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ABSTRACT

This progress report summarizes the Argonne National Laboratory work
performed during July, August, and September 1983 on water reactor safety

problems .

The research and development areas covered are Environmentally

Assisted Cracking in Light Water Reactors, Transient Fuel Response and
Fission Product Release, Clad Properties for Code Verification, and Long-Term
Embrittlement of Cast Duplex Stainless Steels in LWR Systems.
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Transient Fuel Response and Fission Product Release

Clad Properties for Code Verification

Environmentally Assisted Cracking in Light Water Reactors
Long-Term Embrittlement of Cast Duplex Stainless Steels in
LWR Systems
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MATERIALS SCIENCE AND TECHNOLOGY DIVISION
LIGHT-WATER-REACTOR SAFETY
RESEARCH PROGRAM:

QUARTERLY PROGRESS REPORT

July-September 1983

EXECUTIVE SUMMARY

ENVIRONMENTALLY ASSISTED CRACKING IN LIGHT WATER REACTORS®

Progress in this program duriny the current reporting period is
discussed in NUREG/CR-3806 (ANL-84-36).

I1. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE®

This chapter describes the results of analyses comparing CORSOR
(semi-empirical model) and FASTGRASS-VFP (mechanistic model) predictions
of fission product release for a hypothetical accident in the Surrey
Nuclear Power Plant. The results presented here and in the previous
quarterly report (April-June 1983) underline the danger of using
empirically determined (isothermal) release rate constants to predict the
integral transient release of fission products. CORSOR-predicted
integral transient release depends critically on the definition of the
release rate constant, i.e., the way it is determined empirically as well

as the specific accident scenario upon which it is based.

4RSR FIN Budget No. A2212; RSR Contact: J. Muscara.

DRSR FIN Budget No. A2016; RSR Contact: G. P. Marino.




III. CLAD PROPERTIES FOR CODE VERIFICATION®

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. In 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
information 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
susceptibility of extended-burnup fuel elements and new fuel element designs

in commercial reactors to PCL failures during power transients.

Continued efforts in the TEM-HVEM examination of a brittle-type PCI-like
failure of the Big Rock Point fuel cladding, produced by internal gas
pressurization at 325°C, resulted in direct observations of superlattice
reflections that are characteristic of Zr40 precipitates. Because of the very
w_ak intensity of the superlattice reflections and the complex nature of the
diffraction patterns of the cell wall regions of the cold-worked material,
frcm which most of the svperlattice reflections were observed, great care was
necessary in indexing the superlattice reflections. A summary of indexed
diffraction patterns containing the superlattice reflections of Zr40
precipitates is given in this report. The results show conclusively that the
brittle irradiated cladding material consists of two phases, i.e., a Zr matrix
(ay phase) and a.Zr30l+x (“II phase), rather than a single a~Zr phase. This
provides a sufficient basis to reevaluate the previously held premise that
unirradiated and irradiated Zircaloy cladding are essentially identical
materials particularly with regard to the stress corrosion cracking mechanism

during pellet-cladding interaction.
Sirce Zircaloy cladding is strongly textured and the Burgers vector of

operating dislocations is limited to an 3 component only, deformation of the
cladding tube is highly anisotropic. Because of the mechanical anisotropy,

CRSR FIN Budget No. A2017; RSR Contact: H. H. Scott.
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failure of the tube is influenced significantly by the presence of mechanical
constraiut in the axial direction. Without an axi . constraint, the cladding
tube contracts axially to compensate for the circumferential expansion.
Deformation in the radial direction, i.e., wall thinning, is normally negli-
gible. Therefore, if axial contraction is prevented (as in the case of in-
reactor PCI situation) by either friction or other forms of constraint, the
tube will fail with a significantly smaller diametral strain. To investigate
this important effect of axial constraint on the PCI failure behavior, the
mandrel expansion tests have been modified to incorporate new fixtures that
provide the necessary constraint to the cladding deformation. Design, fab-
rication, and assembly of the fixture have been completed. Preliminary
results from a mandrel expansion test on an axially constrained unirradiated

Zircaloy-4 tube are described.

