neutrons/m>
(E>1 MeV) for more than 6 years [45] and M5 cladding irradiated to a neutron
fluence of 14-16 x 10** neutrons/m” [46]. The inner and outer cladding surface
oxide layers were removed by grinding and polishing, and metallography was per-
formed on etched sister samples to characterize the hydride microstructure. The
hydride microstructure of the as-irradiated Zircaloy-4 sister sample containing
270 wt. ppm hydrogen showed both a hydride rim and homogeneously distributed
hydride platelets within the cladding (Fig. 5). These samples were examined in their
as-irradiated state.

The preparation of the M5 samples was the same as the Zircaloy-4 samples. Prior
to examination, each of the M5 samples was subjected to a single-cycle thermome-
chanical treatment with different levels of stress (Table 1) such that each specimen
exhibited different levels of hydride reorientation. As shown in Table 1, the specimens
had similar burnup values and hydrogen contents but different radial hydride conti-
nuity factors (RHCFs)® from 0 to 0.72 [8]. Fig. 6 shows that the initial microstructure
of the as-irradiated sample (Sample 1) consisted primarily of circumferential hydrides
with a few radial hydrides, whereas Fig. 7 shows the hydride microstructures with in-
creasing levels of the RHCF. Increasing the applied stress from 90 to 140 MPa
resulted in an RHCF increase from 31 % to 72 % and a concomitant increase in the

|
Two sections of the as-irradiated Zircaloy-4 cladding showing the hydride

microstructure.

BRHCF is the ratio of the maximum length of the continuous radial and circumferential hydrides in a 150-pum
segment of the cladding divided by the thickness of the cladding. For a detailed explanation, see Billone,
Burtseva, and Einziger [8].
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List of M5 cladding samples tested.

1261

Samples Hydrogen Oxide Thick- Burnup Stress During RHCF after
(ANL Designation) Content (wt. ppm) ness (um) (GWd/MTU) Treatment (MPa) Treatment (%)
1(652E6J) 76 =5 8 72 0 0

2 (651E3H) 58 +15 9 68 90 3113

3 (651E5F) 72£10 8 68 10 6110

4 (645D5) 94x4 13 63 140 7210

5 (nonirradiated) 0 0 0 0 0

Note: The samples were heated to 400°C for 1 h and then cooled to 200°C with a rate of 5°C/min
and finally cooled down to ambient temperature at the furnace cooling rate. Samples 2-4 were sub-
jected to a one-cycle thermomechanical treatment. RHCF = radial hydride continuity factor.

The hydride microstructure of the as-irradiated M5 cladding material (Sample 1).

Radial Hydrides

Hydride microstructures of (a) Sample 2 with an RHCF of 31 %, (b) Sample 2
with an RHCF of 61 %, and (c) Sample 3 with an RHCF of 72 %. RHCF, radial

RHCF=31% RHCF=61%N‘ RHCF=72%

} A
g Yok
{ SR

hydride continuity factor.

A P S 5
e

wKencne

radial hydride fraction from 10 % to nearly 100 % because most of the hydrides were
aligned perpendicular to the hoop direction (Fig. 7c).

To examine the radioactive samples using synchrotron radiation diffraction, an
encapsulating sample holder was designed to contain the sample using two layers
of Kapton tape that were transparent to X-rays. The dose rates were measured as
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2-5mSv/h at 1 ft for v only and 4-10 mSv/h at 1 ft for both v and B, well below the
APS limitations of 50 mSv/h at 1 ft as determined by the health physics division of
the APS.

Results and Discussion

EFFECT OF STRESS STATE ON THE THRESHOLD STRESS FOR HYDRIDE
REORIENTATION

To determine the effect of the stress state on the threshold stress for hydride reori-
entation, we (1) used the tapered uniaxial tensile specimen geometry (Fig. 1a) to
determine the threshold stress (G‘lh) for the onset of hydride reorientation for
a given thermomechanical treatment of Zircaloy-4 under uniaxial tension and
(2) applied identical thermomechanical treatment to double-edge notched speci-
mens with the geometries shown in Fig. 1b and ¢ to determine the ¥ at different
locations within the specimens with the use of the local stress states known at those
locations from finite element analysis. All threshold stress values were determined
from regions of the specimens that remained fully elastic and did not yield.

This approach relies on a light microscopy examination to determine the
hydride microstructure coupled with stress analyses to determine the stress states at
the locations where microscopy indicates a transition to out-of-plane hydride pre-
cipitation. Fig. 8 shows a cross sectional optical micrograph of a tapered uniaxial
tension sample (Fig. 3a) after a two-cycle thermomechanical treatment for hydride
reorientation. Because of the tapering, the tensile stresses varied along the length of
the sample, thus allowing the ¢ value to be determined directly. The calculated
tensile stress at the location for 0.05 RHF (155 MPa) was the % for the transition
from the in- to out-of-plane hydride precipitation. Above 177 MPa, the radial hy-
dride fraction approached one, whereas it was zero below 145 MPa.

The threshold stress for hydride reorientation % under biaxial stress states
was assessed using a combination of metallographic examination and finite element
analysis of the corresponding test specimens. Fig. 9 shows the results of one such

FIG. 8 Hydride microstructure shown in a cross section of a tapered uniaxial tension
sample along its edge plane after the two-cycle thermomechanical treatment
shown in Fig. 2a. The threshold stress for hydride reorientation was

approximately 155 MPa.

