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ZIRCALOY FUEL CLAPPING COLLAPSE TEST PLAM 

D. 0. Hobson 

ABSTRACT 

This test plan outlines the experlaental philosophy 
and procedures for investigating the deformation bebsTlor 
of Zircaloy fuel cladding under norma?, and near-norms) 
reactor operating conditions. Such conditions lapose 
compressive hoop and axial stresses on the cladding at 
teapcratures that encompass the tiae-dependent or creep-
strain reglae. The purpose of the outlined study is to 
understand the deformation behavior of cladding under 
in- and out-of-reactor conditions so that aechanlcal 
properties correlations asy be developed. 

lirrRODUCTION 

An understanding of the behavior of light-water, povet-reactor 
fuel cladding under normal1 reactor operating conditions is important 
froa several standpoints, including calculations of heat transfer from 
the fuel to the coolant and of stresses and strains in the cladding. 
Several computer programs have been developed to predict the behavior 
of cladding and, in particular, to calculate th* cv nge in ovality of 
an initially oval, closed-end, finite-length tube as a function of 
tlae, teapetature, neutron flux, and uniform external pressure. 

The purpose of this report is to outline our current thoughts on 
the subject of Zircaloy cladding creepdown and collapse. The planned 
experimentation will provide information to improve the mechanical 
propertlea data needed for various computer codes. 

An extensive review \ut» been performed on prior experimentation on 
cladding collapse, on theoretical virk on the collapse of cylindrical 
bodies, and on the anisotropy of Zircaloy in general. 

The term "normal" is defined as the operation of the reactor under 
design conditions (nominally approximately 700*F (371*C) cladding teapera-
ture and approxlaately 1800 to 2200 psi (12.4 to 15.2 MPa) external pres
sure] and includes temperature variations and changes in fuel pellet 
geometry and spacing over the lifetime of the fuel element. 

*•* 



2 

The effects of creep collapse, both in- and out-of-reactor, are 
at present somewhat unknown qvantities. This is especially true with 
regard to creep rate. Very little information presently exists on this 
subject. In fact, unless prior specimen history is available any 
mechanical properties data are of limited value in developing correlations. 

It is apparent that tubing deformation is both a geometrical and 
a mechanical property phenomenon. Geometrically, the tubing dimensions 
[0.430 in. OD by 0.025 in. vail (10.92 * 0.64 mm)] and, very importantly, 
the unsupported length of the tubing [up to 4 in. (102 mm)] significantly 
affect the magnitude and distribution of the stresses Induced in the 
tubing. The strength properties of the material determine the behavior 
in response to these forces. If these properties are anisotropic, the 
behavior of the tubing is further complicated by the need to consider 
stress states of the tubing as a function of its geometry. 

Another geometric factor of direct importance to the present 
problem is found in the situation where a pellet-to-pellet gap exists 
and the tubing is not supported over part of its length, thereby affecting 
the length-to-diameter ratio and, consequently, the stress states and the 
collapse behavior of the tubing, it is reasonable to assume that the 
directions of the stresses in the tube vail will not change during col
lapse — at least in the early stages of the process. The magnitudes of 
those stresses will change, however, as will the associated stress ratios. 
While it ii pointless to speculate on the specific forms that the defor
mation would take (this will be determined experimentally), it is important 
to note that a single tube will have a number of different stress states 
present during collars* or creepdown. Each of these stress states will 
interact with the specimen material to cause strain, either by yielding 
and plastic flow or by creep. In an isotropic material, these strains 
could be fairly predictable and, indeed, a large volume of literature 
exists on the aultiaxlal stress-strain behavior of the more isotropic 
materials. The anisotropic behavior of Zircaloy, however, adds a further 
complication to the discussion. This metallurgical variable, in which 
the mechanical properties are functions of the degree of preferred 
orientation (texture) and the direction and sense of the applied stress, 
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relative to the particular texture, certainly modifies and could even 
negate many of the observations and conclusions concerning tubing-
collapse behavior described by various investigators and based on tests 
of more isotropic Materials. 

Since the experimental program addressed by this document is 
already under way, some aspects are less conjectural than others. This 
is especially true of the test parameters related to collapse. This 
will be discussed later in this report. 

BACKGROUND 

To aid in the appreciation of the complexity o" the tubing collapse 
phenomenon the results of a fairly comprehensive literature survey will 
be reported 

Mechanical Behavior of Zircaloy 

The anisotropic character of Zircaloy has been known far years, 
primarily for its effect on mechanical properties. It was pointed out 
by Picklesimer2 that "... it has not been recognized that the mildest 
anisotropy of mechanical properties obtainable in these materials is 
cuch more severe than the maximum anisotropy that cac be produced in 
cubic metals." This statement "as made in 1963 following a study of 
the effects of fabrication variableJ on the anisotropy of strain behavior 
md mechanical properties of Zircaloy-2 plate material.*'* The three 
above-cited references represent perhaps the 'Irst exposition of the 
mechanical characteristics of Zircaloy In a context that appreciated 

2M. L. Picklesimer, A Preliminary Examination of the Formation and 
Utilization of Texture and Anisotropy in Zircaloy-2, ORNL-TM-460, p. 2 
(Feb. 28, 1963). 

JP. L. Rlttenhouae and M. L. Picklesimer, Metallurgy of Zircaloy-2 
Part 1. The Effects of Fabrication Vaiiables on the Anisotropy *f 
Mechanical Properties, ORNL-29^A (Oct. 13, 1960). 

^P L. Ritteahouse and M. L. Picklesimer, Metallurgy of Zircaloy-2, 
Part 2. The Effects of Fabrication Variables on the Preferred Orientation 
and Anisotropy of Strain Behavior, ORNL-2948 (Jan. 11, 1961). 
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both the drawbacks and advantages of anisotropy. A later report, 
edited by Woods of Bett is Atomic Power Laboratory (BAPL), discussed 
various properties of Zircaloy-4 tubing and acknowledged the effect of 
texture on uniaxial and biaxial strength. A continuing set of reports 
from BAPL, from 1967 through 1973, have examined and discussed deformation 
and collapse phenomena in Zircaloy cladding from both experimental and 
theoretical bases . These reports w i l l now be examined chronologically 
before other concurrent reports are reviewed. The ear l i e s t of these 6 

considered approximate methods for analyzing the e f fec ts of external 
pressure on the deformation of Zircaloy cladding. The author considered 
ine las t i c and creep col lapse , oval i ty , diametral creep, local buckling, 
and axial wrinkling. Among the simplifying assumptions that were made 
was that the tube was long and thin walled. Host of the report deals 
with collapse as a geometric ins tabi l i ty problem, with time-dependent 
(creep) behavior included in a short section toward the 2nd. Tne author 
s tates " . . . i t i s questionable whether tube shrinkage can be predicted 
quantitatively with any real accuracy." The subject of diametral 
buckling of short tubes was handled on a lower limit basis related to 
long-tube calculations. Some comparisons with experimental results are 
given for long-tube buckling, but these were inconclusive from an 
anisotropic property standpoint, 

A second BAPL report 7 considered the e f fec t of neutron flux on the 
deformation behavior of Zircaloy cladding. A computer program. Flux 
Induced Creep (FLIC), was reported capable of describing the in-reactor 
deformation characteristics of Zircaloy. Unfortunately, the e f fects of 
anisotropy were not included, although the extension of FLIC to include 
anisotropy was stated to be ' eas lb le . 

