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PRELIMINARY ANALYSIS OF SURFACE DISPLACEMENT RESULTS IN THE
CREEPDOWN IRRADIATION EXPERIMENT HOBBIE-1

D.O. Robson

ABSTRACT

This report presents the results of the eddy-current sur-
face displacement measurements of Zircaloy cladding obtained
during the HOBBIE-1 irradiation experiment in the HFR at
ECN-Petten, the Netherlands. Raw creepdown data from the test
were corrected through the use of reference coils incorporated
in the eddy-current coil block in the experiment capsule. The
corrected displacement results are compared with out-of-
reactor results obtained under nominally identical conditions
of pressure and temperature.

Ex pe riment HOBBIE-1 was run at 371*C and 13.1 MPa speci-
men external pressure for a total time of approximately 950 h.
No gross cladding ovalization was obtained. This result dif-
fered from the relatively simple ovality found in the out-of-
reactor test. Contact with the internal mandrel occurred
between 400 and 500 h, compared v th 375 h for a comparable
out-ot-reactor test. Average dia1s ter decreases for both
tests were similar. These results are discussed in detail.

INTRODUCTION

The Zircaloy Fuel Cladding Creepdown Studies Program, sponsored by

the U.S. Nuclear Regulatory Commission, Of fice of Nuclear Regulatory
Research, is being conducted at Oak Ridge National Laboratory (ORNL). A

joint program is presently under way with Stichting Energieonderzoek
Centrum Nederland (ECN), the Ne the rlands , to pe r fo rm irradiation testing
of the Zircaloy cladding. The experiment capsules are assembled and

calibrated at ORNL and shipped to ECN for installation in the High Flux
Reactor (HFR). The Dutch have responsibility for running the equipment
and for subsequent hot cell examination during disassembly. Details of

the conduct of the experiment will be available in a later report.
The purpose of the HOBBIE experiments is to study the creepdown (a

coined word denoting the inward movement of the cladding under the
influence of external pressure) of Zircaloy fuel cladding as a function

f) .
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2

of temperature , external pressure , and neutron flux. The HOBBIE-1

experiment is che first of approximately eight such tests scheduled

under the j oi'it program.

Fast neutron flux can affect Zircaloy creep behavior at tem-

peratures below those at which thermally activated creep is

significant.l 2 Fidlerisl states "Around 350'C there is a change in the
slope of the inverse temperature vs creep rate plot." This is shown in

2 of Fidleris' uniaxial data. ThereFig. 1, redrawn from Piercy's plot

ORNL- DWG 79-7923
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is some confusion about the low-temperature data point in the 206 MPa
test. Pier:y apparently has the point nisplotted, possibly because of

an incorrect temperature scale on the drawing. Conversion of the 220*C

test temperature gives a value for 1000/"' of 2.03, and the datum has

been replotted at that coordinate as a filled point. If a straight line

is now drawn from the filled point to the 350*C point, passing between
the 260 and 300*C points, better agreement is obtained between the
curves for the two tests. Then the breaks occur at almost the same tem-

perature and the slopes of the low-temperature portions of the curves

are closer.

Unfortunately, the breaks in the Arrhenius plots occur very near
the temperatures of interest for reactor fuc. element cladding: 340 to

3 70*C (6 50-700*F) . If one assumes that the creep is primarily thermally

activated above approximately 350*C, then observable fast flux e#fects

should be found predominately below that tempe ra ture . Such effects were
reported by Ibrahim3 an< re shown in Figs. 2 and 3 for internally

pressurized Zircaloy-2 tubing specimens tested at 263 anc 297*C, both in
and out of an average fast neutron flux of 3.0 x 1017 2n/m s.