147MPa 155MPa 162MPa
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FIG. 9 Optical micrographs showing an out-of-plane hydride microstructure within
a double-edge notched plane-strain tensile specimen. (a) Radial hydride
microstructure and stress biaxiality ratio (c5/c7) across the gage section. At the
applied stress used in this test, out-of-plane hydrides were visible in the uniaxial
tensile region near the notch where the local value of the major stress exceeded
155 MPa (b). At a stress biaxiality ratio of 0.57 (c), the transition from in-plane to
out-of-plane hydrides occurred at a maximum principal stress of 110 MPa. The red
arrows in (b) and (c) show the orientations of the major stress at those locations.

(®)

(©)

analysis for a plane-strain tension sample previously subjected to a two-cycle hy-
dride reorientation treatment. As shown in Fig. 9a, the stress biaxiality ratio
increases from 0 (uniaxial tension) near the notch to 0.57 (near plane strain) near
the center of the gage section. Uniaxial tension conditions were present in many
locations within the sample (such as along the strip of material near the edge of
sample), which allowed us to estimate %" for the uniaxial tension as 155 MPa
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tapered uniaxial tension specimens shown in Fig. 8. At near plane-strain tension
locations, examining regions such as the regions shown in Fig. 9b yields values of
o' =110 = 7 MPa, much lower than for uniaxial tension.

Fig. 10 is an optical micrograph after testing showing the hydride microstruc-
ture with the major and minor stresses superimposed and with their respective ori-
entations indicated. A careful analysis of the locations where ©,/G,=0.83 shows
that for this condition %" =75 = 10 MPa. This threshold stress was significantly
lower than the Gih value in either uniaxial (155 MPa) or plane-strain tension
(110 MPa). As expected, Fig. 10 shows that the out-of-plane hydrides were systemat-
ically oriented normal to the local major stress direction.

In the literature, threshold stresses for hydride reorientation in CWSR
Zircaloy-4 samples subjected to uniaxial tension have been reported to be in the
range of 140-200 MPa [22-24] with the exception of Chung et al. [47], who
observed a value of 85 MPa. Thus, the c?" values for uniaxial tension obtained in
this study were in the range of previous measurements. For the plane-strain tension
case, 6" derived from thin-wall internally pressurized tubes (5,/c; =0.50) ranged
from 70 MPa for the un-irradiated Zircaloy-4 cladding samples (130-600 wt. ppm
of hydrogen and treated from one to twelve cycles of thermomechanical treatment)
[48] to 110 MPa for irradiated high-burnup (up to 55 GWd/t) pressurized water

FIG.10 An optical micrograph showing the hydride microstructure within a near-
equibiaxial tension sample. The arrows show the orientations as well as the
relative magnitudes of the major and minor stresses when a far-field stress is
applied.
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reactor cladding samples (30-110 wt. ppm hydrogen) for one-cycle treated samples
[9]. Thus, the plane-strain threshold stress value of 110 MPa (at 6,/c; =0.57) ob-
served herein was at the high end of previously reported internally pressurized tube
test data for un-irradiated Zircaloy-4. These data also suggest that c?" decreases
with increasing stress biaxiality, as verified in Fig. 11.

The Gﬁh data as a function of biaxiality ratio are summarized in Fig. 11. A roughly
linear decrease in threshold stress (major stress) was seen with an increasing stress
biaxiality ratio. The net effect was that the threshold stress in near-equibiaxial tension
was roughly half of that in uniaxial tension. It is significant that the c?" values for
uniaxial tension were determined from selected regions within all three specimen ge-
ometries (and from two different faces of the specimens), and the good agreement
shown among the values for all types of samples supports the validity of the database.

HYDRIDE DISSOLUTION/PRECIPITATION BEHAVIOR AND STRESS STATE

The previous section revealed an effect of the stress state on the hydride reorienta-
tion threshold stress in CWSR Zircaloy-4. Those results raise the question of
whether there is also a significant effect of the stress state on the hydride structural
response, as measured by the change in hydride lattice spacing, during dissolution/
precipitation of both in- and out-of-plane hydrides in Zircaloy-4 during

|
FIG. 11 The threshold stress (major stress) at the onset of radial hydride formation
as a function of stress biaxiality for cold-worked stress-relieved Zircaloy-4
with a nominal 180 wt. ppm hydrogen and subjected to a two-cycle
thermomechanical treatment. Each data point represents an average of three
to five measurements. Error bars show the maximum and minimum values of
threshold stress. Different colors indicate different individual samples, and
different symbols indicate different sample types (each of which may contain
regions with different states of stress).
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thermomechanical treatment. Synchorotron X-ray diffraction can be a useful tech-
nique for this purpose [22,39,41-44].

Because the intensity of diffraction signals associated with the &-hydride is
related to the volume fraction of the corresponding phase, following the hydride
intensity evolution during thermomechanical treatment it is possible to determine
the hydride dissolution and precipitation temperatures in situ. The dissolution tem-
perature T is the extrapolated temperature at which 6-hydride intensity goes to
zero during heating, whereas the precipitation temperature T, is identified as the
temperature at which hydride diffraction intensity reappears during cooling. In or-
der to study the effect of the stress state on the hydride dissolution and precipitation
temperatures while eliminating specimen-to-specimen variability, four different
locations were measured within a single specimen.