5 C. R. Woods, ( e d . ) , Properties of Zircaloy-4 Tubing, WAPD-TM-"i85, 
(December 1966). 

6 D. S. Griffin, Deformation and Collapse of Fuel Pod Claddinp Due 
to External Pressure, WAPD-TM-591 (January 1967). 

7 E. Duncombe et a l . , Prediction of the In-Reactor Deformation of 
Zircaloy Cladding for Oxide Fuel Rods, WAPD-TM-808 (L) (December 1969). 
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The next BAPL report discussed the developaent of a computer 
program (BUSHL) for calculating the ine l :=t ic buckling of shel ls of 
revolution >mder external pressure and axial compression. 8 According 
to the author - 'The Reuss equations of p la s t i c i ty combined with H i l l ' s 
anisotropic cheory of p l a s t i c i t y . . . are used to determine the s t r e s s -
strain relat ions." However, the anisotropic theory of p l a s t i c i t y 
developed by Hil l was pointed out by Bogue* as not being suff ic ient ly 
general to handle the aclsntropy of Zircaloy. For example, the Hi l l 
theory, a generalization of the von Mises yield cr i ter ion for isotropic 
materials, does not address the fact that Zircaloy usually possesses 
compressive and tens i l e y ie ld strengths of unequal magnitude. 2 In fact , 
the Hil l theory requires those y ie ld strengths to be equal. So, even 
though i t was stated by Thuraan' that BUSHL va:> developed primarily for 
the buckling collapse of Zircaloy-clad oxide fuel rods, the program 
appears to ref lect inadequately the inherent mechanical behavior of 
Zircaloy. 

Two companion documents 1 0 ' 1 1 related to the in-reactor length and 
diameter changes of Zircaloy-clad fuel rods were published in 1973 by 
BAPL. These w i l l not be discussed here except to acknowledge their use 
of contracti le s train rat ios in the CYGRO computer program used to 
calculate s trains . These rat ios are directly related to the e f fec ts of 
texture on the strain behavior of the material. Unfortunately, the 
e f fects of temperature cannot be characterized from the results given 
in this reference. 

*A. L. Thurman, BUSHL — A Computer Program for the Inelastic 
Buckling of Shells of devolution Under External Pressure and Axial 
Compression, UAP&-TM-890 (March 1971). 

9 D. C. Bogue, The Yield Stress and Piastre Strain Theory for 
Anisotropic Materials, ORNL-TM-1869 (July 1967). 

1 0 D . A. Hertz e t a l . , In-Pile Length Changes of Cladding and Fuel 
Stacks of Ziraaloy-Clad Oxide Fuel Rods, WAPD-TM-1166 (L) (October 1973). 

n R . C, Hoffman e t a l . , In-Pile Diameter Changes of Ziroaloy-Clad 
Oxide Fuel Bods, WfePD-TM-1167 (1) (October 1973). 
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F i n a l l y , two documents were published on cladding c o l l a p s e 

that are d i r e c t l y r e l a t e d to the present s t u d i e s . The f i r s t o f these 

d e a l t with both the i n - and o u t - o f - r e a c t o r c o l l a p s e of short unsupported 

l engths of Zirca loy-4 cladding under external pres sure . Test parameters 

included tubing fabr i ca t ion method, unsupported l e n g t h , d iameter - to -wal l 

th ickness r a t i o , pressure , and i r r a d i a t i o n environment. The o u t - o f -

reactor t e s t s were run at 700°F ind t ime-o f - co l l apse was monitored by 

an instrumented ceramic ring that fractured at the i n s t a n t of c o l l a p s e . 

The i n - r e a c t o r test'* were s i m i l a r l y i n s t r w e n c e d and were apparently 

t e s t e d a t 653-660°?.*. The BUSHL code 8 was used to analyze and compare 

the t e s t r e s u l t s ; whi le bearing i n mind the l i m i t a t i o n s of BUSHL d i scussed 

e a r l i e r , one f inds tus t Mertz and c o - w o r k e r s 1 0 concluded that BUSHL was 

"not i n c o n s i s t e n t " and that " . . . BUSHL p r e d i c t i o n s bound the t e s t data " 

In the o ther work, 1 " the a p p l i c a b i l i t y of BUSHL i s somewhat ambiguous. 

(The present study of creepdown and c o l l a p s e w i l l d i f f e r from the BAPL 

study i n that continuous monitoring of c o l l a p s e s t r a i n w i l l be performed 

during t e j t i n g rather than j u s t the determination of c o l l a p s e t i n e . This 

i s an important d i f f e r e n c e because both r a . : e - o f - c o l l i p s e and c o l l a p s e 

geometry, not considered by McCabe and c o - w o r k e r s , 1 2 are parameters that 

a f f e c t fue l -rod performance.) 

McCabe 3 d i scussed o v a l i t y , c o l l a p s e , anH ax ia l wrinkl ing of Zircaloy 

c ladding as a funct ion of ex terna l pres sure , p e l l e t - c l a d d i n g gap, c ladding 

dimensions, and cladding mater ia l heat treatment. Test cond i t i ons were 

such that both "instantaneous" and creep col lapse could be ach ieved . 

Resu l t s of ana lyses using a GAPL code were reported by Thurman.^ This 

code used isochronous s t r e s s - s t r a i n curves , apparently generated by the 

fc-LIC c o d e , 7 to pred ic t creep c o l l a p s e and a x i a l wr ink l ing . The agreement 

1 2 E . A. McCabe, J r . , e t a l . , Short .vbe Collapse of Zircaloy-Clad 
Oxide Fuel Rods Under External Pressure, WAPD-TM-1173 (L) (November 1973) . 

1 3 E . A. McCabe, J r . , Ovality, Collapse and Axial Wrinkling cf the 
Cladding on Zircaloy Clad Oxide Fuel Rods, WAPD-TM-1174 (L) (N'ovember 1973). 

Xhk. L. Thurman, GAPL3 —A Computer Program for the Inelastic F/zrge-
Peflection Stress Analysis of a Thin Plate or Axially Syrmetric Shell 
wiih Pressure Loading and Deflection Restraints, WAPD-TM-791 (June 1969). 
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with experiment was not good and was thought to be due " . . . to the 
unceitainty of the creep data used because of the high s tress s tate of 
the t e s t s ." The use of isochronous s tress-s tra in curves was also 
thought to be inadequate. McCabe13 postulates that a time-dependent 
relationship of creep-stress strain and cladding deformation would be 
needed to improve th<. predictive ab i l i ty of the analysis . I t was 
stated earl ier in th is report that the FLIC code does not address 
anisotropy adequately. I t i s possible ;hat the stress s tate of the 
cladding i s also not adequately modeled by GAPL. 

