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I1. CLAD PROPERTIES FOR CODE VER[FICAT[ONb

Zircaloy fuel cladding is susceptible to local breach-type failures
during power transients in LWRs because of stresses imposed by differential
thermal expansion of the fuel and cladding. 1In this program, the effect of
stress state, strain rate, and temperature on the deformation characteristics
of irradiated Zircaloy fuel cladding is being investigated to provide
mechanical-property information and a failure criterion for the cladding under
loading conditions conducive to pellet-cladding interaction (PCI). The infor-
mation will be used in the development of codes to analyze PCI in fuel rods
from power ramp experiments in test reactors, and to evaluate the suscepti-
bility of extended-burnup fuel elements and new fuel element designs in

commercial reactors to PCl failures during power transients.

In-reactor PCl is usually characterized by a highly localized stress and
a mechanical constraint in the cladding produced as a result of the friction
between the expanding pellet and cladding inner surface. The mechanical
constraint is conducive to a plane-strain deformation condition of the highly
anisotropic cladding. Under such a condition, the local cladding material
is more susceptible to a low-ductility PCI failure. 1In this reporting period,
fracture tests of H. B. Robinson spent-fuel cladding specimens in the modified
expanding-mandrel apparatus continued. Two brittle-type failures were
produced in specimens 217A4G and 217B2C. In the former specimen, evidence
was obtained for propagation of a brittle crack at room temperature in a piece
of cladding that contained incipient PCI-like cracks. The instantaneous
propagation of the crack is inconsistent with a stress-corrosion cracking
model but indicates a general embrittlement of the particular cladding
specimen., The site of a through-wall crack of the 217B2C specimen has been

located and SEM examination of fracture surface morphology is now in progress.

Several TEM specimens obtained from the 217A4G tube have been examined in
this reporting period. No dislocations could be observed in the thin-foil
specimens. This is consistent with the brittle crack propagation and with an

extensive amount of pseudocleavage observed on the fracture surface that was
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described in the previous quarterly report. Two types of general precipitates
were observed in the 217A4G thin-foil specimens; one was cubic ZrOz and the
other was zirconium hydride. By means of dark-field ZQD—nicroscopy. both the
cubic Zr0, and hydride precipitates were shown tc be bulk phases. In
contrast, the surficial nature of artifact x~hydride and nonoclinic-lroz
phases could be clearly discerned by this technique. Although the role of the
bulk hydride in the deformation and fracture behavior of the specimen at 325°C
is not quite clear, it is evident that the general precipitation of the cubic
Zr0, is associated with the brittle-type failure.

vi



I. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE

Principal Investigator:
J. Rest

Validity of FASTGRASS-VFP Analysis of Fission Product Behavior in Solid
Fuel During the Trace-irradiated SFD-ST Experiment

l. Formation of Intergranular Gas Bubbles Durigg SFD-ST

A basic feature of FASTGRASS-VFP is that intergranular gas release
is attributed to the development of a population of bubbles on grain edges
! FASTGRASS-VFP has been used to
interpret the trace-irradiated SFD-ST experiment performed in the PBF
reactor in Idaho.z’3 The largest grain-edge bubble predicted with
FASTGRASS-VFP for the SFD-ST test is ~0.2 um in diameter. However, micro-
graphs of the SFD-ST tested fuel (Fig. l.l1) show reasonable evidence for the

and faces, and their subsequent linkup.

existence of bubbles » | ym in diameter on the grain faces and edges.

The possibility that large bubbles can form on grain boundaries
within 20 min is supported by observations made at Argonne by Gehl“ on
intergranular bubble growth in irradiated fue! during power-cooling-
mismatch-type heating tests. Figure 1.2 shows posttest fractographs of fuel
tested by a direct electrical heating (DEH) technique (left) and fuel tested
in the PBF reactor. In the DEH-tested fuel, pretest intergranular bubble
sizes were in the 10-50 nm range, while the posttest fractograph shown in
Fig. 1.2 reveals bubbles ~0.2 um in diameter. Bubbles ~0.2 ym in diameter
were observed in fuel regions where the maximum temperature was ~2400 K
(i.e., the same as the reported peak temperature in SFD-ST). When the
bubbles reached 0.2 ym in diameter, continued bubble coalescence resulted in
the formation of sinuous grain-surface channels, as seen in Fig. 1.2.
Similar observations were made for the PBF-tested fuel. The transient time
for these tests is on the order of minutes (e.g., the DEH test of the fuel
shown in Fig. 1.2 lasted ~l min).