The measured T, values were very consistent, independent of stress state, and did
not depend on whether in- or out-of-plane hydrides were dissolving. The values of T,
also agreed quite well with literature values of dissolution temperature, as determined
by the diffusion coupling method [1] and differential scanning calorimetry [2].

Fig. 12 shows the values of T}, obtained from measurements at different locations
with stress states from 0 to 0.83 within a single sample; data for in-plane hydrides
(no stress, first cycle) as well as for out-of-plane hydrides (stress applied) are includ-
ed. The T, values for the in-plane hydrides that fell within the range of 330-340°C
were consistent with literature values for T, (310-347°C) [2,24] for this hydrogen

FIG.12 Precipitation temperature as a function of the stress biaxiality ratio for four
different locations within a near-equibiaxial tension sample with a hydrogen
content of 172 wt. ppm. The error bars were based on the maximum variation in
the temperature measurement during the experiments. McMinn’s data were
acquired from the Zircaloy-4 weld material [2].
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concentration. The precipitation temperatures for hydrides that precipitated under
an applied stress (in these cases stresses above the reorientation threshold stress)
were lower than for the hydrides that precipitated under no stress, suggesting that
the precipitation temperature for reoriented hydrides is lower than that of in-plane
hydrides. The effect would be consistent with the applied stress inhibiting the pre-
cipitation of in-plane hydrides, possibly by making it difficult for the usual orienta-
tion relation to be satisfied so that the precipitation has to happen under a different
process and thus at lower temperatures. Moreover, the thermal history has an im-
pact on the precipitation temperature such that the hydrides leave dislocation
debris while dissolving in the parent zirconium [49]. Therefore, hydrides preferen-
tially precipitate at those dislocation debris for the next cool-down cycle. Because
the maximum temperature (450°C) in this study was too low for stress-relief anneal
to occur, the maximum temperature and dwell time at the maximum temperature
are expected to have minor effects.

ZIRCONIUM MATRIX AND 3-HYDRIDE D-SPACING BEHAVIOR DURING
THERMOMECHANICAL TREATMENT

The fitting of the «-zirconium and 6-hydride diffraction peaks yielded the peak
positions that corresponded to the d-spacing in those phases. Because the measure-
ment was done in situ, the detailed evolution of the d-spacings (and thus elastic
strain) during the thermomechanical treatment can be followed. Fig. 13 shows the
o-zirconium {100} d-spacing evolution during the (stress-free) first cycle of the
thermomechanical treatment shown in Fig. 3 and involving the dissolution and

|

FIG.13 The d-spacing variation of a-zirconium {100} during one cycle of a stress-free
thermomechanical treatment. The hydrogen content of this sample was 180 wt.
ppm, and the cooling rate was 1°C/min. For clarity, not all data points are
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precipitation of in-plane hydrides. The o-zirconium {100} d-spacing initially in-
creased linearly with temperature at a rate of 7.5 x 10~%/°C (red triangles), similar
to the Zircaloy-4 plate thermal expansion coefficient of 7 x 107%/°C [41]. As the
temperature approached 250°C, hydrogen atoms dissolved from the hydrides began
to contribute to a-zirconium d-spacing by expanding the zirconium lattice. When
the hydride dissolution process was completed, the a-zirconium d-spacing increase
rate returned to its initial value (Fig. 13). These data are similar to previous studies
[24,25,50] that also observed a similar lattice expansion during heating of hydrided
Zircaloy. During cooling the same line was followed until hydride precipitation oc-
curred, and when that finished (~280°C) the lattice contraction rate reverted to the
original value characteristic of the zirconium matrix. This value of the hydride pre-
cipitation temperature at which precipitation started (7)) and the dissolution tem-
perature at which dissolution ended (T,;) agreed well with the diffraction intensity
determinations of T;; and T, discussed previously.

It is also of great interest to study the d-spacing in the hydride particles, and for
this we used the position of the strongest hydride diffraction peak (the &{111}
peak). By integrating the diffraction rings over 15° segments of arcs aligned with
the loading direction (TD) or normal to it (RD) [24,25], the hydride d-spacings
could be independently tracked in the two sample directions. Note that for in-plane
hydrides viewed as macroscopic platelets, both the TD and RD d-spacing data cor-
responded to 6{111} planes aligned with the edges of the hydride platelets rather
than with the hydride platelet faces.

Fig. 14a and b show the TD and RD d-spacing behavior of 6{111} planes of in-
plane hydrides during the first cycle. For temperatures up to approximately 200°C,
the hydride planes along both TD and RD expanded at a rate (~3 x 10%/°C) that
was somewhat less than that of the Zircaloy-4 matrix. However, at temperatures
above 200°C, the d-spacing expansion rate increased to approximately 20 x 10¢/°C

|

FIG.14 The evolution of 8-hydride {111} d-spacing in (a) TD and (b) RD orientations
during the first cycle of the thermomechanical treatment; no external stress
was applied, and the microstructure consisted of in-plane hydrides. RD, rolling
direction; TD, transverse direction.

(a) TD d-spacing (Major principal axis) (b) RD d-spacing (Minor principal axis)
2.7
65 @® % cycle heat-up, 5=0MPa 2.765 ¢
o 1% cycle cool-down, 6=0MPa o °®
[
%

€ . e

® e i

52755 > £2755

& =2 1-heating

7 5 Z P

< y - 8

m 1-coolit
2.745 2.745 ™ T T
25 125 225 325 425 25 125 225 325 425
Temperature (°C) Temperature (°C)

Copyright by ASTM Int'l (al rights reserved); Mon May 13 12:48:47 EDT 2019
Downloaded/printed by
Penn State University (Penn State University) pursuant to License Agreement. No further reproductions authorized.