Returning to ear l i er concurrent reports of interest to this study 
one finds that, in 1966, two papers were presented at an Electrochemical 
Society symposium that reviewed the s tate of knowledge of che anisotropy 
and mechanical properties of Zircaloy-2. The f i r s t of these, by 
Pickles imer, 1 5 concerned the causes of anisotropy (preferred orientation, 
deformation systems) and i l lustrated many of the e f fec ts anisotropy can 
have on mechanical properties. In ch& paper he discussed s tudies , c r i 
ter ia , and theories needed to better understand the behavior of Zircaloy. 
He concluded with a statement that has direct applicabi l i ty to the present 
study of cladding col lapse: 

Finally, n»sw and adequate theories K.ust be developed 
of the s t res s - s tra in behavior of anisotropic metals in 
multlaxial s tress systems, for both e l a s t i c and p las t ic 
s tra ins . In such theories, the general case must be for 
metals with no symetry of properties so that, mathe
matically, the behavior of cubic netals would become 
essent ia l ly a special case, and the behavior of cj>h 
metals an intermediate case. The theories wist allow 
the s tress -s tra in behavior to be dependent on the sign 
of the s tress ( tens i le or compressive), the crysta l lo-
graphic texture, the change in deformation systems with 
temperature and strain rate, and on the multlaxial s tress 
configuration. 

i 5 M. L. Pick.les.imer, "Deformation, Creep, and Fracture in Alpha-
Zirconim Alloys," Eleatroohem. Technol. 4(7-8): 289-300 (July-August 1966). 

http://Pick.les.imer
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In effect, he states the case for a generalization of Hill's theory of 
yielding and its application to the complex stress state present during 
cladding collapse. 

The second paper, by Rittenhouse and Picklesimer15 delineates the 
anisotropic characteristics of Zircaloy sheet material with emphasis on 
yield and strain behavior. One of the conclusions reached in this study 
is again of direct concern to the problem of cladding collapse because 
it points out the role of compressive strain in the complete description 
of anisotropic behavior: 

The variation of mechanical properties in the rolling 
plane cannot be taken as a true measure of the aniscivopy 
of plastic properties. Complete evaluation of mechanical 
anisotropy naist include consideration of behavior in ten
sion and compression in the three principal plate directions. 
A number of papers on the creep of Zircaloy, both in- and out-of-

reactor, have been published by U.S., English, and Canadian workers. 1' - 2 

P. L. Rittenhouse and M. L. Picklesiuer, "Research on the Mechanical 
Anisotropy of Zircaloy-2," Electron. Technol. 4(7H&): 322-29 (July-
August 1966). 

1 7V. Fidleris, "The Effect of Texture and Strain Aging on Creep of 
Zircaloy-2," pp. 1—17 in Application Related Phenomena in Zirconium and 
Its Alloys, Spec. Tech. Publ. 458, Ameiicai Society for Testing and 
Materials, Philadelphia, 1968. 

l aE. F. Ibrahim, "In-Reactor Creep of Zirconium-Alloy Tubes and Its 
Correlation with Uniaxial Data," pp. 18—36 in Application Related Phenomena 
in Zirconium and Its Alloys3 Spec. Tech. Publ. 458. American Society for 
Testing and Materials, Philadelphia, 1968. 

1 9B. Watkins and D. S. Wood, "The Significance of Irradiation-Induced 
Creep on Reactor Performance of a Zircaloy-2 Pressure Tube," pp. 226-49 
in Application Related Phenomena in Zirconium and Its Alloys, Spec. Tech. 
Publ. 458, American Society fcr Testing and Materials, Philadelphia, 1968. 

2 0V. Fidleris, "Uniaxial In-Reactor Creep of Zirconium Alloys," J. 
Nucl. Mater. 26(1): 51-76 (1968). 

2 1P. A. Ross-Ross and C.E.L. Hunt, "The In-Reactor Creep of Cold 
Worked Zircaloy-2 and Zirconium-2.5 wt % Niobium Pressure Tubes," J. Nucl. 
Mater. 26(1): 2-17 (1968). 

2 2G. R. Piercy, "Mechanisms for the In-Reactor Creep of Zirconium 
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These studies, while contributing greatly to a knowledge of the 
effects of both uniaxial and biaxial tensile stresses on annealed and 
lightly cold-worked Zircaloy sheet and tubing in- and out-of-reactor, 
without exception, fail to address the conditions of importance to the 
present study. Those conditions are: 
1. uniaxial and biaxial compressive loading, 
2. small length-to-diameter ratios (pellet-to-pellet gaps), and 
3. the 70% cold-worked plus stress-relieved condition. 

Unfortunately, the studies 3 0' 1 2' 1 3' 2 3 that consider cladding collapse 
do so either with tubing length-to-diameter (L/D) ratios greater than 6, 
which makes them inapplicable to the present concern, or do not adequately 
monitor collapse strains during testing. 

As stated earlier the anisotropy of Zircaloy has not been adequately 
taken into account in any of the considerations of mechanical properties 
in the compression-compression stress state — the state under which the 
cladding operates in the reactor. Such a state, at stress levels where 

Alloys," J. Nucl. Mater. 26(1): 18-iO (1968). 
2 3G. F. Slattery, "The Prediction of Collapse Pressures for 

Anisotropic Zircaloy-2 Tubing Using Tensile Stress/Strain Data," J. Inst. 
Met. 96: 267-73 (1968). 

2I*D. A. Howl and B. Moore, "Prediction of Creep Collapse Pressures 
and Times for Nuclear Fuel Cladding," J. Br. Nucl. Energy Soc. 8: 103-08 
(April 1969). 

2 5E. R. Gilbert, "In-Reactor Creep of Reactor Materials," React. 
Technol. 14(3): 258-85 (1971). 

2 6J. Schroeder and M. J. Holicky, "Continuim — Mechanics and Micro-
Mechanisms for In-Reactor Creep of Zirconium Alloys," J. Nucl. Mater. 
39: 27-34 (1971). 

2 7 D . S. Wood and B. Watkins, "A Creep Limit Approach to the Design 
of Zircaloy-2 Reactor Pressure Tubes at 275°C," J. Nucl. Mater. 41: 327-40 
(1971). 

2 8D. 0. Pickman, "Properties of Zircaloy Cladding," Nucl. Eng. Des. 
21(2): 212-36 (1972). 

2 9E. F. Ibrahim, "In-Reactor Tubular Creep of Zircaloy-2 at 260 to 
300°C," J. Nucl. Mater. 46: 169-82 (1973). 

