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Creep Anisotropy of Zircaloy-2 Cladding during lradiation
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ABSTRACT

A procedure is described to determine the axial/radial and circumferential/
radial centraciile strain vatios (the R and P factors in the Yon Mises-Hill
flow relations) from post-ivradiation dimensional measurements of Zircaloy-2
of BWR fusl rods, tie rods and water rods. Values Tor R and P have been
determined for textured cold-worked stress-relieved [CWSR} Zircaloy-2 cladding
made to Advanced Nuclear Fuels Corp. (ANF) specifications. A sensitivity study
was performed to evaluate the effects of measurement uncertainties on the
derived valyes of R and P and on the engineering application of ihe modal Lo
predict the in-veactor deformation of CWSR Zircaley-2 cladding.

1 INTRODUCTION

The cold-werked stress-relieved Zircaloy-2 tubing wsed by Advanced Nuclear
Fuels Corporation (ANF) in the fabrication of nuclear fuel rods for boiling
water reactors (BWRs) is strongly textured. The majority of the basal poles
Tie in the vadial - circumferential {transverse} plane of the Tubing with the
highest concentration of basal poles at plus and minus 30° from the radial
direction. The hexagonal close packed crystalline structure of the textured
tubing causes anisotvopic mechanical deformation behavior. This amisoctropic
behavior 1s most readily modelied by using axial/radial and circumferential/
radial contractile strain ratios, the R and P Tactors, in the von Mises-Hill
flow relations. This paper describes a procedure to determine the R and P
factors for irradiation induced creep of siress-relievad Zivcaleoy-2 cladding
as determined from aeformation measurements on irradiated BWR assemblies and
fuel rods.

Z MODEL DESCRIPTIGN

The creep correlaticn for texiured anisoiropic zircalaoy can be expressed by ths
following ecuations {(Murty and Adams):
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Before the onset of pellet-cladding interaction the state of stress in the
cladding does not change significantly during irradiation. Thus the ahove
strain rate eguation can bz integrated and written as:
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whera Too Ops bo, = radial, circumferential, & axial stress
€y Eps b€, = stress-induced radial, civcumierential, & axial
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CUHLTcCL te strain ratios
For an @ﬂgineerﬂ ils] app]ibati@r oT the model To predict strains in tubing under
a given \LTLSS cendition, the centractile strain ratios, R and P, need to be
derived Trom post-irradiation deformation measuremenis on tubing.

It s gemera?@y assumed that the in-reactor stress inducad sivain has two
components, thermal and drradiation creep strain (Gitius, et al). The
correlation given by Gittus indicates that, at typical reactor operating
temperatures (280 - 320°C), the irradialion induced creep strain 1s much larger

than the thermal creep strain. The dvradiation creep strain has been
determined to have the following stress depsndencea:

e o ob? (4}
In additien toc the stress induced sirains, cold-worked stress-relieved

Zircaloy-2 tubing undergoes stress-free neutrﬁn irradiation-induced growth
{Tength increase) in the axial direciien of the tubing In singie crystals of
71ﬂcaﬂay the irradiation-induced stress free growih is dug to the Tormaticn of
mLcrscﬂLu.] @@ps on prism p]awea and vacancy loops an basal olanes {Franklin
et al). In textured Zircaley-2, with the majority of the basal poles at 30°
to the radia] d1TeCL1Uﬂ, gxial elongation and radial contraction take place
with an insignificant change in the civeumferentizl diraction.

3 EXPERIMENTAL

A boiling water reactor fuel slement consists of a square array of fusl rods

with an uppev and a lower tieplate Titting. The usper and lower endcaps of the

fuel rods have long shanks which are captured in the uppsr and lower tieplates.

This arrangement is shown in Figure 1. FEach BWR fuel element contains 3

different kinds of rods that are stressed differenily.

2 Standard fuel reds have non-thrzaded upper and lower endcap shanks. A small
Incone] holddown spring is placed on the upper endcap to maintain a downward
force on the fuel rod and kesp the rod seated in the Tower tieplate. The
force of the fuel red internal plenum spring which produces a tensile stress
in the Tongitudinal directien of ths cladding is approximately counier
balanced by the compressive stress of the fuel rod holddown spring. During
operation, therefore, and under the influence of the coolant and red
internal pressure, the cladding in a standard fuel rod is, as Tong as no
hard pellet-to-clad interaction takes place, subjecied to a bfaxial state
of stress with a ratio of hoop io axial siress of 2 to 1.
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Water rods do not contain fuel. Small holes are drilled in the cladding
pear the bottom and the ftep of the reds to allow the passage of water
through the reds. During operation the pressure inside ihe water rods is
egqual to the sysiem pressure. Thz Inconel holddown spring on top of ithe
water rod exerts a very small compressive force on the cladding. Fov thne
analysis carried out here this axial siress may be neglected, and the
cladding in a water rod can be considered to be free of siress.