Although the fuel used in these DEH and PBF experiments had a

relatively high burnup, the observations made on the pre- and posttested



-
.

4

I
Yy S
.

LIQUEFIED @ ’
MATERIAL - 4 .
. “ ¢ .
N A ‘,'. ’ .”
.
1. 'O
iy . -
l.' .'
* ae L :
Lok 20 m
; ; "
\\ pellet center







plier. (The number of size cla .es is a variable that is determined dynam-
ically during the calculation.) Changes in the bubble size distribution,
caused by bubble coalescence and re-solution, for example, are determined by
solving a relatively large number of coupled nonlinear differential equa-
tions for each time step. Solutions are carried out for bubbles on grain
faces and edges, along dislocations, and in the bulk matrix. The iterative
solution of a large number of coupled equations within this rate theory

approach contributes significantly to the computer run times of GRASS-SST.

In contrast to the multiclass description of the bubble size
distribution in GRASS-SST, FASTGRASS-VFP uses only one bubble size class.
Whereas the behavior of fission gas bubbles at the grain face and grain edge
in FASTGRASS-VFP is based entirely on this single size-class description,
the description of intragranular fission-gas behavior includes the kinetics
of fission-gas—atom generation and migration and fission-gas—bubble/gas—-atom
interactions. The intragranular single gas atoms are characterized by
number density; the intragranular, grain-face, and grain-edge bubbles are
characterized by number density and the average number of atoms per bubble,

S4(t). (The index i refers to a particular intra- or intergranular bubble.)

The approach to modeling the evolution of the number of atoms per
bubble, Si(t), in FASTGRASS-VFP is based on a numerical algorithm which
compares the overall bubble growth and shrinkage rates and, on the basis of
the results, increases or decreases Si(t) by a factor close to l. This
method of solution for Si(t) was chosen in order to obtain the required
degree of FASTGRASS-VFP execution efficiency. As this method is somewhat
arbitrary, although its basis is physically reasonable, it must be bench-
marked against the comprehensive bubble-size distribution calculations in
GRASS~-SST.

Although this type of benchmarking has been performed frequently
in the past, it has never been attemped for trace-irradiated fuel. A com-
parison of GRASS-SST- and FASTGRASS-VFP-calculated bubble sizes has been
made for the SFD-ST experiment and is presented below.



Figure: !.3-1.5 show a comparison between the GRASS-SST-calculated
grain-edge bubble size distribution and the FASTGRASS-VFP-calculated average
grain-edge bubble size for SFD-ST (prior to the requench, and not including

fuel liquefaction) for three values of the fuel temperature: 1942 K
(Fig. 1.3), 2193 K (Fig. l.4), and 2400 K (Fig. 1.5). The axial fuel

temperature profiles for SFD-ST (e.g., see Fig. 1.6) were used in the GRASS-

SST and FASTGRASS-VFP simulations.

fuel into 6 axial regions.

This was accomplished by subdividing the
The results shown in Figs. 1.3-1.5 are for the

region of peak fuel temperature at three success!ve transient times.
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Fig. 1.3

Comparison Between GRASS-SST-
calculated Edge-Bubble Size
Distribution and FASTGRASS-VFP-
calculated Average Edge-Bubble
Size for SFD-ST at 1942 K.

Fig. 1.4

Comparison Between GRASS-SST-
calculated Edge-Bubble Size
Distribution and FASTGRASS-VFP-
caiculated Average Edge-Bubble
Size for SFD-ST at 2193 K.
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Fig. 1.6. Temperature Profiles for Axial Fuel Rod Sections 1 to 6 (See Inset)
in the SFD-ST Experiment.