3 0D. S. Griffin, Deformation and Collapse of Fuel Rod Cladding Due 
to External Pre8eures WAPD-TM-591 (January 1967). 
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yielding can occur or where the creep rate is high, is very difficult 
to achieve experimentally. Dressier et al., 3 1 reported tests of 
Zircaloy fuel element cladding performed at room te^erature to determine 
the yield strength in all four quadrants of the plane-stress yield locus 
and they stated that "... the observed strong anisotropy was not caused 
by any effect other than the variation of the biaxial state of stress." 
This statement was occasioned by the very weak biaxial yield strengths 
found in the negative tangential stress portions of the yield locus, 
corresponding to external pressurization. It is entirely possible, 
however, that a collapse phenomenon (perhaps elastic) was operative in 
the test. The single yield locus, corresponding 10 a single texture, 
does not provide sufficient information for evaluation. Further investi
gation of the deformation characteristics of cladding material, with 
special emphasis on the prevention of collapse before plastic yielding, 
is necessary before the yield behavior of the cladding can truly be 
quantified. 

Although the test procedures necessary for the determination of the 
biaxial behavior of tubing may seem unrelated to the problem of fuel 
cladding collapse and creepdown and may seem overly fundamental in approach, 
it cannot be emphasized too strongly that Zircaloy is vastly different 
from any other reactor structural material in its mechanical behavior. Its 
strength properties vary with stress direction, ratio of stresses, and 
crystallographic preferred orientation so that for the same combination 
of stresses, two different tubing specimens of identical geometry but 
with dissimilar fabrication hiscory could behave quite differently. 
Generally, the works referenced in this report acknowledge that Zircaloy 
is anisotropic and then treat the material as being isotropic, or at least 
orthotropic, in its behavior. Such procedures are not necessarily either 
conservative or nonconservative. They do, however, beg the questions of 
correlating t**' mechanical properties behavior of Zircaloy. This simply 
means that wher. fuel cladding collapse occurs, no om can presently be 

3 1G. Dressier et al., "Determination of Complete Plane Stress Yield 
Loci of Zircaloy Tubing," pp. 92-103 in Zirconium in Nuclear Applications, 
Spec. Tech. Publ. 551, American Society for Testing and Materials, 
Philadelphia, 1974. 
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quantitatively certain what the collapse mechanism was. One can only 
treat the symptoms, without any real understanding of the phenomena 
involved. 

The test procedures necessary to determine the multiaxial behavior 
of Zircaloy require a testing machine capable of precisely regulating, 
through appropriate servo valving and controllers, hydraulically- or 
mechanically-actuated forces on the test specimen in various combinations 
and levels and the capability to monitor accurately the strains induced 
in the specimen. While the region of greatest interest to the collapse 
study is, of course, th? compression-compression quadrant of the biaxial 
stress field, any attempt to correlate yield or strain behavior (through 
continuum mechanics, yield loci, texture coefficients, etc.) with stress 
field must necessarily consider all four quadrants of biaxial stress space. 
It is of interest to consider three sets of experimental results from 
multiaxial testing to obtain an understanding of the kind of information 
obtainable and to see some of the ambiguities that presently exist on 
the subject. 

Unpublished data by Rittenhouse32 illustrate the 0.2Z offset yield 
behavior of Zircaloy-2 tubing with two different textures. These sets of 
tubes were tested in three of the four quadrants of the biaxial stress 
field — the compression-compression quadrant was not investigated. The 
first texture (material 1) had basal poles concentrated at six times 
random within ±15° of the radial direction of the tubing. The second 
texture (material 2) had basal poles concentrated at 6 1/2 times random 
within ±20° of the tangential direction. The experimental results are 
shown in Fig. 1. The effects of the different textures are immediately 
evident upon examination of the curves drawn through the data points. 
The material with the basal-poles-radial texture exhibits a yield locus 
that extends far out into quadrant I, the tension-tension stress state. 
Without going into detail concerning the deformation mechanisms that 
govern the stress-strain behavior of the material, it can be stated that 

P. L. Rittenhouse, unpublished data, private communication to the 
author. 
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Fig. 1. Plane-Stress Yield Loci for Annealed Zircaloy-2 Tubing. 
(P. L. Rittenhouse, unpublished data, private coocunication to the author.) 

the biaxial tensile stresses require a wall-thinning strain to take 
place in the specimen. It is known 3 3 that compression along the basal 
pole direction is more difficult to effect than along other crystallo-
graphic directions, and this is what is required by the combination of 
texture and stress state for material 1 in quadrant I. Conversely, 
material 2, with basal poles strongly aligned in the tangential direction 
should be weaker when subjected to balanced biaxial tensile stresses, 
indeed, this is seen in Fig. 1. By the argument presented for material 1, 
material 2 should be highly resistant to a compressive stress in the 
tangential direction, since this would involve compressive strain parallel 
to the basal pole concentration. If one extends the curve for material 2 
to the negative tangential stress axis, the intersection could well be 
at stress values around —100 ksi (-689 MPa), thereby supporting the arguaent. 

33M. L. Picklesitner, A Preliminary Examination of the Formation and 
Jcilizaiion of Texture and Anisotropy in Ziraaloy-2, ORNL-TM-460 
(Feb. 28, 1963). 



13 

It should again be emphasized that no data exist on the materials 
discussed above tested in quadrant III, the compression-compression 
stress state. 

While the Rir*-enhouse work did not investigate yield behavior in 
the compression-compression quadrant for the annealed Zircaloy-2 material, 
recent work in Germany by Dressier et al. 1 1 (mentioned earlier) examined 
Zircaloy-4 specimens that had almost idertical textures to those of 
material 1 in the Ritteahouse work. The Zircaloy-4 tubing specimens were 
tested in all four quadrants. The results are shown in Fig. 2 drawn to 
the same scale and orientation as Fig. 1 for comparison. The most obvious 
feature of Dressler's results is the almost constant value of compressive 
tangential yield stress; a stress Chat is apparently independent of the 
magnitude and sign of the axial stress. It was discussed earlier that 
this behavior might be attributed to elastic collapse and, therefore, 
might not represent true yielding behavior. Other differences between 
the results in the two figuras may be attributable to the fact that the 
Rlttenhouse material was fully annealed, while the Dressier material was 
stress relieved. Obviously the two sets of data leave a question un
answered about che behavior of Zircaloy-2 OT -4 in Che compression-
compression quadrant, che quadrant that contains che stress state to which 
fuel element cladding .s subjected in the reactor. 