CRNL-DWG 78-19363
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Ibrahim.3

Both Figs. 2 and 3 show a definite flux effect: an order of

magnitude in creep rate at the lower stresses in Fig. 2 and a factor of

5 in diametral strain in Fig. 3. The HOBBIE-1 test results to be

described in this report wera obtained at 370 *C in the high-temperature
range reported by Piercy.2 The fast flux for the HOBBIE-1 testcreep

averaged approximately 5.4 x 1017 n/m2 s, which is comparable to the

fluxes reported by Ibrahim.3

E XPER LMENTA* PRCCEDURE

Details of the eddy-current test method for measuring surf ace

displacements have been given in other reports.4> 3 The HOBBIE irra-

diation test itself is described generically in a design and safety

report.6

. 9)
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Briefly, the eddy-current method uses a microcomputer-controlled
instrument to supply a 2-MHz signal to flat-wound coil s of anodized ale-
minum riboon. These coils are positioned close to the tops of

flatheaded, spring-loaded probes whose points contact the surface of tne

Zircaloy cladding specimeas at chosen positicas. Twenty working probe

assemblies are at rayed in a double helix over a 50-mm gage length of the
specimen. Two reference coils and two zero coils complete the eddy-current

system.

When a coil is brought near a conductor, the alternating electro-

magnetic field induces eddy currents in the conductor, which in turn

modify the field, causing the resistive component of the coil impedance

to increase and the reaccive component to decrease. With the coil in an

(7 ) as theimpedance bridge, a change is produced in the voltage out 3

impedance of the test coil varies with respect to the rsfe.ence coil.

The output voltages, through appropriate calibration of each probe

assembiv, are proporticnal to the coil-to probe head distance , or

lift-off. The microcomputer, with the coil calibrations stored in

memory, systematically scans each coil in turn, calculates the lift-off

for each probe, compares this with the initial lif t-of f , and outputs the

-

difference. This difference is the amount of radial displacement

undergone by the particular point on the cladding surface since the

beginning of the test. Instrument drift that occurs in the measurement

system can be corrected by use of the reference lif t-of f and zero

reference coils that are included in the coil holder block. These

corrections will be discussed later.

The HOBBIZ experiment capsules are described in detail.6 They are

placed in the H8 corner core position of the EFR in an inde pendently

water-cooled thimble provided by ECN. Each test irradiates a Zircaloy

tube test specimen 10.92 mm OD by 0.64 =m wall by 1524 mm long. The

test specimen is welded to a Zircaloy reducer tube, which in turn is

welded to a Zircaloy-to-stainless-steel transition joint. This is a

commercially obtained tandem-extruded joint, allowing the use of an

inner stainless steel bulkhead through which the heater and internal

thermocouples can be brazed.

C99 93bJm c -
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The pressure vessel of the capsule is type 316 stainless steel

55.12 mm CD, 44.95 mm ID, and 560 me long. To reduce mechanical and

thermal stresses, the bottom part of the pressure vessel is provided

with a hemispherical head, The penetration of instrumentation lead

wires and gas lines precluded an identical geometry at the top of the

pressure vessel. Therefore, a flat plate bulkhead has been designed

into which the lead wirus and gas lines have been furnace brazed with

Nicrobraz 50 at a temperature of 1010*C.

Along with the aluminum deformation monitoring device and the speci-

men with transition tube, there are two aluminum blocks , one above and

one below the deformation monitoring device. This obtains the crarrect

ther7.al characteristics of the capsule while keeping the volume of

high pressure gas as small as possible. Detailed assembly drawings

inc.'.uding parts lists and material specifications are given in ORNL

drawings X8 Ell 762-100 et seq. , available from the author.

Temperature and pressure data for the test are shown n. Figs. and4

5, respectively. Examination of the temperature data shows that three

scrams occurred during the test -- at approximately 50, 110, and 480 h --

and that a scheduled two-day reactor shutdown took place at approxima-

tely 560 h. The temperature data also point out a problem encountered

in the test. There was a 25'C axial temperature dif ferential over the

50-mm gage length of the specimen. This is thought to be due to thermal

convection cells being formed in the belium pressurizing gas surrounding

the specimen. Changes are being made in experiment design to alleviate

this problem. As will be pointed out later, this temperature differen-

tial may have influenced the deformation mode of the cladding specimen.