Figures 1.3-1.5 show that for SFD-ST (trace-irradiated) condi-
tions, the average bubble radius predicted by FASTGRASS-VFP is larger than
the peak radius in the GRASS-SST grain-edge bubble-size distribution, but
that the difference bccomes smaller as the fuel temperature increases. For
example, at 1942 K, FASTGRASS-VFP predicts an average bubble radius that is
about a factor of 10 larger than the position of the peak of the GRASS-SST-
calculated bubble-size distribution, whereas at 2400 K this difference is
only about a factor of 2. The corresponding results for the grain-face
bubbles are shown in Figs. l.7-1.9. The relationship between the GRASS-SST-



and FASTGRASS-VFP-calculated grain-face bubble sizes is similar to that

observed for the grain-edge bubble sizes.

Both GRASS-SST and FASTGRASS-VFP predict the absence of intra-
granular bubbles for SFD-ST in this temperature range (i.e., prior to fuel
liquefaction and the requench). In addition, GRASS-SST predicts that 99.99%
of the intergranular gas is in bubbles; this prediction supports the assump-
tion made in FASTGRASS-VFP that only average bubble sizes are required to

characterize the intergranular bubble-size distributions.

T=1942K

Fig. 1.7

Comparison Between GRASS-SST-
calculated Face-Bubble Size
Distribution and FASTGRASS-VFP-
calculated Average Face-Bubble
Size for SFD-ST at 1942 K.
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Comparison Between GRASS-SST-
calculated Face-Bubble Size
DIstribution and FASTGRASS-VFP-
calculated Average Face-Bubble
Size for SFD-ST at 2193 K.
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Figo 1.9

Comparison Between GRASS-SST-
calculated Face-Bubble Size
Distribution and FASTGRASS-VFP-
calculated Average Face-Bubble
Size for SFD-ST at 2400 K.
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Figures 1.10 and 1.1]1 show GRASS-SST-calculated grain-edge and
grain-face bubble size distributions, respectively, for peak fuel temper-
atures of 1942, 2193, and 2400 K. For both grain-edge and grain-face
bubbles, the peak of the bubble size distribution is predicted to occur at
larger bubble sizes with increased fuel temperature. The FASTGRASS-VFP

results are in agreement with this conclusion (i.e., see Figs. 1.3-1.5 and
1-7-159)-

In order to compare FASTGRASS-VFP-calculated average bubble size
with the peak in the GRASS-SST-calculated bubble size distribution for
burnup conditions other than trace-irradiated, calculations were performed
for an SFD-ST-type transient (prior to requench and without fuel liquefac-
tion) on fuel that was previously irradiated (at the same temperatures as
the SFD-ST preconditioning) to a peak burnup of ~4.0 at.%. The results of
this calculation are shown in Fig. 1.12 for grain-edge bubbles, and in
Figs. 1.13~1.15 for grain-face bubbles. Figure 1.12 and Figs. 1.13-1.15 are
analogous to Fig. 1.3 and Figs. 1.7-1.9, respectively. FASTGRASS-VFP and
GRASS-SST calculations for grain-edge bubbles are shown at a fuel tempera-
ture of 1942 K only (Fig. 1.12), as both codes predict negligible gas con-
tent on the grain edges at higher fuel temperatures owing to extensive edge-