Tie rods are special fuel rods that have a Tower endcap which is threaded
into the Tewer tieplaie and an upper endcap locking mechanism that holds the
uppar tieplate in place. The upper and Tower tieplaie are forced apart oy
the helddewn springs on the fusl rods and water rods. The tie rods, as
their name implies, hold the upper and lower tieplate together. Eight tie
rods are tynically used in & 9x9 BMR design and each iie rod carries a
tensile Toad equal to one-eighth of the comprassive force of the 73 holddown
springs. AL operation the tiz2 vods are under a biaxial state of stress
brought on by the ccolant system onressure, the awial fensile farce of the
rod plenum spring and the axial tensile force of the holddown gprings on the
other fuzl vods. The hoop to axial stress ratio will, therefore, be greater
than 2.

After irradiation of the fuel for different lenaths of time, two types of
measurements have beep made., Rods diameter measurements were mada to determine
the diametral rod creep-down, and vrod lengin msasuvements wers made to
determine rod length changes. The rod diametral deformaiion is made up of two
components: stress-induced thermal creep sivrain and stress-induced ivradiation
creep. There are 3 components in the measured rod Tength (axial deformation)
changes: strass-inducad tharmal creep, stress-induced irradiation creep and
siress-Tree irradiation-inducad growth.

)

4 THEORETICAL DEVELOPMENT
4.1 Model Assumptions

Te apply the model described in Section 2 to fuel rods before the onset of
Pellet-Cladding Interaction and fto determine the wvaluss of R and P, the
following assumptions were made:

I. The thermal creep sirain component in the post-ivradiation measured

ceformation data can be neglecied.

2. Contractile stvain ratios of stress-induced irradiation creep sivain do

not change during irradiation.
3. Tie vods and standard fuel vods in a given Tuel assembly experience an
identical hoop stress.

4. The compressive holddown spring force and the tensile plenum spring ferce

on standard fuel rods cancel one another.

5. Thin wall fubing approximation applies.

The ¥irst assumptien is supported by Gittus’s wvaper: for siress-induced
strain, thermal creep strain is minor in comparison with irradiation creep
strain at the operating temperatures considered. The second assumption
simplifies the calculation orocedure and, since it may be assumed that the
deformation wmechanisms do not change, s Jjustified For an engineering
application of the model. Without peliet-to-cladding interaciion, which is the
case early in Tife, all fuel vrods have an identical hoop stress, making the
third assumption applicable. For the Tourth assumption, calculations were
performed, and the results indicated that sivess due io compression spring
force and plenum spring force on standard fuel rods nearly cancel one ancther,
and the sum of these stresses is very small in comparison with the siress
caused by tne coslant pressure. Any errors induced by neglecting the spring
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fovces on the fuel rod are insignificant. The ratie c¢ladding va]ﬂ thickness
to cladding diameter is typically on the order of 7 percent or Tess. Hence,
for current design fuel vrods, a thin wall tubing zporoximation is applicable.
4.2 Calculation of Irvradiation Induced Growth
&s indicated in Section 3, the water rod cladding is nearly free of stress
during cperation. Hence, measuved Tength increzases of water vrods in each
assembly were used to determine the strass-Traze neutran ivradiation-induced
growth of the stress-relieved Zircaloy-2 cladding in the same assembly.
4.3 Calculation of Axial to Circumferantial Strain Ratio for Fusl Rods
The measured vod length change of standard fuzl rods minus the siress-free
irradiation-induced component (dﬂterniwed through water rod growkth measurements
as cdescribed in Section 4.2) gives the siress-induced creep component.

The cladding in standard fuel rods s closed on both ends. Under thin wail

approximation and Assumption 4 of Seciion 4.1, o = 0 and oy = 2 o, the
Tollowing egquation is derived from Equation 2:
e, 1- B
o 1-R I (5)
EX E  z+P :

The stress-induced ratic /¢, can be determined from the measured data. The
values of R and P cannobt be derived from Equation (5} alone. This equation
only provides a LOTFE] ation betwesn R and P. As is obvious from Fquation (5)
and shown in anuﬂc 2, for a given vatic of ¢,/¢, the value of P is fixed |

a given R and wice versa
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4.4 Calculation of Contvractile Strain Ratios

The stress-inducad axial deformation of tie rods was obtained after subiracting
the stress-{ree irradiation induced growih from the measured total length
change. The tie rods and standaird fuel rods operate at different hoop to axial
stress ratios ag a vesult of the superimposed axial tensile stress in the tie
rods. Whereas the standard Tuel rods operate at a hoop stress to axial siress
rabio of approximztely 2, the tie vods operate at a stress raiioc that is
greater than 2. With this vatio set ai x {x = gy/o,}, the stress-induced iie
rod length change can be expressed as:

€ [ 1~ (x-1) R
e, o —< -—————-f-*+*} O,
: ( X (R+1) 0 )

z ]
The generalized stress in the tie rods can then be calculated fram Equation (1)
assuming that o, = 0:
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As indicate u before {Section 2)9 g, o ogtng With the provisien that the
standard fuel rods and the tie rods Tn a Tuel assembly experience similar hoop
stress early in Tife (Assumption 3 of Section 4.1}, it Tollows that:
D 0.115
, pReR-2pre BB E
€, tie rod X 2% 2 1-{x-1)RrR 2 (8)
g, fuel rod [ o PR P 1-R X
4 4

Using Eguations {5) and (8) and the mzasured Tusl rod deformaticns, the R and
P values for ivradiaticn induced creep of cold-worked siress-relieved
Zivrcaloy~2 tubing were deler mwmed

5 DATA BASE USED IN CONTRACTILE STRAIN RATIO DETERM
Qwa tength change data and rod creepdown data on Tusl Tram Tour BWRs were used
to obtain the desived R and P values for the tyee cladding used. Table 1
summarizes the numbar of the data analyzed. The axtal deformation data had one
measured value per rod; multiple diameiral deformation data were measured
along the rod at various axizal WOCaLmﬁnse
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Table 1. Datz base used in analysis

# of # of rods # of assemblies
data measured measured
Fuel Rod Diametral Defovymation Data 1052 167 14
Fuel Rod Axisl Deformation Data 167 167 i4
WQier Rod Axial Deformation Data 11 11 )
Tie Rod Axial Deformation Data 28 28 7

RESULTS AND DISCUSSION

I Resulis of Data Analysis
ne measured water, Tuel, and tie rod growth daia were Tirsi statistically
analyzed by using Student’s t-test to coniirm that the available water, fuel,
and tie rod growth data were statistically distinguishable. The ti-test
indicatad that the probability Tor water vrod data and Tuel rod data to bz iwo
different populations was Targer than 95%. The prebability for fuel rod and
tie vod data fo be two different populations was larger than 99%.
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6.2 Determination of R and P ¥alues Tor Irradiated Zivcaloy-2

The axial stress in the tie rods was detevminad from holddown spring force
measuraments on the standard fuel vrods. Due to the somewhat different design
and irradiation histories, the value of the hoop to axial stress ram1o in the
tie vrods varied from 2.31 to Z2.57. Inserting these values and the measuved
circumferantial {diametral) and axial strains of standard fuel and tie vods in
Equatiens (3‘ and {8}, velues Tor R and P were obiained. For cold worked
strass-reiisved Zircaloy-7 made to ANF specifications and at a measured stress-
induced axial to circumf eucwtﬁaﬂ strain ratio of 0.15, the values Tor R and P
wers 1.38 and 2.39, vespectivaly.




6.3 Results of Sensitivity Study
A sensitivity study was performed to evaluate the effects of measured
uncertainties on the calculation results. The sensitivity study found several
key Tactors that wight induce large changes in the calculation results. The
uncertainty 1in water rod growth data had Cthe largesi effect, and the
uncertainty in compression spring force measurements had the second largast
effect.

Although the measurement uncertainties cause changes in the R and P values,
it was indicated that the error in predictions was small for an engineering
application of the model.

6.4 Comparisen with Measured Results in Unirradiated Zivcaloy-2

Creep and tensile tesls were performed on unirradiated zircaloy-2 tubing at
room temperature and 382°C. The tests were made at various o,/g, raiios to
determinzg the R and P values. The room temperature tests were uniaxial tensile
tests and open ended internally pressurized tests. The 382°C cresp tests wers
run Tor 400 hr at z stress of 120 MPa by internally pressurizing tubing and
applying a dead weight to obtain o,/o, stress raties of 2 and 1. The secondary
strain was mzasured in these tests. The room temperature tests gave values for
R and P of 2.1 and 4.3, respectively. The 382°C creep tesis gave an R of 1.19
and a P of 0.38. These results indicate that different contractile strain
ratios apply for irradialion creep and for thermal creep.

7 SUMMARY

A calculation procedure was developed to determine ihe R and P contractile
strain rvatios for irradiation induced creep of siress-reliaved Zircaloy-?
cladding in BWR’s. Values of R and P were derived from the measured diametval
and axial defermatien data from jrradiated BWR assambliess and rods.

A sepsitivity study was performed to determine the effects of measurement
uncertainty on contractile strain vatio calculation. The uncertainty in water
rod growth data had the Targest effect, and the uncertainty in spacer spring
force had Lhe second Targest offsei. The measurement uncertainties appear
insignificant for an engineering application of the model and for the
prediction of in-reactor rod growth and creep down.

The R and P ratios calculated from the post-irradiation deformation data were
comparad with those determinad from tensiie tiesis and creep tasts of un-
irradiated cladding. The compariscn indicated that thermal- and irradiation-
induced creep have different coniractile strain ratios.
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