A recent publication concerning texture strengthening of a Ti-6Z Al— 
4Z V alloy 3 % is an excellent example of the behavior that might be expected 
from Zircaloy under biaxial loading. (It is very surprising that zirconium 
and its alloys are not mentioned in tbe background discussion of that 
article, since the anlsotropy inherent in Zircaloy is at least as strong 
as the examples given.) The texture of one material, A, is a direct analog 
of the texture found in Zircaloy tubing chat has undergone a high ratio of 
wall thinning to diametral reduction during the latter stages of fabrication 
and is analogous to the Rlttenhouse material 1 and the Dressier material 
discussed sarller. The basal pole (OOOl) directions are concentrated ̂ 22* 

"V.A.W. Lovden and W. B. Hutchinson, "Texture Strengthening and 
Strength Differential in Tlcanlum-6A1-4V," Met. Trvna. 6A: 441-48 
(March 1975). 
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Fig. 2. Plane-Stress Yield Locus for Zircaloy-4. (G. Dressier et al. 
"Determination of Complete Plane Stress Yield Loci of Zircaloy Tubing," 
pp. 92-103 in Zirconium in Nuclear Applications, Spec. Tech. Publ. 551, 
American Society for Testing and Materials, Philadelphia, 1974.) 

on each side of the sheet normal toward the transverse directions - the 
analogous tubing directions woild be the radial and tangential directions, 
respectively. The texture of material B is, in a sense, the "opposite" 
texture from that of material A — the basal poles are located approximately 
90° from their position in the A material. This is equivalent to the 
Ritteahouse material 2. In each case there are no basal poles situated 
anywhere near the sheet rolling (equivalent to tubing axial) direction. 
The effects of these two textures on the yield loci at equivalent strains 
are shown in Fig. 3, reproduced directly from the work of Lowden and 
Hutchinson. The dashed ellipses represent the 0.2% yield stress calculated 
from the isotropic von Mises yield criterion. It is unrear.or.able to 
expect that the mechanical behavior of trie t"»t*nium alloy vould be 
quantitatively analogous to the behavior to be found in Zircaloy of the 
same texture because different deformation mechanisms are operative. Both 
zirconium and titanium have essentially the same c/a ratios (M..59), but 
they differ in both number and typ^ of deformation systems (both slip and 
twinning systems). Without going into the details of these differences, 

http://unrear.or.able
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Fig. 3. Yield Loci for Materials A and B. Reprinted froa 
M.A.W. Lowden and W. B. Hutchinson, "Texture Strengthening and Strength 
Differential in Titanium-6A1-4V," Met. Trans., 6A: 441-48 (March 1975). 

it is sufficient at this time to sinply state that the anisotropy found 
in the titanium alloy should be at least as strong in Zircaloy with the 
same texture. 

Theories of Buckling and Collapse of Hollow Cylinders 
from a Mechanistic Standpoint 

It is instructive to examine the background of the theories of the 
mechanics of tubing Instability and collapse and to relate them to the 
experimental work that will be discussed later In this report. 

Interest in the effects of external pressure on the deformation 
characteristics of cylinders and tubing was first demonstrated by 
Fairbairn35 over 100 years ago. His work, performed with Iron tubes, 
and work by Carman36 is. J905, on brass tubes, demonstrated two aspects 

3 5W. Fairbairn, "The Resistance of Tubes to Collapse," Phil. Trans. 
148: 389-413 (1858). 

3 6A. P. Carman, "Resistance of Tubes to Collapse," Phye. Rev. 21: 
381-87 (December 1905). 
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of collapse that proved of great impedance for later theory. These 
are (1) that the ratios of length to dimeter and diameter to wall 
thickness are c r i t i c a l parameters in predicting collapse pressures and 
(2) that below a c r i t i c a l length tc-diameter ratio the number of lobes 
into which the cross section of the tube Jeforms increases in a regular 
manner with decreasing collapse length. I t was not unti l 1914 that 
von Mise s 3 7 developed a mathematical model for this behavior. This 
model, corrected in 1934 for a mathematical mis take , 3 8 re lates the 
c r i t i c a l collapse pressure to length-to-diameter and wall thickness-
to-diameter rat ios , Young's modulus, Poisson's ra t io , and n — the 
number of lobes that are formed. In addition to the equation for 
collapse under uniform radial loading discussed above, von Nises de
veloped an equation for the c r i t i c a l collapse pressure for tubes ex
ternally pressurized to provide end loading as well as circumferential 
loading. There i s some ambiguity concerning the date of th is development. 
One form of the equation was given by Sander and Gunther 3' in 1920 and 
was attributed to von Mises, while another form was given by von Mise^ 4 0 

in 1929. 

The three forms of the equation for cr i t i ca l collapse pressure taken 
from literature* are shown below: 

3 7 R. von Mises, "Der krit ische Aussendruck zylindrischer Rohre," 
Z.V.D.I. 58(19): 750-55 (May 1914). 

3 , D . F. Windenburg and C. Tr i l l ing , "Collapse by Instabi l i ty of Thin 
Cylindrical Shells Under External Pressure," Trans. Am. Soc. Hech. Engrs. 
56: 819-25 (November 1934). 

3 , K. von Sanden and K. Gunther, "Ueber das Festigkeits-problem 
querverstelfter Hohlryllnder unter gleichaassigem Aussendruck," 
Verft Reederei 10: 220 (1920). 

*°R. von Mises, "Der kritische Ausaendruck fur a l l s e i t s belastete 
zylindrlsche Rohre," Fest. zum 70. Geburstag von Prof. Dr. A. Stodola, 
Zurich, 1*29, pp. 418-30. Also: Translated by D. F. Windenburg, Rept. 
No. 366 of the U.S. Exp. Model Basin, Navy Yard, Washington, D. C, 
Aug. 1933. 

" , IP. J. Pankaskie, BVCKLE -An Analytical Comruter Code for Calculating 
Jrve; buckling of an Initially Oval Tube, BNVL-1784 (May 1974). 
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P - critical pressure, 
E » elastic modulus, 
R - radius of cylinder, 
L « unsupported length, 
n • nuaber of nodes, 
t - wall thickness. 
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\x » Poisson's ra t io , 
•-! * 1/U, 
D - diaKeter of cylinder, in. 
Equations 1 and 2 are also referenced and disci>ssed in later publi

cations by Windenburg and Trilling38 for Eq. (2) anc Saunders and 
Windenburg "̂  for Eq. (1). Pankaskie*1 also cites Saunders and Windenburg",' 
in his presentation of Eq. (3). 

It is obvious that the time at which a tube collapses from external 
pressure is a function of several variables. Geometrically, and somewhat 
simplistically, any initial departure from perfect cross-sectional circu
larity will result in a tube with a propensity for further departure from 
circularity with increasing external pressure, temperature, and time. 
If an initially oval tube is loaded to a pressure below the critical 
collapse pressure and to a temperature within the creep range, and no 
supporting mandrel is used, a gradually increasing departure from circu
larity will be obtained. At some point a gto~et-ry will be reached that 
has associated with it a critical collapse pressure equal to the ambient 
pressure around the tube, and collapse will take place. The inter
relationships among the several variables are complex and worthy of 
further conjecture. 

From our review of the literature it is apparent that tubing 
deformation is both a geometrical and a mechanical-property phenomenon. 
Geometrically, the tubing dimensions and, very importantly, the unsupported 
length of the tubing determine the deformation behavior of the tubing. 
The strength properties of the material determine, of course, the ability 
of the t-bing to resist deformation. If these properties are anisotropic, 
the behavior of the tubing is further complicated by the need to con
sider stress states of the tubing as a function of its geometry. 