IV. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX STAINLESS STEELS IN LWR SYSTEMSY

Progress in this program during the current reporting period is discussed
in NUREG/CR-3857 (ANL-84-44).

dRSR FIN Budget No. A2243; RSR Contact: J. Muscara.
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I. ENVIRONMENTALLY ASSISTED CRACKING IN
LIGHT WATER REACTORS

Principal Investigators:
W. J. Shack, T. F. Kassner, D. S. Kupperman, T. N. Claytor,
J. Y. Park, P. S. Maiya, W, E. Ruther, and F. A. Nichols

Progress in this program during the current reporting period is discussed
in NUREG/CR-3806 (ANL-84-36).



IT. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE

Principal Investigator:
J. Rest

At the request of the NRC, the fission product release predictions
of FASTGRASS-VFP and CORSOR were compared for the case of a PWR (Surrey
Nuclear Power Plant) core under hypothetical accident conditions.

The input data for the FASTGRASS-VFP calculations were provided by
Battelie Columbus Laboratories. These input data consisted of the
transient temperature (in °F) and the cumulative releases (in kg) of Cs,
I, Xe, and Kr for each minute after initiation of a hypothetical
accident, These data were provided for each of ten radial nodes (through
the whole reactor core) and two of the 24 axial sections (i.e., axial
sections 10 and 20, counting down from the top of the core). The
pretransient nodal inventories of fission product (in kg) used to
initialize the CORSOR calculation were assumed to be the same for all
radial nodes and are shown in Table 2.1.

Table 2.1. Pretransient Nodal Inventories of Fission Product (kg)

Axial Node Cs I Xe Kr
10 0.988 0.094 1.97 0.015
20 0.512 0.048 1.02 0.008

The information available for the FASTGRASS-VFP steady-state irradiation
simulation is incomplete; hence, a scenario based on the H. B. Robinson
fuel history was assumed for axial nodes 10 and 20 in order to initialize
FASTGRASS-VFP to the same pretransient nodal inventories used in

CORSOR, The fission product inventories listed in Table 2.1 correspond
to FASTGRASS-VFP calculations at an average fuel temperature of 722 K and
an average temperature gradient of 1000 K/cm, with fuel burnups of

~35000 and ~17500 MWd/MT for nodes 10 and 20, respectively. A grain size
of 6 um was used for both the as-irradiated and transient calculations.



Tables 2.2 and 2.3 give the traizient time/temperature histories
used in the FASTGRASS-VFP and CORSOR accident simulations for axial nodes
10 and 20, respectively. Temperatures for all 10 radial nodes are
shown. However, only the temperatures for radial node 4 were used for
the present comparison of FASTGRASS-VFP and CORSOR,

Figure 2.1 compares FASTGRASS-VFP and CORSOR predictions for (a) Xe
and Cs release and (b) I release as a function of transient time for
axial node 10 and radial node 4. Table 2.4 shows the fractional fission-
product release results obtained for FASTGRASS-VFP and CORSOR at the end
of the 42-minute transient. Figure 2.2 and Table 2.5 show the analogous
results for axial node 20. In these figures and tables, the FASTGRASS-
VFP predictions for Xe, Cs, and I release are shown for two values of the
radial temperature gradient (0 and 1000 K/cm)., The CORSOR code i<
insensitive to the value of the radial temperature gradient, and hence
only one set of CORSOR predictions is shown in each figure and table for
comparison with the FASTGRASS-VFP predictions.