The HOBBIE-1 expe riment i, the first pressu-ized test in this

series. An unpressurized mockup capsule was previously installed in the

HFR to test heat transfer calculations and eddy-current coil behavior in

a neutron flux. Reference 6 describes the pressurization sysram for tne

HOBBIE experiments and, in particular, the pressure regulation and

equalization components. The pressure data in Fi g . ; indicate a saw-

tooth variation in pressure with time. This has been interpreted as a

malfunctioning of the pressure equalization cylinder, which, instead of

)c

1, -
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naintaining a relatively constant pressure over the length of its stroke,

refused to cycle. As a result, the pressure alternated between the

lower and upper regulator settings for the experiment. The vertical

portions of the curves represent pressurization and the decreasing por-

tions represent leakdown. The apparent leak rate is 80 Pa/s (30 kPa/h

or 4. 5 psi /h) .

The ef fects of these variations on the creepdown behavior cannot be

quantified at this time. This will be discussed late .

( O .'S W

Raw Data

Experimental creep data were obtained during the irradiation test

as punched paper tape output from the data acquisition system. A copy
of this tape was mailed to CRNL from ECN for evaluation and processing.

The HOBB LE-1 raw lif t-of f data are shown in Figs. 6 through 15,
first as line plots supplied by ECN and then as computer point plots
done at CRNL. The data obviously show a large amount of variation with

time. Figures 6 through 10, the Dutch line plots, e.mphasize a 24-h
periodicity in the lift-off data that is probaaty due to ambient te m-

perature fluctuations in tb. air in the reactor containment building.

This periodicity is particularly evident in Fig. 1C with coil 12 (a

reference lif t-off coil) and coil 18 (an alternate zero reference coll).
Data for these two coils and from coil 6 (another reference lif t-of f
coil) furnished the information needed for correcting the raw data from
h0BBIE-1 f or the fluctuations discussed above and for instrument drift
with time.

The raw data indicate that small amounts of surface displacement
took place during the first few hund/ed hours, substantial movement

occurred between approximately 300 ar.d 500 h, and that mandrel-cladding
contact occurred between approxima*.ely 400 and 500 h.

C, ') I')
.-
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Data Correction Method

Reference coils are included in the creepdown-monitoring equipment
to indicate the amount of instrument drift and to provide a means for

quantitatively correcting the data for that drift. Coils 6 and 12 were

preset to constant lif t-off values of 402 and 794 um, respectively,

before the test. Ideally, if no drif t occurred during the test no

change in lift-off should ocent for those coils. Coil 18 was used as a

backup zero reference coil to be used if coil 24, the regular zero
re fe re nce coil, was lost. Its data were recorded as analogue-to-digital

(A/D) output readings, and these are plotted on the same scale as coils
6 and 12 in Figs. 10 and 15, but are not in the same units. The A/D

readings are digitized representations of the voltage differences
generated by the eddy-current coils. The coil 18 data would have been

unif ormly ze ro with time if coil 18 had been identical in electrical

characteristics with coil 24 In reality, the A/D readings represent

the dif ferences between coils 18 and 24, where coil 24 is defined as

having a constant A/D reading of zero. An average of the absolute

values of coils 18 and 24 with time (one half the A/D value for coil 18
at each data acquisition interval) was subtracted to correct the data

for drift in the instrument zero value.

Data acquisition intervals of 2 h were used in the test, with 23
pieces of information being acquired at the end of each interval. These

23 data consisted of information from the 20 working coils, 2 reference
lif t-off coils, and the backup zero ref 2rence coil. The eddy-current
instrumentation, described in ref. a, contains a microcomputer, which

stored the calibration constants for each of the eddy-current coils.