An indication of this problem can be found in Fig. 4, which 
illustrates the stress state of an infinitesimal element of the wall of a 

" 2H. E. Saunders and D. F. Windenburg, "Strength of Thin Cylindrical 
Shells Under External Pressure," Tram. Am. Soa. Met. Engra. 53: 207-18 
(December 1931). 
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closed-end tube subjected to uniform external pressure. The s tresses and 
their directions are as defined in the f igure, and correspond to those 
that would ex i s t in an undeformed fuel cladding. If i t i s assumed that 
the cladding contains fuel p e l l e t s whose diameters are such that a small 
uniform pel let-to-cladding gap e x i s t s , then the geometry shown in Fig. 5 

ORNL-OWG 7 5 - 4 6 3 0 

EXTERNALLY- PRESSURIZEO 
SEALED TUBE 

Fig. A. Stress State of a Simple, Externally-Pressurized, Sealed 
Tube. 

ORNl-OWG 7S-4C31 

TYPICALLY 
0.002 TO 0.007 in 

CLAOOING 

PELLET 

Fig. 5. Schematic of Fuel Rod Prior to Deformation. 
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will exist. (One assumes that the pellets can be represented by a one-
piece mandrel of the appropriate diameter ) If initial ovality exists 
in the tubing, the application of external pressure can cause an in
creased ovality as previously discussed. This elastic deformation, or 
S O K plnstic deformation due to creep, can eventually cause line contact 
with the pellets. Once line contact is achieved, further deformation 
would probably take place by creep as shown in the sequence in Fig. 6. 
If one assises thac the initial cross-sectional shape of the tubing is 

ORNL-OWG 75 -4832 

(*) (£) (C) 
Fig. 6. Possible Progressive Creepdown Configurations. 

neither circular nor oval, but some irregular shape (low-amplitude 
wrinkles or undulations), one could conject a selective process by which 
a dominant shape emerges and then undergoes the process shown in Fig. 6. 
The importance of wall thickness variation must not be overlooked. 
Information found in a report of Corum1*3 on the collapse behavior 
of 8-in.-0D (203-mm) type 304 stainless steel tubes indicated an 
interaction between wall thickness variations and lack of circularity 
in influencing the deformation behavior of the tubing. In Fig. 22 of 
Corurn's report he showed a series of diagrams that pointed out an 
interesting coincidence. This figure is reproduced as Fig. 7. Among 
the various curves depicted in the figure are those that represent 'wall 
thickness deviations from nominal." If one locates the maximum wall 

h *J. M. Cor urn, An Investigation of the Instantaneous and Creep 
Buckling of Initially Out-of-Round Tubes Subjected to External Pressure, 
0RNL-.',299 (Jan. 16, 1963). 
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Fig. 7. Cross Sections of a Large-Diameter Stainless Steel Tube at Various Sections of Creepdown. 
Reprinted from J. M. Corum, An Investigation of the Instantaneous and Creep Busklimj of Initially 
Out-of-Round Tubes Subjected to External Pressure, ORNL-3299 (Jan. 16, 1963). 
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thickness for each cross section and then examines the curves that 
represent deviation from circularity, one finds that common points 
of essentially zero radius change (during the tests) fall close to 
those points of maximum wall thickness. The zero radius change is, 
admittedly, measured from a curve that represents initial 
deviation from circularity and it is obvious that this represents a 
coincidentcl situation. Figure 8 illustrates the pattern that seems 
to exist — a ±11—12° variation of zero radius change from maximum 
wall thickness. The point to be made is that the above discussion 
shows some of the geometrical factors that may be important in the 
collapse problem. 

OPNL-DWG 75-4836 
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Fig. 8. Relationship of Nodes of Zero Radius Change to Maximum 
Wall Thickness. 

PROPOSED EXPERIMENTATION 

The fi/st part of this report has reviewed numerous investigative 
and analytical efforts by others for applicability of existing theory 
and results to the case of Zircaloy fuel cladding collapse. Having found 
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that much information is presently lacking, it is only appropriate to 
attempt a constructive solution to the problems created by that lack. 
Concisely stated, the problems exist because the anisotropy of Zircaloy 
has not been fully recognized as the important property that can strongly 
influence fuel-cladding behavior, and the tests that have been run do 
not simulate the conditions that exist in fuel element cladding under 
conditions of external pressurization, with or without a fuel pellet 
gap. The experioentation to be described below will address these 
problems and should, when implemented, provide some of the answers that 
are presently unavailable. 

Before tha proposed experiments are described, the experimental 
variables will be discussed in detail. The test program appropriately 
breaks down into two major study divisions: Out-of-reactor collapse 
and creep collapse and the in-reactor determination of creepdovn rates 
and times to collapse. 

Both the collapse tests and the creepdown tests involve the applica
tion of external pressure to the specimen at various levels of temperatures. 
The magnitude of the pressure and whether it is ramped at continually 
increasing levels or held at a constant value differtiates between the 
two types of tests. 

The results already obtained on the collapse tests will be discussed 
later and, therefore, the test matrix for those tests will not be given 
here. It should be mentioned that the original matrix for those tests 
was completed, but it required tnrae times the number of originally 
scheduled tests to satisfactorily define the cladding behavior. 

The creepdown tests, to be conducted at constant pressure and 
temperature, will require a lower level of pressurization than did the 
collapse test. The development of a test matrix for the creepdown tests 
is difficult at this point because the analogous high-strain-rate test 
data are n?t available. In uniaxial tensile and creep testing, one is 
able to plot stress versus strain rate for the tensile data, extra
polate to lower stress values, and estimate the strain rates that will 
be obtained. A scoping test was run with an uninstrumented specimen with 
a 4 in. (102 mm) unsupported length at nominal values of 660°F (349°C) 
and 36C0 psi (17.9 MPa) for 70 hr followed by 94 hr at 740°F (393°C), 
and the same pressure at which time collapse occurred. 
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Based on this result, the following tests, shown in Table 1, will 
be performed. This matrix is considered highly preliminary and subject 
to change as data are accumulated. 

Table 1. Preliminary Creepdown Test Matrix 

Test 
Temperat :ure Pressure 

Test 
(°F) (°C) (psi) (MPa) 

CD-I 750 399 2500 17.2 
CD-2 750 399 2300 15.9 
CD-3 700 371 2800 19.3 
CD-4 700 371 2600 17.9 
CD-5 800 427 2200 15.2 
CD-6 800 427 2000 12.8 

The information on both creepdown rates and collapse times from these 
tests will allow the formulation of a more complete statistical matrix. 
The tests listed in Table 1 should all be short tenn - lasting from ̂ 50 
to ̂ 200 hr. The longer term tests will require careful choices of 
pressure levels relative to test temperature to produce creepdown 
rates and collapse times within the desired ranges. 