The FASTGRASS-VFP results shown in Figs. 2.1 and 2.2 and Tables 2.4
and 2.5 demonstrate that Xe and I release during the hypothetical
accident is strongly dependent on the value of the radial temperature
gradient. The temperature gradient provides the driving force for the
biased diffusion of fission gas bubbles from within the grains to the
grain boundaries. The predicted I release during the hypothetical
accident is affected by the value of the temperature gradient because a
substantial amount of the intragranular I (atomic I as well a:z Csl) is
transported to the grain boundaries within relatively small fission gas
bubbles. On the other hand, Cs release during the hypothetical accident
is less affected by the value of the temperature gradient because the
ma jority of the intragranular Cs that is transported to the grain
boundaries migrates by atomic diffusion and not within gas bubbles. Note
that a grain-growth/grain-boundary-sweeping mechanism was not included in
the FASTGRASS-VFP calculations. If enhanced grain growth does occur
under these transient conditions (e.g., in the presence of fuel
oxidation), the FASTGRASS-VFP predictions will be much less sensitive to
the radial temperature gradient. (The predictions would be greater than
or equal to the predictions made with the 1000 K/cm gradient.)
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Table 2.3. Transient Time (min)/Temperature (°F) Histories for Axial Node 20
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Comparison of FASTGRASS-VFP and CORSOR Predictions for (a) Xe and
Cs'and (b) I Release at Axial Node 10 during a Hypothetical
Accident, for Two Values of the Radial Temperature Gradient dT/dx
(K/cm).

Table 2.4, Predicted Fission Product Release at End of 42-min
Transieat for Axial Node 10 and Radial Node 4

Fission Product Release (%)

TGrad (K/cm) Xe Cs

FASTGRASS-YFP 9.4
80.3

CORSOR 100.0
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Fig. 2.2. Comparison of FASTGRASS-VFP and CGRSOR Predictions for (a) Xe and
Cs and (b) I Release at Axial Node 20 during a Hypothetical
Accident, for Two Values of the Radia% Temperature Gradient dT/dx

(K/cm).

Table 2.5, Predicted Fission Product Release at End of 42-min
Transient for Axial Node 20 and Radial Node 4

Fission Product Release (%)

TGrad (K/cm) Xe Cs I
FASTGRASS-VFP 0 9.4 82.7 15.8
1000 80.3 100.0 68.2

CORSOR o= 100.0 99.8 100.0




In general, for temperature gradients of <1000 K/cm, FASTGRASS-VFP
predicts smaller releases of I and Xe during the hypothetical accident
than does the CORSOR code. Whereas CORSOR predicted a release of 100% of
both the Xe and the I from axial nodes 10 and 20 during the accident,
FASTGRASS predicted I releases ranging from 16 to 902 and Xe releases
ranging from 10 to 94%, depending on the radial temperature gradient (see
Tables 2.4 and 2.5). Note that the maximum fuel temperatures in nodes 10
and 20 were substantially below the U0, melting temperature (see Tables
2.2 and 2.3). In addition, as shown in Tables 2.2 and 2.3, the
temperature gradient within radial node 4 was ~0 K/cm. However, the
radial temperature gradient did increase to a value of several thousand
K/cm toward the surface of the fuel (radial nodes 9 and 10; see Tables
2.2 and 2.3),

In the present study, FASTGRASS-VFP predicted smaller integral
releases than did CURSOR for temperature gradients of <1000 K/cm; in
contrast, a previous comparison indicated that isothermal release rate
constants predicted oy FASTGRASS-VFP tended to be, for the most part,
larger than those predicted by CORSOR, and thus, larger than the
experimentally determined values. This apparent inconsistency
underscores the danger of using empirically determined (isothermal)
release rate constants to predict integral transient release of fission
products. As was pointed out in Ref. 1, the integral transient release
predicted by the NUREG-0772 correlation depends critically on the
definition of the release rate constants (i.e., the way they are
determined empirically as well as the specific accident scenario upon
which they are based). For example, the fractional fission product
release predicted by FASTGRASS-VFP (Fig. 1 in Ref. 1) agrees with the
ORNL data much better than FASTGRASS-VFP-predicted release rate constants
agree with NUREG-0772 (Fig. 3 of Ref, 1),

Figures 2.1(a) and 2.2(a) and Tables 2.4 and 2.5 show that, in
general, FASTGRASS-VFP predictions of Cs release are in reasonable
agreement with CORSOR predictions, However, during the early phase of
the accident, FASTGRASS-VFP tends to predict greater Cs release than does
CORSOR (see Figs. 2.1(a) and 2.2(2)). The fact that FASTGRASS-VFP tends
to predict yreater Cs release than CORSOR has already been established!,