CINBIZ ET AL., DOI: 10.1520/STP159720160052 1269

or roughly in between the thermal expansion coefficient of hydrides measured by
Yamanaka et al. [51] (25-30 x 107%/°C ) and Beck (14.2 x 107%/°C ) [52]. Thus, the
data show a two-stage bilinear thermal expansion behavior for hydride planes aligned
with the platelet edges. Below 200°C, the hydride platelets were constrained to ex-
pand at a rate similar to that of the Zircaloy-4 matrix, whereas above 200°C, the ma-
trix constraint appears to have decreased, allowing the hydride particles to expand at
rates close to their own thermal expansion coefficient. It is important to note that
subsequent cycles in which the precipitation under tensile stress induced out-of-plane
hydrides only showed the bilinear thermal expansion behavior during heating for
those {111} planes aligned with the edges of the platelets (i.e., the RD data). Similar
bilinear thermal expansion behavior has been observed previously for the §{111}
planes aligned with the edges of hydride platelets in Zircaloy-4 [24,27,53]; in all cases,
a higher thermal expansion rate was observed at elevated temperatures. No explana-
tion has been offered for this effect to date.

Fig. 14 also shows that at the onset of in-plane hydride precipitation both the
TD and RD 8{111} d-spacings were lower than the value measured at the same tem-
perature during heating, suggesting that the hydrides were under compressive
strains when precipitation began. The d-spacing difference was roughly that
expected from compressive strains limited by the flow stress of Zircaloy-4 (~315
MPa at 325-330°C) assuming the elastic modulus of the d-hydride as 98 GPA at
approximately 300°C [54]. Finally, continued cooling constrained the hydride to
contract in a manner that was dictated by the matrix. As a result, at approximately
225°C, the hydride d-spacing matched that of the original d-spacing measured dur-
ing heat up, and further cooling caused the in-plane hydrides to contract at a rate
similar to that seen during heating.

The hydride d-spacing behavior during thermomechanical treatment cycling
differed significantly when stress was applied to cause hydride reorientation. Fig. 15
shows the d-spacing behavior based on the diffraction data aligned along the TD
and RD directions during heating/cooling of the second and third cycles of the ther-
momechanical treatment. During the second cycle heat up, the d-spacing behaved
much as the first cycle for both TD and RD orientations because the {111}
d-spacing of in-plane hydrides showed bilinear expansion behavior upon heating
from 150°C. For the second cycle cool down, the load (applied at 375°C, a tempera-
ture at which all hydrogen was still in the solid solution [1,2]) caused out-of-plane
hydride precipitation to initiate. When the stress was applied and hydride reorien-
tation occurred, a comparison of Fig. 15a and b shows that the d-spacing behavior
determined in the TD orientation was quite different from that in the RD orienta-
tion. To understand the significance of the difference, it is important to recognize
the orientations of the specimen, hydrides, and incoming X-ray beam. Once out-of-
plane hydrides were formed, the diffraction data obtained from the TD orientation
(parallel to the major stress axis) corresponded to the d-spacing of 6{111} planes
oriented parallel to the apparent platelet faces. In contrast, the RD signal still corre-
sponded to the 8{111} d-spacing of the planes aligned along the platelet edges. The
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FIG.15 The 8-hydride {111} d-spacing in (a) TD and (b) RD orientation during the
thermomechanical cycling. Complete hydride reorientation occurred at the
specific location, which was the center of the specimen where the major stress
was 150 MPa and the stress biaxiality ratio was 0.53. The load was applied at
375°C during cooldown and removed at 150°C. RD, rolling direction; TD,
transverse direction.
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other factor was that the stress biaxiality ratio was 6,/G; = 0.57, which resulted in
a near plane-strain condition.

The data in Fig. 15 can now be interpreted in terms of the strain behavior of face
planes of the out-of-plane hydride platelets (i.e., the TD data) and the edge planes of
the same platelets (i.e., the RD data). The cooling stage of the second cycle depicted
the d-spacing behavior of out-of-plane hydride platelets forming and growing. Based
on X-ray data generated at the RD orientation, Fig. 15b shows no large difference be-
tween the 6{111} lattice plane spacing of in-plane hydrides (present during heating)
and the corresponding d-spacing of out-of-plane hydrides that formed and grew dur-
ing cooling of the subsequent cycles. Although the differences in d-spacing behavior
shown in Fig. 16a (TD orientation) and b (RD orientation) are striking, it must be
recalled that the RD data indicated {111} lattice spacing of those planes aligned with
the platelet edges regardless of whether the hydrides were in plane or out of plane.
Another factor in understanding the results is the fact that the RD orientation was
aligned with the plane-strain direction of the loading used to reorient the hydrides.
As a result, the application of a far-field load to precipitate out-of-plane hydrides did
not cause an increase in d-spacing as determined in the RD orientation. Furthermore,
the reorientation of the hydrides did not affect the d-spacing behavior of the {111}
planes aligned with the platelet edges, although the hydrides were completely reor-
iented to the out-of-plane configuration at the end of the third cycle. Thus, the expan-
sion/contraction behavior within the plane of the hydride platelet during heating/
cooling was much like the first cycle response and even during subsequent thermo-
mechanical treatment cycling. For the {111} d-spacing of those planes aligned with
the platelet edges, bilinear thermal expansion behavior continued to exist upon heat-
ing, as is evident in the truncated data shown in Fig. 15b.
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FIG.16 A schematic depiction of (a) the anisotropic triaxial stress state within the
precipitated hydride platelet and (b) the resulting strain state within the