Collapse Study 

Experimentation to study the collapse behavior of Zircaloy fuel 
cladding is essentially complete, with the exception of certain additional 
tests we feel are necessary to explore and either prove or disprove an 
unexpected form of collapse behavior we have observed. 

To date the collapse studies have involved the external pressur-
ization cf tubing specimens to effect deformation and collapse over a 
short time interval. The tubes were oiessurized at a relatively 
constant rapid rate [^ 50 psi/sec (0.35 MPa/sec)] until collapse occurred. 
The variables that are considered in this study are: 
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A. Independent Variables 
1. Temperature 1600-800°F (316-427°C) - centered on the normal 

reactor operating temperature of the cladding 
2. Peller.-to-pellet gap [0.4-4 in. (10.2-101.6 an)] 
3. Original cladding gap [0.005-0.011 in. (0.13-0.28 am)] 

B. Dependent Variables 
1. Pressure differential (AP) across wall at collapse 
2. Diametral strain 
3. Strain geometry (buckling, wrinkling, lobe formation, ovality) 

C. Covariate Variables 
1. Tubing dimensions 

a. Diameter 
b. Wall thickness 
c. Wall-thickness variation 
d. Ovality 

2. Texture 
The independent variables, those that are directly controllable 

during testing, are shown in Sect. A. While the effects of temperature 
would be expected to be fairly straightforward, the effects of the other 
independent variables are more subtle. The pellet-to-pellet gap variable 
is important in determining the collapse geometry of the cladding — see 
Eqs. (1), (2), and (3). Under conditions of relatively rapid collapse, 
where creep effects are less .important, the pellet-to-pellet gap spacing 
has a large influence on the number of lobes formed during collapse 
and on the amount of bending (over pellet edges) necessary for the 
cladding to be able to deform into the gap. The cladding gap (i.t., the 
clearance between the pellets and the cladding) is important because its 
size determines the distance the cladding can deform before it becomes 
supported by the pellets. For instance, with a large cladding gap, 
appreciable ovality occurs before pellet-cladding contact is made. This 
ovality strongly affects further collapse of the cladding into a pellet-
to-pellet gap. 

The dependent variables, shown in Sect. B, should provide the 
necessary strain, strain-rate, and geometry information for describing 
cladding collapse. Obviously, the pressure differential across the 
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cladding wall produces the deformation in the wall and the magnitude of 
the deformation is directly related to temperature, cladding dimensions, 
and other variables. In addition to collapse pressure, diametral strain 
and strain geometry are the most important information to be obtained 
in this p.irt of the study. 

The covariate variables offer, as their name implies, little 
opportunity for experimental investigation. Yet their magnitudes 
and types are extremely important to the analysis of the data to be 
obtained in this investigation, since they determine to a large degree 
the forces necessary to deform the cladding and the types of deformation 
mechanisms that will operate. All of the covariate variables will be 
well characterized in the study. 

Creepdown Study 

This portion of the experimentation contains many of the same 
variables as the collapse study. The exceptions are, as shown below, 
the substitution of constant pressure differential across the cladding 
wall for tl:e pressurization rate as an independent variable and the 
substitution of collapse time for pressure differential as a dependent 
variable. The variables associated with creepdown of Zircaloy cladding 
are: 
A. Independent Variables 

1. Temperature [600~800°F (316-427°C)J 
2. Pressure differential across wall (LP) {up to 3500 psi (24.1 MPa)] 
3. Pellet-to-pellet gap [0.4-4.0 in. (10.2-101.6 mm)] 

B. Dependent Variables 
1. Collapse time 
2. Diametral strain 
3. Diametral strain rate 
4. Strain geometry 

C. Covariate Variables 
1. Tubing dimensions 

a. Diameter 
b. Wall thickness 



2? 

c. Uall-thickness variation 
d. Ovality 

2. Texture 
Since these t e s t s w i l l require longer times to run than the collapse 

t e s t s , the measurement of strain rate i s of prlae importance. Special 
care wi l l be required in such measurements and in temperature control 
to obtain the required precision. 

In-Reactor Experiaents 

The in-reactor t e s t s wi l l determine the rate of cladding creepdown 
under essent ia l ly the same ranges of teaperature, external pressure, 
pe l l e t - to -pe l l e t gap and pel let-to-cladding gap used in the out-of-reactor 
t e s t s . I t i s anticipated that neutron flux wi l l have * substantial 
e f fect on this rate. The saae care and sophistication of measurement 
used for the ouc-of-reactor experiment wi l l be required, with the 
additional problems of g a s u heating, heat transfer adjustments and 
smaller experimental space requirements being anticipated and accounted 
for. 

EXPERIMENTAL PROCEDURE 

The experimental procedures to be used In this study require the 
use of high-pressure autoclave equipment to provide the requis i te 
external pressurization of the specimens and the development and use 
of s train monitoring equipment capable of detecting cladding deformation 
under the high temperature and pressure environment of the t e s t s . 

Pressurizing Equipment 

The tes t s are being run in a high pressure autoclave p i t . The 
services to the p i t include e l e c t r i c i t y , water, compressed a i r , and 
helium. The compressed air service i s used to power a booster pump 
to f i l l the autoclave with helium at pressures greater than the available 
bott le pressure. A vacuum pump i s available to evacuate the autoclave 
prior to pressurization. The autoclave i s heated by a large resistance 
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furnace and the temperature is controlled by a standard temperature 
controller and by a safety cutoff swit -h in such a manner that acciH»utal 
overheating of the autoclave cannot happen. All control and monitoring 
equipment used during the high-pr*ssure portion of the tests Is located 
outside the pit because of safety considerations. 

Three autoclaves are available for this study. Two of zhe vessels 
have internal dimensions of 2 1/16 IT*. (52.4 am)-ID by 32 ir. (8.13 mm) 
long and the other vessel is 3 5/16-in. (84.1 mm)-ID by 10 in. long. 
Stress analyses have shown that all three vessels can safely withstand 
the most severe combination of test conditions anticipated - 800°F (427°C) 
and 4300 psi (29.6 MPa). The autoclave bodies are manufactured of type 
304 stainless steel and the caps are carbon steel. The autoclave head 
has been redesigned to accept multHead compression fittings for the 
various electrical connections to the strain-measuring devices and to 
the thermocouples. Stress analyses of the new head design show it also 
to be acceptable for the test conditions. 

Strain-Measurement Instrumentation 

The remote strain measurements necessary for the success of this 
study represent a difficult experimental task. In order to define 
the strain behavior of the cladding as a function of the variables 
discussed earlier, one must be able to monitor strain continuously as 
the cladding deforms. This must be done with the specimen inside an 
autoclave vessel at high temperature and pressure. We have developed 
a device for monitoring deformation based on an eddy-current system 
that measures the distance (lift-off) between a coil and a flat-plate 
follower that is spring-loaded against the specimen surface. Prototype 
coils have shown the ability to measure reproducibly from zero to 0.060-in. 
(1.52 mm) lift-off ac room temperature. We presently intend to limit 
the coil range to approximately ±0.020 in. (0.51 mm) of travel and we 
expect to know the probe position to approximately ±0.0005 in. (0.013 mm) 
over that range. 