The reason for this, as discussed in Ref, 1, is that FASTGRASS-VFP uses a Cs
diffusion coefficient that is orders of magnitude greater than the diffusio»
coefficient for Xe. Thus, the rate at which Cs is predicted to be released
from the fuel is greater than for I and Xe. This diffusion coefficient for Cs
is based on the experimental results of 0i and Takagi.z If it is assumed that
atomic Cs diffuses at about the same rate as Xe and I, then the FASTGRASS-
predicted release rate constants for Cs will be in reasonable agreement (i.e.
similar to the Xe and I results) with the NUREG-0772 results shown in Fig. 3
of Ref, 1. At temperatures greater than ~1200 K, the NUREG~0772 release-rate-
constant curves for I, Xe, and Cs are identical. An extensive assessment of
Cs diffusion rates in solid U0, is currently in progress.

Finally, the series of ORNL transient fission product release tests and
the SASHA tests, which were used as the basis of the NUREG-0772 correlation,
were conducted in a steam environment. The steam can change fuel
stoichiometry and can subsequently affect fission product release.
Theoretical models describing the effects of a steam environment and fuel
liquefaction on fission product release are not currently included in
FASTGRASS. Models for these processes are currently under development and
will be included in a future version of FASTGRASS~VFP,

References for Chapter 1l

1. J. Rest and M, Piasecka, "Comparison of FASTGRASS Predictions for Fission
Product Release Rate Constants with NUREG-0772," personal communication
to L. Chan, USNRC (June 23, 1983).

{8 N. O and J. Takagi, Diffusion of Non-Gaseous Fission Products in qu
Single Crystals, Z. Naturforsch. 19A, 1331 (1964).
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III. CLAD PROPERTIES FOR CODE VERIFICATION

Principal Investigators:
H. M. Chung, F. L. Yaggee, and T. F. Kassner

The Zircaloy cladding on fuel rods in light-water-cooled reactors is
susceptible to local breach-type failures, commonly known as pellet-cladding
interaction (PCI) failures, during power transients after the fuel has
achieved sufficiently high burnup. As a result of the high burnup, the gap
between the U0, fuel pellets and the cladding is closed and highly localized
stress is believed to be imposed on the cladding by differential thermal
expansion of the cracked fuel and cladding during power transients. In
addition to the localized stress, a high-burnup fuel cladding is also
characterized by high-density radiation-induced defects (RID), mechanical
constraints imposed by pellet-cladding friction, compositional changes (e.g.,
oxygen and hydrogen up-ake associated with in-service corrosion), and
geometrical changes due to creep-down and bowing. It is possible that
synergistic effects inv-lving more than one of the above factors influence the
deformation and fracture of the in-reactor fuel cladding, e.g., strain aging
assoclated with impurity or alloying elements, irradiation~ or stress—induced
segregation of the elements and subsequent formation of non-equilibrium
phases. Although mechanisms of stress-corrosion cracking (SCC) associated
with volatile fission products such as I and liquid-metal embrittlement (LME)
assoclated with an element such as Cd have been well established for local
breach~type failures of irradiated and unirradiated Zircaloy cladding under
out-of-reactor simulation conditions, conclusive evidence of these processes
is not yet available for in-reactor PCI failures. Consequently, to provide a
better understanding of the PCI phenomenon, we have undertaken a mechanistic
study of the deformation and fracture behavior of actual power-reactor fuel
cladding, discharged after a high burnup.