platelet.
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In contrast to the d-spacing behavior of {111} planes aligned with the platelet
edges, the face planes showed much different behavior. Initially, with the load
applied, there was significantly greater d-spacing among the face planes than that ob-
served for the edge planes during either the previous heating cycle (Fig. 15a) or the
concurrent cooling cycle (Fig. 15a and 15b). The d-spacing values for the planes paral-
lel to the hydride faces (TD data) were higher than those aligned with the hydride
edges (RD data). This disparity in spacing that occurred between those 6{111} planes
oriented parallel to the platelet faces (i.e., face planes) and those 6{111} planes aligned
with platelet edges (edge planes) was retained even after the load was removed at
150°C. Thus, with load removal at 150°C, the d-spacings in the precipitated hydride
platelet were such that the face planes had 0.22 % greater spacing than the edge
planes. This effect has been observed previously and referred to as the radial hydride
signature [24]. Note that the same condition for the hydride strain state has also been
observed by others for the in-plane hydrides, namely that the hydride face d-spacing
is greater than the edge d-spacing [27]. Nearly identical behavior has been observed
in the TD orientation d-spacing response during subsequent cycling (through five
cycles). Thus, this hydride reorientation signature persists after many cycles and is
retained after cooling to room temperature.

Fig. 15a also shows that the face-plane d-spacing data had the surprising behavior
in that upon heating during the third cycle this particular 6{111} spacing decreased
with increasing temperatures. This anisotropic thermally induced contraction (the
edge-aligned planes behaved normally) continued within the out-of-plane hydrides to
a temperature of approximately 325°C, after which the d-spacing began to increase in
a normal manner at a rate roughly equal to that of the thermal expansion rate of
hydrides. This thermally induced contraction effect was also reproduced during sev-
eral cycles of the thermomechanical treatment, although the cooling rates were faster

Copyright by ASTM Int'l (al rights reserved); Mon May 13 12:48:47 EDT 2019

Downloaded/printed by
Penn State University (Penn State University) pursuant to License Agreement. No further reproductions authorized.



1272 STP 1597 On Zirconium in the Nuclear Industry

for the fourth (5°C/min) and fifth cycles (10°C/min) [55]. Although the data were
not as complete, a similar d-spacing contraction effect has been observed for radial
hydrides during a single heating cycle of a thermomechanical treatment of a Zr2.5Nb
pressure tube containing 67 wt. ppm. hydrogen and loaded in uniaxial tension [28].
Examining the precipitation/dissolution behavior of hydrides in recrystallized
Zircaloy-4 plates containing approximately 200 wt. ppm. hydrogen, Santisteban et al.
[27] also observed a hydride d-spacing contraction during a single heating cycle. This
latter observation is particularly significant because it was based on the d-spacing re-
sponse of in-plane hydrides (not out-of-plane hydrides as in the present results) but
with the diffraction condition such that the d-spacings of {111} planes determined
were those of planes oriented parallel to the faces of the in-plane hydride platelets.
Santisteban et al. [27] also indicated that for in-plane hydrides there is also a
{111} d-spacing disparity between those {111} planes parallel with the face of the
hydride platelet and those {111} planes aligned with platelet edges: namely, similar
to our observations for out-of-plane hydrides, their data for in-plane hydrides
showed dice planes > dedge planes: Thus, we conclude that the following condition
exists for both in- and out-of-plane hydrides in Zircaloy-4: di.ce planes > dedge planes-

ANALYSIS OF 5-HYDRIDE D-SPACING BEHAVIOR DURING
THERMOMECHANICAL CYCLING

The complex behavior of the d-spacings of 8{111} planes within the hydride platelets
shown in Fig. 14 and Fig. 15 may be understood in terms of the stresses within the
hydrides during dissolution upon heating and subsequent precipitation upon cooling.
Although the hydrides on a microscopic level are believed to be constituted of many
stacked hydride segments, their macroscopic shape is that of a thin plate with a large
length/width ratio. For this discussion, we assume that the collective behavior of the
individual microscopic hydrides is that of a macroscopically thin platelet embedded
within the Zircaloy-4 matrix. The principal experimental results are as follows:

1. The d-spacings of the 6{111} hydride planes oriented parallel with the face
plane exceeded the spacing of those {111} planes aligned to the edge of the
platelet such that dp,ce planes > dedge planes-

2. During heating/dissolution, the d-spacings of those 8{111} planes aligned with
the hydride plate edges exhibit a bilinear thermal expansion behavior. Upon
heating, the d-spacings initially increase at rates (~3 X 107°/°C) close to that
of the Zircaloy matrix, but above 200°C the expansion rate increased to rough-
ly that of an unconstrained hydride (~20 x 107¢/°C).

3. Upon heating/dissolution, the d-spacings of the {111} planes oriented parallel
to the hydride face initially contracted upon heating. This contraction contin-
ued until that d-spacing was similar to that of the {111} planes aligned with
the dissolving platelet edge.