porosity interlinkage and subsequent gas release.
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Comparison Between GRASS-SST-
calculated Face-Bubble Size
Distribution and FASTGRASS-
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Figures 1.12-1.15 demonstrate that for this value of fuel burnup
(~4,0 at.%Z), FASTGRASS-VFP is reasonably accurate in predicting the position
of the peak of the GRASS-SST-calculated intergranular bubble-size distribu-
tion. The greatest discrepancy between FASTGRASS-VFP and GRASS-SST occurs
at 2400 K, where an average grain-face bubble size about a factor of three
larger than the position of the peak of the face-bubble size distribution is
predicted (Fig. 1.15). At 1942 K, FASTGRASS-VFP calculates average inter=-
granular bubble sizes almost coincident with the position of the peaks of
the calculated intergranular bubble-size distributions (Figs. 1.12 and
1.13). In Fig. 1.12, the FASTGRASS-VFP-predicted density of the average-
size grain-edge bubble is about 1 1/2 orders of magnitude larger than the
peak value in the GRASS-SST calculated density. However, this is reasonable
in that FASTGRASS-VFP is putting all the gas into bubbles that have an
average size equal to the size of a bubble at the peak of the bubble-size
distribution. Thus, the density of these average-size bubbles should be
higher than the peak of the distribution for a given quantity of gas.

The relatively good agreement between FASTGRASS-VFP- and GRASS-
SST-calculated bubble sizes shown in Figs. 1.12-1.15 is not restricted to
the high burnup value that was used (i.e., 4.0 at.%). In fact, the axial
distribution of burnup for this irradiation simulation ranged from 1.36 to
4,07 at.%. Previous work has demonstrated that FASTGRASS-VFF has the capa-
bility to provide a reasonable estimate of the position of the peak in the
GRASS~SST-calculated bubble size distribution for fuel burnups between 0.1
and 12 at.%Z (i.e., within the range of burnups examined thus far). A peak
fuel burnup of ~4.0 at.% was selected for the analysis described in this
report because of the current interest in the SFD 1-3 and SFD 1-4 experi-
ments, for which the peak fuel burnup is close to this value.

3. Comparison of Two Different Edge-Porosity Interlinkage Criteria

The pore-interlinkage model used in both FASTGRASS-VFP and GRASS-

SST is based on observations of Turnbull and Tucker,6 who reported that a

stabilized network of interconnected porosity is established when the grain-

edge bubble swelling strain reaches ~5%. To account for local fluctuations

in fuel microstructure and gas bubble morphology, the grain-edge porosity
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interlinkage fraction, PRF, is assumed to be a statistical distribution

around an average value of the grain-edge swelling, Bvedge:

1 - 2,. 2]
- f 3 o
PRF J exp[ (x Bvedge) /ZGEde. (1.1)
o./2n x=B
E verit

The width of the distribution, og, is a function of variations in structural
parameters, depending on the local fuel condition and heterogeneity, and can
in principle be determined experimentally; Bvcrit = 0,05 is the value of
grain-edge swelling at which long-range interconnection would take place if
the fuel microstructure and gas-bubble morphology were homogeneous. In
implementing Eq. (1.1) into GRASS-SST and FASTGRASS-VFP, the edge tunnels
are allowed to ninch off after gas release occurs; i.e., PRF in Eq. (1.1)
will decrease. Subsequently, as additional gas arrives at the grain edges,
PRF will again increase, simulating the opening and closing of grain-edge
porosity.

However, as pointed out by D. Olander,7 in the FASTGRASS-VFP
simulation of the SFD-ST test, given the calculated grain-edge average
bubble size RD(4) and density Y(4), grain-edge bubble interconnection 1is
predicted to occur at a fuel temperature of ~2200 K by bubble~bubble contact
for values of grain-edge bubble swelling below lZ. It is important to note
that this prediction is for the peak temperature node only.

In order to investigate these ideas further, the interconnection
criterion of Eq. (1.1), based on grain-edge bubble swelling, was replaced
with one based on bubble-bubble contact. Assuming a tetrakaidecahedral
geometry, the edge-bubble length per grain-edge length, E; ;\y, can be

expressed as

t 3
* bubbles bubble length)\w 3fcm l[grains
ELink Y(b)( 3 )ZRD(Q)(» bubble )Ed (Frain)TE( edge

cm
1/3

(n/48/2)" "d(edge length)

= Y(4)RD(4)+d%/4.11,

where d is the grain diameter.
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When Ep 1Nk 1.0, grain-edge bubble interlinkage is predicted to
occur. In order to account for local fluctuations in fuel microstructure
and gas-bubble morphology, the bubble interlinkage probability is assumed,
in analogy with the treatment leading to Eq. (l.1), to be a statistical

distribution around an average value of ELink?