In this program, the effect of temperature, strain rate, and stress
localization on the deformation and fracture characteristics of Zircaloy
cladding from spent-fuel rods is being investigated by means of internal gas-
pressurization and mandrel-loading experiments in the absence of simulated
fission product species. The deformed and fractured specimens of spent-fuel
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cladding are then being examined by optical microscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and and high-voltage
electron microscopy (HVEM). The results of microstructural and fracture-
property investigations will be used to develop a failure criterion for the
cladding under PCI-type loading conditions. The information will be incor-
porated into fuel performance codes, which can be used to evaluate the sus-
ceptibility of extended-burnup fuel elements in commercial reactors to PCI
failures during power transients in later cycles, and to evaluate cladding
performance and reliability in new fuel-element designs. An optimization of
either cladding fabrication or power ramp procedure to minimize cladding
failures would result in a significant decrease in radiation exposure of plant
personnel due to background and airborne radioactivity as well as an extension

of core life in terms of allowable off-gas radioactivity.

A. TEM-HVEM Analysis of 2Zrq0 Precipitates (H. M. Chung)

l. Introduction

In continuation of the previously roportedl'z efforts to charac-
terize the Zr30 precipitates that were correlated with the PCI-like, brittle-
type failures of the Big Rock Point and H. B. Robinson reactor spent-fuel
cladding, thin-foil specimens obtained from tubes that failed in a brittle~-
type manner were examined further by TEM and HVEM. 1In this report, TEM-HVEM
diffraction patterns containing superlattice reflections of the o._-ered

Zr-oxygen phase of Zr;0 are summarized.

s Tabulation of the Zrq0 Superlattice Reflections

Table 3.1 lists superlattice reflections of the Zr40 phase with
interplanar spacings of >0.55 A, The interplanar spacings were calculated
on the basis of space group P6422 and lattice constants of a, = 5.625 A and
¢y = 5.193 A3



TABLE 3.1. Summary of Calculated® Interplanar Spacings of Zr,0 Phase

2 2 2 Supcrlattlgo
hiki h + hk + k i Ay () Reflection
001 0 1 5.195
100,110 i 0 4.885 x
101,171 1 1 3.559 x
110,210 3 0 2.821
002 0 B 2.598
111,20 3 1 2.475
200 B 0 2.443 x
102,112 1 - 2.295 x
201,221 - 1 2,210 x
112,212 3 4 1.912
210,310,320 7 0 1.846 x
202,272 o 4 1.779 x
211,311,321 7 1 1.739 x
003 Y] 3 1.732
103,113 1 9 1.632 x
300,330 9 0 1.628
301,31 S 1 1.553
212,312,322 7 4 1.505 x
113,213 3 9 1.478
203,223 - 9 1.413 x
220,420 12 0 1.410
302,332 9 4 1.380
221,421 12 1 1.361
310,470,430 13 0 1.355 x
311,471,401 13 1 1.311 x
004 0 16 1.299
213,313,323 7 9 1.263 X
104,174 1 16 1.255 x

222,402 12 4 1.239
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TABLE 3.1. (Contd.)

Superl.ltlge
b + nk + k2 / dhki(l; Reflection

701,531, , 0.6%
831 ,85]

217,317,327
326,526,5%
613,713,783
434,774,754
442,882
620,820
621,821
307,337

702,532,772,
832,8%2

416,516,586
515,675,655

524,724

506,556

703,533,773,
833,853

710,870,870
614,714,764
108,118
711,811
605,665
435,795,785
407 4587
118,218

623,823




TABLE 3.1. (Contd.)

Superlattice
Reflection

/12,812,872
540,950,951

941,951




TABLE 3.1. (Contd.)

Superlatt ige

¢]

Reflection

a
based on space groug 144, Q
Holmbetg and Dagerhamn, Acta Chem. Scand. 1" 1961
N -

A*mark denotes superlattice reflections not operable in the a~4ir matrix,
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Selected Area Diffraction Pattern Showing
Zr30 Superlattice Reflections from a
Recrystallized Region Adjacent to the
Brittle-Type Failure Site of Specimen
165AE4B. Subscripts a, s, x, and letter D
refer to a-Zr matrix, Zr30 precipitates,
x=hydride, and double diffraction,
respectively.

Fig.

3.2.

4373,

Selected Area Diffraction Pattern
Showing Zr40 Superlattice Reflections
from a Recrystallized Region Adjacent
to the Brittle-Type Failure Site of
Specimen 165AE4B. The labeling nota~-
tions are the same as in Fig. 3.1.
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Fig.