To understand these experimental observations, the following is known regard-
ing the stress state within the hydrides. Upon precipitation and owing to the trans-
formation strain and (primarily) to the plate-like shape of the hydrides, the internal
stresses within the precipitated hydrides are compressive such that the in-plane
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stress components exceed the stress component normal to the platelet, as shown in
Fig. 16. As described below, the resulting strain state is such that the d-spacing of
planes parallel to the hydride face exceeds the spacing of those planes aligned with
the plate edges within the precipitated hydrides. Recognized by Leitch and Shi [59]
and estimated by Singh et al. [56], the dissolution of the hydrides quickly relaxes
the compressive stresses and generates tensile stresses within the hydrides when
those regions are converted back to the matrix.

To demonstrate the implications of these premises to our results, we applied
the finite element analysis of Singh et al. [56] in which the stress field of a precipi-
tating hydride platelet was computed based on a zirconium-hydrogen solid-solution
matrix and a plate-like hydride with elastic/plastic properties. The basis for the
analysis was the recognition of a large volume increase (17 %) associated with the
transformation of the o-zirconium solid solution to 8-hydride and that the magni-
tudes of the transformation strain components are anisotropic, such that the two
in-plane strain components have values of 4.6 % (at room temperature) but a much
larger strain normal to the platelet (7.2 % at room temperature) [57,58]. In view of
the above, a precipitating hydride plate would be expected to be under a state of tri-
axial compressive stresses that would reverse to tensile during dissolution. The elas-
tic/plastic analysis of Singh et al. [56] extended an earlier analysis by Leitch and
Puls [59] and took into account temperature-dependent hydride transformation
strains, hydride moduli, and yield and matrix yield strengths. For the fully con-
strained case of an axisymmetric hydride platelet embedded in a zirconium-
hydrogen matrix with temperature-dependent yield strengths (somewhat lower
than those of the current Zircaloy-4 sheet), the analysis predicts an out-of-plane
stress (0,,) and in-plane stresses (G1; = G33) that depend on whether the hydride is
precipitating/expanding or dissolving/contracting [56]. It is important to note that
the hydride stresses change from triaxial compression during precipitation to triaxi-
al during dissolution, although the magnitude of these reversed tensile stresses will
depend on the underlying assumptions of the details of the dissolution mechanism.
Furthermore, as schematically illustrated in Fig. 16, the absolute magnitude of the
in-plane stresses exceeds that of the stress normal to the hydride face.

The implications of the stress analysis may now be applied to understand the
previously described d-spacing characteristics within the hydrides. Assuming iso-
tropic elasticity within the hydride, the multiaxial stresses create spacing strains
that can be calculated from

en = 1/[E(o1; — V(022 + 033))] (2)

where:
v =Poisson’s ratio, assumed to be !/3, and
E = elastic modulus of the hydride, assumed to be equal to 87,000 MPa at
200°C and 97,000 MPa at room temperature [56,60].
In order to use Eq 2 to estimate the difference in d-spacings between {111}
planes parallel to the hydride face and those {111} planes aligned with the plate
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edges, the average values of the &, and o,, stress components within the length of
a hydride were estimated using data from Singh et al. [56] (Table 2). It should be
recognized that the stress components listed in Table 2 generate equivalent stresses
that obey the assumed hydride yield stress at the appropriate temperature [56].
However, the high room temperature yield stress assumed for the hydride results in
very high predicted values of the stress components (especially 6;; = ©33) that will
likely be reduced by plastic relaxation. In summary, Table 2 shows that the hydrides
are subjected to triaxial compressive stresses but with the absolute magnitudes of
the in-plane stresses exceeding those normal to the plane of the hydride plate
(Fig. 16a).

Based on Eq 2 and the estimated average stresses within the hydrides, Table 2
compares the predicted hydride strains with those determined experimentally based
on the {111} d-spacings within the precipitated hydrides. Agreement is reasonably
good except at room temperature, where the predicted d-spacing strain was much
larger than the observed value; in this case, the d-spacing measurements were made
several hours after hydride reorientation occurred, and it is likely that plastic relaxa-
tion would have occurred, thereby reducing the (Ad/d).ps value. The important
point we wish to make is that the stress state within the precipitated hydrides was
such that dgce planes > dedge planess and the scale of the observed difference was
roughly that predicted by the simplified model.

As experimentally observed, the previously discussed analysis predicts that
hydrides precipitate within Zircaloy with anisotropic d-spacings such that the
0{111} planes oriented parallel with the face plane exceed the spacing of those
0{111} planes aligned to the edge of the platelet. The hydrides are subjected to triax-
ial compressive stresses but with the absolute magnitudes of the in-plane stresses
exceeding those normal to the plane of the hydride plate (Fig. 16a). Thus, a radial
hydride signature only exists when comparing 6{111} d-spacings of hydride face
planes to those of edge planes.

The second principal experimental observation relates to the bilinear thermal
expansion of {111} hydride planes oriented with the hydride plate edges. The triaxi-
al compressive stress state acting on precipitated hydrides (Fig. 16a) constrains their

|
TABLE 2 A comparison of observed and predicted strains based on 8{111} d-spacing aligned with

the hydride precipitate face and those planes aligned with plate edges.