PRF = —1 [ exp|- x(- B 0 )2/200 ax. (1.2)
ULJZ” x‘l.O

Again, as in Eq. (l.1), PRF will decrease after gas telease occurs, simu-

lating the opening and closing of grain-edge porosity.

Figure 1.16 shows FASTGRASS-VFP predictions of the fractional
fission-gas release rate for SFD-ST as a function of the peak fuel tempera-
ture. One curve represents calculations based on Eq. (l.1). The other two
curves represent calculations based on the bubble-bubble contact criterion
of Eq. (1.2), with o = 0.1 and 0.6, respectively. The value for o, of 0.6
is in the same ratio to the “"critical"” value of ELINk (Lee., 1.0) as the
value (0.03) for og in Eq. (l.1) is to the critical value of edge-bubble
swelling (0.05).

The results in Fig. 1.16 show that the predictions made with the
bubble-bubble contact criterion of Eq. (1.2) for the two values of 9, bound
the predictions made with the grain-edge bubble swelling criterion of
Eqs (l.1). Thus, it appears that the extrapolation of Eq. (l.l) to trace-
irradiated fuel conditions is not totally unreasonable. A more realistic
faterlinkage criterion would be to use Eq. (1.2), allowing the edge tunnels
to pinch off after gas release occurs for values of edge-bubble swelling
less than Bvcrit; for values of edge-bubble swelling greater than Bvcrit'
the grain-edge porosity would remain open and stable. Of course, the
validity of these ideas depends on the assumption that the transient edge-
tunnel kinetics are somewhat similar to the kinetics observed by Turnbull
and Tucker under steady-state irradiation conditions. The truth of this

assumption is certainly not obvious.
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4. Is Rapid Grain-Boundary Diffusion a Viable Mechanism of Fission
Gas Release During SFD-ST?

Figure 1.17 compares the results of FASTGRASS-VFP and GRASS-SST
calculations of fractional fission gas release rate vs. peak fuel temper-
ature for SFD-ST. FASTGRASS-VFP calculates a much higher fractional release
rate than GRASS-SST for peak fuel temperatures below ~1600 K. 1In both
cases, the total fractional releases calculated are very small in this peak-
temperature range (2 x 10-31; see Fig. 1.18). One might speculate that a
mechanism of fission gas release not included in either code is responsible
for the discrepancy between the caiculated and measured quantities (i.e.,
GRASS-SST underpredicts the data for peak fuel temperatures below 1600 K,
whereas FASTGRASS-VFP results are in better agreement with the data for peak
fuel temperatures between 1000 and 2400 K; see Figs. l.17 and 1.19).

Recently, Prustin et a1.8 have suggested that rapid grain-boundary
diffusion of fission gas atoms might be the contrclling mechanism for fis-
sion gas release in trace-irradiated fuel. This mechanism of fission gas
release (i.e., diffusion along the grain boundaries over macroscopic dis-
tances to the fuel surface, is not currently included in FASTGRASS-VFP.

In order to assess the viability of rapid grain-boundary diffusion of fis-
sion gas atoms as a potential mechanism underlying the SFD-ST release hehav-

ior at temperatures below 1600 K, calculations for grain boundary diffusion



in a slab based on the analysis of J. C. Fisher9 were performed. These

calculations assume a uniform, constant concentration, Cg' of gas atoms at
one face of the slab (y = 0), a grain boundary of width 10_7 cm (in the x
direction), infinite extension in the z direction, and diffusion in both the
bulk and on the boundary in the +y direction. In addition, it is assumed
that the gas-atom diffusivity is greater on the boundary than in the lat-
tice, and the ratio of the two diffusivities (Dg/Dl) is input to the
calculations. In performing these calculations, reported values8 for the
intragranular gas-atom diffusion coefficient (10"13 cmZ/s at 1400°C) and

activation energy (1.3 x 10S cal) wer2 used to estimate the diffusivity of
the gas atoms in the fuel matrix.
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TABLE 2.1. Summary of Calculated Interplanar
Spacings of Cubic-2r02 Phase?