. S5

Selected Area Diffraction Pattern

Showing Zr3j0 Superlattice Reflectionmns
from a Cold-worked, Nonmrecrystallized
Region Adjacent to the Brittle Failure
Site of Specimen 165AG10. The labeling
notations are the same as in Fig. 3.1.

Fig.

3.4.

Selected Area Diffraction Pattern
Showing Zr40 Superlattice Reflections
of Two Different Zones from a Cold-
worked, Nonrecrystallized Region
Adjacent to the Brittle Failure Site
of Specimen 165AG10. The labeling
notations are the same as in Fig. 3.1.
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Selected Area Diffraction Pattern Showing 2Zr,0 Superlattice Reflec~-
tions of Three Different Zones from a Cold-worked, Nonrecrystal-
lized Region Adjacent to the Brittle Failure Site of Specimen
165AE4B. The labeling notations are the same as in Fig. 3.1.

(Jodzs,

Fig. 3.5.



Fig. 3.6.

23

Selected Area Diffraction Pattern Showing Zr,0 Superlattice Reflec~
tions of Ten Different Zones from a Cold~woraed, Nonrecrystallized
Region Adjacent to the Brittle Failure Site of Specimen 165AE4B,
The labeling notations are the same as in Fig. 3.l.
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Diffraction patterns in Figs. 3.3 to 3.6 were ottained froa unrecrystallized
cold-worked regions and contain multiple zones o° not only the a=-Zr matrix

(a[ phase) but of the Zr40 phase (ay; phase) as well. In the latter figures,
as a result of significant relrod* effects, several rows of spots corre-
sponding to different zones are observed usually parallel to a row of strongly

reflecting major spots.

Because of the very weak intensity of the superlattice reflections,
it 1s extremely difficult to identify the superlattice spots during the
diffraction experiments. They could be identified only after the negatives of
the diffraction patterns were developed and indexed. Effort will be devoted
to characterize the interaction of the ayy phase precipitate with dislocations
(or dislocation channels). This can be acnieved by examining dark-field
morphologies produced from superlattice reflections of the precipitates in

association with dislocation substructures.

B. Mandrel Tests on Irradiated Zircaloy Ciadding (F. L. Yaggee)

In-reacior PCI-type cladding breaches during normal power transients
occur in the vicin'ty of axial fuel pellet cracks or adjacent to pellet-pellet
interfaces. This type of cladding failure, ranging in size from microns to
millimeters, also occurs in regions where the cladding microstructure is
unable to exhibit a sufficienc degree of compliance to the high, local biaxial
stress (axial and tangential) imposed by the disparity in thermal expansion
between the U0, fuel and the Zircaloy cladding. The directional thermal
strain differential between the fuel and the cladding is estimated to be
6 x 10'6 and 3.8 x 10'6 °C°l for the axial and tangential airections,
te.pcctlvely.“ Thereiore, a high axial-to-tangential stress ratio can develcp
in the vicinity of a pellet crack as the result of a high coefficient of
friction at the pellet/cladding interface. The axial constraint imposed by
pellet/cladding friction or bonding promotes PCL failures by limiting the
ability of the mechanically anisotropic cladding to axially comply to the
applied tangential stress. Without axial constraint, the cladding contracts
axially during tangential expansion. Since the contraction is not allowed
under axial constraint, the cladding tends tu fail at a smaller tangential
strain.

*Elongated reciprocal lattice spot due to the very small size of the
precipitate phase.
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Previous mandrel telt|5'6

on irradiated Zircaloy cladding were con~-
ducted in the absence of fission product simulants and without axial specimen
constraint, The micron-size breaches occurred at simulated pellet cracks
(1.e., the loading ring slit), but at diametral strains of 3 to 4%, which are
somewhat larger than the typical diametral strain of a PCI failure. We expect
that mandrel expansion tests with axial constraint wil!' result in signifi-

cantly smaller diametral strains at failure.