Hydride Temperature (°C) G2, (MPa) on = o33 (MPa) (Ad/d)preq (%) (Ad/d)ops (%)
Out of plane 27 —420 —1,005 +0.88 0.29

Out of plane 200 —375 —560 +0.22 +0.22 at 150°C
In plane [27] 200 —375 -560 +0.22 +0.29 at 150°C

Note: The Gy, Gy, and G35 values are estimated averages over the width of the plate; Ad/d =
(dface — dedge)/d, Where di,c. is the 6{111} d-spacing of planes aligned with the platelet face, deage is
the corresponding d-spacing of planes aligned with the platelet edge, and d = (dface + dedge)/2. The
average values of G,; = 033 were obtained from 6,, = (36, — 0,,)/2 [55].
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expansion upon heating at low temperatures as long as no dissolution occurs; initial
thermal expansion is thus similar to that of the Zircaloy matrix. However, above ap-
proximately 200°C, hydride dissolution initiates, and the resulting stress reversal
causes tensile stresses in the plane of the hydride, as illustrated in Fig. 16b. These in-
plane tensile stresses, which are especially pronounced near the perimeter of the hy-
dride, enable the hydride to expand within its plane with minimal constraint and at
roughly its inherent thermal expansion rate of an unconstrained hydride
(~20 x 107%/°C). The result is bilinear thermal expansion of the hydride within its
plane once dissolution initiates.

The final observation is related to the thermal contraction that occurs upon
heating in the d-spacings of those {111} planes aligned with the platelet face. In
this study, the effect was observed with out-of-plane hydrides that formed under ex-
ternal stress such that the newly formed hydrides were thus subjected to the aniso-
tropic stress state that results in df,ce planes > dedge planes (Table 2). According to the
analyses [56,59], once hydride dissolution begins, a stress reversal occurs such that
tensile stresses are created within the dissolving hydride. Thus, upon heating, the
relaxation of the constraints due to the stress reversal causes the thermal contrac-
tion of the face planes within the hydride, enabling the d-spacing of the hydride to
revert to an isotropic d-spacing value: dgce planes = Gedge planes 1N Other words, the
observed thermally induced contraction of {111} planes aligned with the hydride
platelet faces is also a result of dissolution relaxing the compressive stresses that
caused the anisotropic d-spacing for those planes in the first place.

X-RAY DIFFRACTION EXPERIMENTS OF IRRADIATED CLADDING
TUBE SAMPLES

To further understand hydride reorientation, we performed X-ray diffraction
experiments of the irradiated samples at ambient temperatures, as shown in Table 1.
Thus, this section provides the X-ray diffraction signature of irradiated samples and
experimental observations. Fig. 17 shows the diffraction patterns obtained for the ir-
radiated Zircaloy-4 samples. The strongest d-hydride peak {111} was convoluted
with an «-{100} zirconium peak as shown in Fig. 17, and the resulting d-spacings
were calculated. When compared to the Powder Diffraction Files (05-0995 and
34-0649) [61], the peak positions corresponded quite well. The discrepancy was less
than 0.15 %. As expected, the intensity of the observed peaks differed significantly
from the powder diffraction data due to the crystallographic texture of the cladding
tube. In particular, the intensity of the basal plane reflection was low since a majori-
ty of the basal planes have their normal parallel to the beam direction (radial direc-
tion of the tube). The diffraction pattern from the irradiated Zircaloy-4 cladding
also shows wider o-zirconium diffraction peaks, likely as a result of radiation dam-
age. Neutron irradiation of zirconium alloys at reactor operating temperatures is
known to result in the formation of dislocation loops, increasing peak broadening
Finally, the 8{111} hydride peak was seen in both irradiated and un-irradiated
Zircaloy-4, with similar d-spacings of 2.760 and 2.759 A (irradiated) [61].
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|

FIG.17 (a) X-ray diffraction pattern of both Zircaloy-4 irradiated tubing and an un-
irradiated Zircaloy-4 sheet. (b) Magnified view of X-ray diffraction pattern
shown in (a) in the region near the hydride peak. The §-hydride {220} and
{200} peaks, having low intensity, were highly convoluted with a-zirconium
peaks and not indicated in this figure.
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The X-ray diffraction patterns of the M5 cladding tube samples were also
indexed for the hoop (transverse) and axial (rolling) directions [61], as shown in
Fig. 18. In the un-irradiated sample, in addition to a-zirconium peaks, B-niobium
peaks were also observed as expected. Fig. 18 also shows a comparison of the X-ray
diffraction of as-irradiated and the as-received M5 cladding tubes where an increase
of the full width at half maximum in the o-zirconium peaks in the irradiated

]
FIG.18 Comparison of the X-ray diffraction patterns of M5 un-irradiated, as-irradiated,
and after different heat treatments causing the values of the radial hydride

continuity factors to range from O to 0.71.
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samples was apparent, as shown in Fig. 19. The main focus of this section was the
determination of reoriented hydride peaks, but hydride peaks were not determined
for both directions during diffraction tests of the irradiated samples. A notable re-
sult was that the B-phase peaks were no longer observable in the irradiated sample,
indicating that the B-niobium phase had been modified by irradiation during reac-
tor operation.