hk & he + k2 + g2 d (R)
111 3 2.965
200 4 2,567
220 R 1.815
311 11 1.548
222 12 1.482
400 16 1.283
331 19 1.178
420 20 1.148
422 24 1.048
511, 333 27 0.988
440 32 0.907

dSpace group Fm3m, flucrite structure
with lattice parameter a, = 0.5135 nm,

decreases and eventually vanishes.“ This is similar to the behavior of super-
lattice reflections of the Zr30 phase, which vanish with increased oxygen
nonstoichiometry. For an approximate stoichiometry of ~ZrHl.5, the fct
Y-hvdride transforms to fcec (aO = 0,478 nm) 8-hydride. For a further excess
of hydrogen atoms in the unit cell, e-hydride, another fct phase with a c/a
ratio smaller than unicty, is observed at approximately the stoichiometry of
ZrHy. The sites occupied by the hydrogen atoms in the y-, 8-, and e~hydrides
are limited to the tetrahedral interstices. However, some evidence has been
reported which indicates bhydrogen occupation of octahedral as well as the
tetrahedral interstices for nonequilibrium hydtides.s'6 The nonequilibrium
artifact x-hydride, which is produced during the jet-thinning of the thin-foil
specimens, may well be associated with hydrogen occupation of the octahedral

interstices.

The interplanar spacings of the Y- and 8§-hydrides are summarized in
Tables 2.3 and 2.4, respectively. Identification of the y-hydride reflections
is straightferward if the intensity of superlattice reflections is strong



TABLE 2.2. Summary of Calculated Interplanar Spacings
of Surface y-Hydride of Zirconium?

hict ek 22 4@
100 1 0 5.22
001 0 1 5.14
110 2 0 3.69
101 1 1 3.66
111 2 1 3.00
200 4 0 2.61
002 0 4 2.57
210 5 0 2.3
201 4 1 2.32
102 1 4 231
211 5 1 2.12
112 2 4 2.1
220 " 0 1.85
202 4 4 1.83
221 . O
212 5 4 1.73
310 10 0 1.5
301 9 1 1.65
103 1 9 1.63
311 10 1 L.57
113 2 9 1.55
222 - 6 1.50
203 4 9 1.43
312 10 6 1439
213 5 9 1.38
400 16 0 1.3
004 0 16 1.28
223 8 9 1.26
104 1 16 1.25
114 2 16 1.21
331 18 1 1.20
313 10 9 1.19
204 4 16 1.15
214 5 16 1.12

’Tetragonal with lattice parameters

a, = 0,522 nm and ¢

(o]

= 0,514 nm,
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TABLE 2.3. Summary of Calculated Interplanar Spacings
of y-Hydride of Zirconium®

Superlattice
hk 4 he o+ k2 22 d (R) Reflection
110 2 0 3.242 X
111 2 1 2722
002 0 4 2.473
200 4 0 2.292
112 2 4 1.968 X
202 4 4 1.686
220 8 0 1.624
113 2 9 1.474
310 10 0 1.452 X
311 10 | 1.389
222 8 4 1.359
312 10 4 1+252 X
004 0 16 1.241
114 2 16 1.156 X
400 16 0 1.147
313 10 9 1.093
204 4 16 1.093
331 18 1 1.057
402 16 4 1.040

3Space group P4,y/n, fct with aj = 0,460 nm and
c, * 0.497 nm,

enough to be detectable. However, if the superlattice reflections are
invisible, it is difficult to discern which hydride is present in the region
that is being examined. This is because the differences between the inter-
planar spacings (see Tables 2.3 and 2.4) and angles are very small. The
differences are difficult to detect from SAD patterns such as Fig. 2.1(B)
since the hydride reflections are usually diffuse. Careful indexing of
several different zones is required for a conclusive identification. For our
present purpose, we will designate the phase simply as a Sulk zirconium
hydride, with the understanding that it is either Y- or 8-tLvdride.