These constants were used in a simple polynomial in the natural logarithm
of the A/D readings to calculate the lift-off. Th2 form of the equation
it

lift-off = CO + C [In( A/D)] + U;[In( A/D)]2 ,l

and with it and the q :adratic formula one could also obtain the A/D

value from the lifu-off value. At the beginning of the test, the

eddy-current instrtmentation was zerced and a set of 20 absolute
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lift-off readings was obtained. These values were stored in computer

memory, and all subsequent data sets were compared with them. The dif-

ferences constituted the output data.

The following scheme illustrates the correction method for the

HOBBIE-1 data. For clarity only one datum, for one coil and one time

step, will be discussed. It should be understood that the actual

correction was done by computer on each of the approximately 9500 data

points for the test.

Acause the data point for coil 8 at 500 h is to be corrected. The

initial absolute lif t-off for this coil was 763 um. The change in

lif t-of f af cer 500 h was +45 um, so that the actual lfft-off was 808 as.

This value was converted to its equivalent A/D valve with the appropriate

polynomial to obtain a value of 940. Coil 18, th- alternate zero

reference coil, produced a value of 68 f rr the 500 h time step. This

value was directly in A/D output units and represented drif t relative to

the zero reference coil - the one being used by the instrument as a

baseline. As discussed earlier, an appropriate correction for this

drift would be to average the two zero reference readings. This pro-

duced an A/D value of 34 since the ze .o reference coil was zero by defi-

nition. This value was subtracted trom the coil 8 reading to give an

A/D value of 906, which converted to a lif t-of f of 824 um. Subtraction

of the initial absolute lift-off left a change-in-lift-off value of

52 um. This completed the correction based on the zero reference coils.

Coils 6 and 12 were preset to constant lif t-of f values before start-

up of HOBBIE-1. If the measuring system had performed with no drif t

these two coils would have shown no change in lif t-of f during the test.

Since they did vary with time, it was necessary to apply a correction

based on those variations. The initial lif t-of f values for coils 6 and

12 were 402 and 794 um, respectively. The average initial lif t-off for

the 20 working coils was 662 um. The difference between the average

value and the coil 12 value is one-half the dif f erence between the

average and the coil 6 values. Therefore, a weighting procedure was

used wherein the changes in apparent lift-off in coils 6 and 12 were

used to make a final correction in the data. This correction was of the

form

( Co rre c t ion) 6, 12 = [2(1LO)i; * (ILO )6]/3 , 522 246
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and was subtracted, at each time step, from eacit of the 20 working coil

lift-off values. The rationale used for this weighting was that coil 12

was closer to the average lift-off values of the working coils and should

better represent the drift behavior of those coils.

Corrected Data

The results of the preceding correction are shown in Figs. 16

through 20 and are best seen in a comparison of Fig. 15 with Fig. 20.

These are the raw and the corrected reference lif t-of f data, respec-

tively. The dif ferences between the raw coil 6 and 12 data and the

corrected coil 6 and 12 data reflect the weighting used in the correc-

tion. , Note that the curves for coils 6 and 12 are essentially mirror
images in shape but are displaced from the zero lift-off line distances

by amounts inversely proportional to their weighting. If the curves

were averaged according to their weighting, that average would fall

close to the zero line. The coil 18 data, which are not lift-off data,

are uncorrected and are identical in the two figures.
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Figures 16 through 20 show that even though the data corrections
eliminated part of the scatter in the HOBBIE-1 results , there was still
a fine structure related to the 24-h periodic variation discussed

earlier. This was eliminated by averaging e.he corrected data for each

coil over a 24-h time period. The results are shown in Figs. 21 through

24

Finally, one area of data correction was not implemented in this
experiment. The computer-controlled clock gained approximately 1 min /d.
Also, several reactor scrams during the experiment introduced some
uncertainty in the exact time of the test. The data were collected at

2-h intervals during the test, and the actual test times were esti-

mated. The data reported herein are based on a best estimate of the
correct test times but may be off by a few hours. This is not con-

sidered important in the analysis of the HOBBIE-1 data.
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DISCUSSION OF RESULTS