The most notable change in the diffraction patterns of the as-received state
compared with the as-irradiated state was the significant decrease or disappearance
of two {110} and {200} niobium peaks that were visible before irradiation. This be-
havior was observed in the X-ray diffraction patterns of both circumferential and
axial directions. For the as-irradiated samples, small diffuse shoulders near {101}
and «{102} zirconium peaks were observed near the expected f-niobium peak loca-
tions (~2.4 A), ie., a slightly large d-spacing than that of the initially observed
B-niobium. This effect could have been caused by the dissolution of the B phase
with the migration of niobium atoms into the o-zirconium phase and the precipita-
tion as small B-niobium-rich precipitates of different lattice spacing. Bechade et al.
[62] observed the formation of nanometer-sized, needle-shaped, niobium-rich pre-
cipitates after the irradiation of M5.

FIG.19 The zoomed section of Fig. 18 that shows the expected {111} hydride peak
locations and the increase in the full width at half maximum. Having low
intensities due to the low hydrogen content of the specimen, the §-hydride
{220} and {200} peaks were highly convoluted with a-zirconium peaks and

were not distinguishable.
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Conclusions

One main goal of this study was to investigate hydride reorientation in Zircaloy-4
under a multiaxial stress state. Mechanical test experiments were performed using a
specially designed mechanical tensile test sample design that created a range of ten-
sile biaxial stresses within the specimens. Matching the stress state calculated by fi-
nite element analysis at specific locations within a specimen local hydride
microstructure made it possible to determine the threshold stress for hydride reori-
entation at different stress states. In situ high-energy X-ray diffraction experiments
using synchrotron radiation were also performed to investigate the dissolution/pre-
cipitation behavior of both in- and out-of-plane (radial-type) hydrides during ther-
momechanical treatment. The major conclusions are as follows:

1. As the stress biaxiality ratio increases, the threshold stress for hydride reorien-
tation decreases. The threshold stress (maximum principal stress) was deter-
mined to be 150 MPa for uniaxial tension, 110 MPa for plane-strain tension,
and only 75 MPa for near-equibiaxial tension.

2. The d-spacing of the 6{111} hydride planes parallel with the hydride platelet
faces is higher than that of the hydride planes aligned with the platelet edges.

3. During heating, the d-spacings of those 6{111} planes aligned with the hydride
plate edges exhibit a bilinear thermal expansion, initially increasing at a rate
close to that of the Zircaloy matrix, but above 200°C, close to that of the un-
constrained hydride.

4. During heating/dissolution of the hydrides, the d-spacings of those d{111}
planes oriented parallel to the hydride plate face initially contract upon heat-
ing. This contraction continues until that d-spacing is similar to that of the
0{111} planes aligned with the dissolving platelet edge.

5. These d-spacing observations can be understood in a systematic manner by
applying the finite element analysis of Singh et al. [56] that predicts anisotrop-
ic strains within the hydride such that dgce planes > dedge planes- In addition, the
stress state reversal predicted for hydride dissolution is consistent with the
presence of both the bilinear thermal expansion of 3{111} planes aligned with
the platelet edges and the thermal contraction of those 6{111} planes aligned
with the platelet faces.

6. The investigation of hydride precipitation behavior using in situ synchrotron
diffraction suggests that out-of-plane hydrides precipitate under stress at lower
temperatures than in-plane hydrides, which precipitate under zero stress.

7. The examination of irradiated cladding using synchrotron radiation diffraction
indicates that the B-niobium phase disappeared as a result of irradiation.
Because of the low hydrogen contents of the irradiated samples, the hydride
d-spacings could not be accurately determined.

From a technological point of view, these results indicate the importance of the
stress state in assessing whether hydrides will reorient under engineering conditions
such as vacuum drying of nuclear fuel rods.
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Discussion

Question from Toyoshi Fuketa, Nuclear Regulation Authority, Japan:—Aren’t
there any effects of hydrides on the stress condition? Don’t hydrides affect the stress
conditions?

Authors’ Response:—In this study we considered only the stress state of the ma-
trix. The effects of the hydride inclusions on the stress state were not considered be-
cause the hydride volume fraction was too low to affect the stress state of the matrix
under mechanical load. (The maximum hydrogen content was 180 wt. ppm.) The
hydrides were thereby reasonably well separated, and the matrix dominated the me-
chanical behavior.

Question from Mirco Grosse, Karlsruhe Institute of Technology:—You interpret
the changes in d-spacing as being caused by stresses. Can changes in the stoichiom-
etry also be the reason for the variation of the d-spacing?

Authors’ Response:—Absolutely. This is another possibility as we point out in
the paper. The stoichiometry effect on d-hydride d-spacing is presented by Singh
et al. [1], based on the study of Yamanaka et al. [2]. As shown in Fig. 1, the increas-
ing stoichiometry increases the lattice parameter of the &-hydrides, which also
causes the 8{111} d-spacing increase. In our study, we were not able to separate any
stoichiometry change effects and mechanical loading during heat-up and cool-
down cycles.

[11 Singh, R. N., Khandelwal, H. K., Bind, A. K., Sunil, S., and Stahle, P, “Influence of Stress
Field of Expanding and Contracting Plate Shaped Precipitate on Hydride Embrittlement
of Zr-Alloys,” Mater. Sci. Eng. A, Vol. 579, 2013, pp. 157-163.

[2] Yamanaka, S., Yoshioka, K., Uno, M., Katsura, M., Anada, H., Matsuda, T., and Kobayashi,
S., “Thermal and Mechanical Properties of Zirconium Hydride,” J. Alloys Compd.,
Vols. 293-295, 1999, pp. 23-29.
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