A Type 304 stainless steel specimen-constraint fixture was designed and
fabricated for use in mandrel tests on the irradiated H. B. Robinson
cladding. The vertically split fixture encloses the 50.8-mm~long specimen and
provides axial constraint by securing the ends of the specimen with 2.l4-mm—
diameter Inconel pins. The pins extend through the specimen wall to within
0.2 mm of the inside specimen surface, and are machined concave to blend with
the inside specimen radius. A 19.4-mm-long section of the inside diameter of
the fixture was enlarged to allow for an 8% specimen diametral strain without
obstruction. This approach to specimen axial constraint during mandrel
loading tzsts relies upon close dimensional tolerances between the specimen
and fixture (<0.01 mm), reproducibility of the size and spacing of the holes
drilled in the specimen, ease of remote assembly and disassembly (especially
after thermal cycles between 25 and 325°C), and a significant difference
between the axial thermal expansion of specimen and fixture. The difference
is about 50% greater than that between the Zircaloy cladding and a uo, fuel

pellet.7

The hardware used to drill the holes in the test specimen and the
assembly of the specimen-constraint fixture are illustrated in Figs. 3.7-
3.9. Figure 3.7(a) shows the hardened steel die-tlock used as a guide to
drill the holes in the specimen, and a 50.8-mm-long unirradiated Zircaloy
specimen to be drilled. The specimen is inserted into the open end of the
die-block and the threaded plugs are tightened to capture and center it. The
apecimen holes arc drilled in two operations using a specially ground drill
bit. The drilled holes are reamed 0.02 mm larger to remove burrs that may be
present after the drilling operation. Figure 3.7(b) shows the drilled

specimen after removal from the die-block.



(a)

(b)

Fig. 3.7. Hardened Steel Die~Block for Drilling Specimen Holes.
(a) Die-block open for specimen insertion and (b)
specimen with 2.l4-mm~diameter drilled holes.



(a) (b)

Fig. 3.8. Axial Constraint Fixture and Specimen. (a) Specimen
and fixture components and (b) partial assembly.

Fig. 3.9. Assembled Fixture Containing Mandrel Specimen.

Figure 3.8 illustrates the assembly of the test specimen within the
fixture. The drilled specimen and the components of the fixture are shown in
Fig. 3.8(a). The specimen is easily inserted into the back half of the
fixture as shown in Fig. 3.8(a). The front half is then pressed in place with
a force of <4.5 kg as are the top and bottom retaining rings. Two 0.88-mm-
diameter hardened steel pins are inserted to prevent axial a!splacement
between fixture components. The four horizontal slots shown in both halves of
the fixture ar~ used to disassemble the fixture with a screwdriver tip after
mandrel testing. Figure 3.9 shows the assembled fixture containing the
specimen into which the mandrel will be inserted. A 6.4-mm-diameter hole is
provided in the front half of the fixture to permit viewing of the portion of
the specimen in contact with the split, internal loading ring.
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Four unirradiated Zircaloy specimens were drilled successfully and
assembled in the fixture to check ejuipment reliability and the reproduci-
bility of the test procedures. One of these specimens was mandrel loaded at
room temperature to a diametral strain of 2.5% to check the axial constraint
capability of the fixture. Posttest measurements established no detectable
decrease in specimen length or elongation of the holes in the specimen.

A mandrel test at 325°C in flowing argon ‘s currently in progress on another
unirradiated Zircaloy specimen to check the dimensional stability of the
constraining fixture after a 20 to 325°C temperature cycle. The specimen
drilling die-block and axial constraint fixture will be introduced into the
hot cell for mandrel tests on irradiated cladding after the successful

completion of the 325°C mandrel test on unirradiated cladding.
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iV. LONG-TERM EMBRITTLEMENT OF CAST DUPLEX
STAINLESS STEELS IN LWR SYSTEMS

Principal Investigators:
O. K. Chopra and W. J. Shack

Progress in this program during the current reporting period is discussed

in NUREG/CR-3857 (ANL-84-44).
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