Prior out-of-reactor tests showed that the Zircaloy cladding deformed

by two genersi modes - cvalization and diameter decrease. Lth modes

could be recognized easily from the data. Ovalization produced increasing

lift-off in sets of coils on opposite sides of the specimen and decreasing

lift-off in coils at right angles to those sets. Diametral or circum-~
ferential strain could be detected by a general trena in the data toward

increased lift-off. The HOBBIE-1 results do not show the smooth ovali-

zation found in out-of-reactor tests. It is not known at present

whether this is typical of in-reactor behavior or is due to the axial

temperature gradient that existed in the specimen. Further testing, in

which the gradient is eliminated by experiment redesign, should answer

that question.

Average diameter changes occured in HOBBIE-l in a relatively smooth

manner, as shown in Fig. 25, as a runction of test time. The uncer-

tainty in tha data for the first 100 h of test time is due to a trend in

c,r252g a



_

4

22

CRNL-DWG 79-8122
IO

j , , , | g | | ; i

c+..
-

.

-

N HCEEIE -1
_ 371'O 13 imps
E
t, - 0- 9

$
|3 o4

!-20L- N :

~

U \

y-30s -

'! i
C t

8 ~ o I

g -40r- -

s o i
* |

,

- 50- ~

l I i ! | | 1 I I
-60

0 00 200 300 400 500 600 700 800 900 :000
TIME (h)

Fig. 25. Average Specimen Diameter Change as a Function of Time.
The slope change between 400 and 500 h represents the time of mandrel
contact by the specimen. The dashed line between 0 and 100 h represents
the uncertainty in the absolute lift-off measurements caused by the
reactor scram.

the data toward decreasing lift-off - this indicates a diameter increase -

and to a reactor scram. This all occurred during the first 60 h of

testing. Indications from the corrected reference coil data, Fig. 20,

were that this trend was not due to instrument drift since such drift

presumably was taken care of by the corrections. The data probably had

not been corrected to completely eliminate the effects of the scram that

occurred at approximately 50 h after the start of testing. These uncer-

tainties led to a decision to " float" the data, starting at 100 h. The

loss of the cero position during this time span and the uncertainty in

the absolute lif t-of f values are not of great importance to the present

interpretation of creepdown in HOBBIE-1. Hot-cell examination of the

test specimen will give values of total plastic strain :nat will allow

back calculation of lift-off.
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The total average diametral decrease from 100 to 900 h was about

46 pm. This represents a circumferential compressive strain of approxi-

mately 0.42% or an average strain rate of approximately 5.3 x 10-6/h.
The specimen contacted the internal mandrel between approximately 400

and 500 h, compared with 375 h for a comparable out-of-reactor test ,5

and an appasent change in rate can be seen in Fig. 25. The rate of

average circumferential strain between 100 and 400 h was approximately

1.1 = 10-5/h. This rate is higher than reported ,2 for uniaxial creep,1

but the test condition dif ferences preclude meaningful comparisons.

Future tests will allow a better comparison with published data.

CONCLUSIONS

This report has presented the creepdown data from HOB 3LE-1, the

first of a series of externally pressurized Zirealoy-4 fuel cladding

creepdown tests. The results are reported together with the procedures

used to correct the data for instrument drift and the effects of reactor

scrams.

The following conclusions have been reached:

The eddy-current deformation-monitoring system worked well for the

approximately 1000-h lifetime of the experiment.

Instrument drift can be corrected through the use of the reference

lif t-of f coils and the zero-balance coil. The correction method does

not eliminate completely the scatter in the data but it does provide a

rational method for quantitatively adjusting the lift-off readings

according to variations in the reference coils.

No simple pattern of ovalization of the specimen was found in the

HOBB IE-1 te st . We do not know yet whether this was due to testing

in-reactor or to influence of the axial temperature gradients in the

specimen.

Specimen-to-mandrel contact was made between 400 and 500 h.