A very useful technique for discernment of a bulk phase from a
surface phase (such as the y~hydride) is "2&0" microccopy.7 When the dark-
field image is slightly overfocused and underfocused in TEM, a slight
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TABLE 2.4, Summary of Calculated Interplanar
Spacings of 6-Hydride of Zirconium®

hk2 he + k2 + 22 4 (R)
111 3 2.758
200 4 2.389
220 8 1.689
311 11 1.440
222 12 1.382
400 16 1.194
331 19 1.092
420 20 1.068
422 24 0.975
333 27 0.919
511 27 0.919
440 32 0.844
531 35 0.807

Afce structure with lattice
parameter a_ = 0,478 nm.

o

difference in the angles of the electron passage occurs. Therefore, the two
images can be used effectively as stereopairs. By viewing the resulting
micrographs with a stereoscope, a bulk and a surface phase can be readily
discerned with this technique. Examples of dark-field stereopairs are shown
in Figs. 2.1(C) and (D). The images of Fig. 2.1(C) were produced with

(1T3) reflections of the cubic Zr0,y as well as the x-hydride. The two
reflections are located at virtually identical spots. However, a stereoview
of Fig. 2.1(C) clearly shows the bulk nature of the cubic-Zr0, precipitates
and the surficial nature of the x-hydride phase. The cubic-Zr0, particles
shown in Fig. 2.1(C) have a diameter of ~10 nm and in many areas are
aggregated in the form of curved threads as indicated by the arrows. In the
case of Fig. 2.1(D), weak reflections from (lOTl)a_zr and (002) of the bulk
hydride are superimposed on the (002) reflections of the cubic Zr0, and
x-hydride. Again, curved threads of cubic Zr0, are visible in Fig. 2.1(D).

The precipitates in dark contrast with a diameter of approximately
35-100 am in Figs. 2.1(C) and (D) are the images of the bulk hydride that are

produced as a result of leakage from the central beam. Because of the



31

leakage, they appear in the same contrast as in the bright-field image. The
bulk~hydride morphology is visible more clearly in the bright-field image of
Fig. 2.1(A). The nonsurficial nature of the hydride can be discerned from the
stereopairs of Figs. 2.1(C) and (D). The dark-field stereopair of Fig. 2.1(E)
shows dark-field images of (222) reflections of the cubic Zr0,, bulk hydride,
and surface y~hydride. Again, visible in the figure are the leakage bright-
field images of the cubic Zr0, and the bulk hydride.

Another example of stereopairs of dark-field images that reveal the
nature and morphology of the cubic Zr0, and the bulk hydride is shown in
Fig. 2.2, The thread-like morphology of cubic Zr0, is again visible in
Fig. 2,2(C). 1In a similar stereopair of the dark-field images of Fig. 2.3(C),
the y-hydride reflections are absent. Instead, dark-field images of diffuse
surface films, which are produced from the (111) reflection of monoclinic
Z2r0y, are visible. Like the x~hydride, the monoclinic—ZrOz phase is a surface
artifact, and, consequently, is not associated with the fracture behavior of

the specimen,

The bulk hydride shown in iigs. 2.1-2.3 is not the same as the
6-hydride metallographically observed in most of the spent-fuel cladding
materials. As shown in Fig. 48 of Ref. 8, the §-hydride is bar-like in shape,
with a length of the order of ~1000 nm. As a result, it is readily observed
in optical micrographs. In contrast, the bulk hydrides shown in Figs. 2.1-2.3
are too small to be observable in either optical or SEM micrographs. However,
the role of the smaller hydrides :n the deformation and fracture of the
specimen at 325°C is not entirely clear, since at chat temperature the hydride
itself may be ductile. Nevertheless, the bulk cubic-ZrOz precipitates will
profoundly limit the plastic deformation of the material at the same

temperature.,
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