Tha rate of average diameter decrease, or circumferential strain,

was approximately 1.1 < 10-5/h between 100 h and the time of first
mandrel contact.
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Future tests will be run at lower temperatures (340-345'C) to try

to separate the fast flux contribution from the thermal contribution to

the creepdown rate.

.

ACKNOWLEDGMENTS

The author acknowledges with pleasure and thanks the many contribu-

tions of the following people: for capsule and instrument design,

fabrication, and calibratior., L. D. Chitwood, C. V. Dodd , T. D. Owings,

and K. R. Thoms. For data reduction, B. L. Booker. For installation of

the experiment in the HFR, for its operation, and for the data acquisi-

tion at ECN, Theo van der Kaa and the ECN staf f. Thanks are also

extended to S. Peterson for editing sad K. A. Witherspoon for typing the

manuscript.

REFERENCES

1. V. Fidleris, " Uniaxial In-Reactor Creep of Zirconium Alloys ," J.

.Vbcl. Mdten. 26: 51-76 (1968).
2. G. R. Piercy, " Mechanisms for the In-Reactor Creep of Zircor.ium

Alloys," J. . hcl. Ndtar. 26: 18-50 (1968).'

3. E. F. Ibrahim, "In-Reactor Tubular Creep of Zirealoy-2 at 260 to

300*C," J. .'Lel. Mdten. 46: 163-82 (1973).

4 D. O. Hobson and C. V. Dodd, Interim Repo*0 cn the Creerdc:,;n of
Zincaloy ?as! Cladding ^RNL/NUREG/Dt-103 (May 1977).

5. D. O. Hobson, Creepdcun of Zirealoy ?hel Cladding - Initial "'esta,
ORNL/NUREG/TM-131 (April 1978).

7" Ted 52faty Report for 9093??6. K. R. Thoms and T. van der Kaa, "oF#

Capsulas, ORNL/NUREG/TM-167 (December 1977).

., e %o--

k') L ~

s-



''
25.

NUREG/CR-0810
ORNL/NUREG/TM-310
Distribution
Category R3

INTERNAL DISTRI3UTION

1-2. Central Research Library 29. R. E. MacPherson
3. Document Re ference Section 30. M. M. Martin

4-5. Laboratory Pecords Department 31. R. W. McClung
6. Laboratory Records, ORNL R.C. 32. F. R. Mynatt
7. CRNL Patent Office 33. T. D. Owings
8. R. L. Beatty 34 G. W. Pa rke r
9. C. R. Brinkman 35. H. E. Ree so r

10. L. D. Chitwood 36. T. C. Reiley
11. J. A. Conlin 37. D. 3. Simpson
12. J. A. Cox 38. G. M. Slaughter
13. C. V. Dodd 39. J. H. Smith
14 G. R. Gessel 40. R. W. Swindeman

15-16. M. R. Hill 41. K. R. Thoms
17-26. D. C. Robson 42. J. %. Woods

27. J. A. Horak 43. C. L. bhite
28. R. A. Lo renz

EXTE.RNAL DISTRIBUTION

4 M 6. ECN - Pe tten Research Center, Po stbus 1, 1755 ZG Petten (NH),
The Netherlands

R. J. Swanenburg de Veye
Theo van der Kaa
N. van der Kleij

47-48. PNS - Leitung, Kernforset ungzentrum Karlsruhe, Po stf ach 3640,
75 Karlsruhe, W. Ge rmat.f

M. Fischer

19. NRC, of fice of Nuclear Regulatory Research, Washington, DC 20555
M. L. Picklesizer

50. DCE Oak Ridge Operation Of fice, P.O. Box E, Oak Ridge , TN 37830

Assistant Manager, Energy Research and Developt.ent
51-52. DOE Technical Information Center, Of fice of Information

Se rv ic e s , P. O. Box 62, Oak Ridge , TN 37830

53-362. Given distribution as shown in Category R3 (NTIS - 10).

') h h. ,) ,i
,

s,
-