It is anticipated that a minimum of 20 coils will be used per test 
to measure radial displacements of the specimen surface. From these 
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aeasureaents and froa post-test examination of the specimen it should 
be possible to follow the deformation history of the specimen. 

Both the deformation-measuring equipment and the instnaentation 
to control and aonitor that equipment have been continually laproved. 
Modifications have been aade in the coll holders for better response to 
both thermal and pressure cycling. Earlier designs had problems with 
the coil assemblies breaking loose froa their lavite holders during 
pressure and temperature cycling. Design modifications have produced 
coils and holders that have withstood repeated cycling to 800*F (427°C) 
and repeated cycling from atmospheric pressure to 4300 psig (29.6 MPa), 
at 800°F (427°C). These are shown in Figs. 9 and 10. Several dimension! 
modifications have been made to decrease the overill size of the monitoring 
system. 

r-137331 

Fig. 9. Prototype Eddy-Current Coils Used to Determine Coil 
Characteristics as a Function of Temperature and Pressure. 

One problem that has been addressed in depth is how to prevent 
damage to the coils and interference with the specimen tube when the 
tube collapses during testing. Space limitations within the autoclave 
limit the amount of travel available to the monitoring probes. If a 
probe should happen to be positioned on one of the lobes that forms 
during collapse, it would have insufficient travel to allow the lobe to 
form. It would b^ driven back into its monitoring coil, probably 
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Fig. 10. Overall View of Coil Assembly and Leads. 

breaking the coil holder and possibly preventing free expansion of the 
lobe. It was decided to prevent this occurrence *-" --=ctronic means. 
This will be describe >elow. 

The equipment was developed primarily to monitor the creep 
deformation of Zircaloy cladding. Such use requires that a probe-
position reading be made by each coil at uniform time intervals for 
total times that could approach several thousand hours. We have 
completed an automated system, controlled by a microcomputer, that can 
monitor 24 coils, including a reference coil, and record the deformation 
values at preselected intervals. Figure 11 is a block diagram of the 
existing circuitry. 

The oscillator and power amplifier supply a 2 MHz sinusoidal signal 
to all 24 coils. The impedance of each coil (and therefore the voltage 
developed across the coil) is affected by the spacing between the coil 
and the probe. 

The analog multiplexer, controlled by the microcomputer, passes 
the 2 MHz signal that is developed across the coil to a differential 
amplifier. This module amplifies the difference between that signal 
and a signal from the reference coil. The two coils are in the same 
environment and should have similar drift characteristics. The difference 
signal is converted to a direct-current voltage and, on command from the 
microcomputer, is converted to a digital signal. This signal is then 
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read into the microcomputer through a parallel-interface integrated 
circuit and converted into actual displacement by the microcomputer. 
The displacement and the channel number are recorded by the printer and 
the multiplexer is switched to the next channel. The data can be 
recorded on a teletype and punched paper tape if desired. 

The microcomputer uses an Intel 8080A central processing unit, an 
8228 system controller, and has both a read-only memory (for program 
storage and a randcm-access memory for read-write capability). The 
computer provides all of the needed control signals to operate the 
multiplexer, the analog-to-digital converter, the printer, the teletype, 
and the (.aper tape punch. The system can operate iu several different 
run and calibrate modes, as controlled by the front panel switches or 
by the clock. A photograph of the instrumentation is shown in Fig. 12. 

It was mentioned earlier that it is desirable to prevent damage to 
the coil equipment and interference with the tube deformation during 
collapse. This can be dene by programming the computer to sense when 
any probe has reached the limit of its travel or other preselected 
distance. At that limit, the system will send a series of signals to 

F:Lg. 12. Eddy-Current Instrument. 
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automatically terminate the high-pressure supply and vent the autoclave. 
The furnace can also be cooled if desired. At this point the coil 
assemblies can be removed and the test restarted to determine the time 
to final collapse. The total travel of a probe will be approximately 
0.020 in. (0.51 mm). This could allow up to 0.080 in. (2.03 mm) 
ovality (difference between maximum and minimum diameters at a given 
axial position) to be monitored before the system is automatically 
shut down. 

The instrumentation discussed above has been developed by 
C. V. Dodd and L. D. Chitwood of the Nondestructive Testing Group 
of this division. 

At this writing it is unresolved whether the in-reactor creepdown 
tests will be conducted in the Oak Ridge Research Reactor (0RR) at 
ORNL or in the test reactor at RCN-Petten in the Netherlands. This 
docs not pose a large problem because the reactors are quite similar, 
with only minor modifications of test equipment being required to fit 
either reactor. 

We have developed a preliminary design, shown in Fig. 13, for use 
in heat transfer calculations and for the determinations of space 
requirements within the reactor core. The test system is designed to 
operate at maximum temperatures and pressures of 800"I7 (427°C) and 
3500 psig (24.1 MPa). It is presently unresolved whether heating or 
cooling of the specimen will be needed. The present design calls for 
the interior of the specimen to be filled with Nak for uniformity of 
temperature. 

TEST MATERIAL 

A large lot of specially fabricated Zircaloy-4 tubing was ordered 
from Sandvik Speciality Metals Company for use as a uniform test material 
for all testing conducted for the light-water-reactor safety program, 
Sandvik carefully preserved the identification of each tube as it passed 
through the various fabrication steps so that any effects of fabrication 
variation could be identified. A continuing program of tubing charac
terization is ur.d«»r way. 
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Dimensional Measurements 

The geometrical shape of the tubing to be used for creepdovn and 
collapse testing is of great importance. Wall thickness variations and 
ovality have a direct effect on the deformation behavior of the tubing. 
Ninety pieces of Zircaloy-4 tubing were taken from the large order of 
Sandvik tubing received at ORNL for the reactor safety programs. Non
destructive testing (NDT) information in the form of plots of wall thick
ness and outside and inside diameters were also received for each of 
the ninety tubes. The NDT data were taken in a spiral trace [1/4-in. 
(6.25-mm) pitch] alorg each tube length and the amplitude of the trace 
over a single cycle furnished a direct measure of the dimensional 
variation around the circumference at, essentially, an axial position 
of the tube. The position of the trace relative to the chart gave the 
absolute value of the dimension in question. 

The ninety sets of charts were examined for amounts of variation 
in diameter and wall thickness and the maximum values of each are 
shown in Table 2. It should be emphasized that the values given ir the 
table represent maxima, and these maxima usually occurred as isolated, 
random areas of high-amplitude signal scattered along the axial direction 
of the tubes. The number of such areas varied from tube to tube. It is 
of further interest to note the differences in amounts of variation 
between the first and second halves of the lot. The tube numbers 
represent the sequence in which the tubes were fabricated. The tubes 
of the second half were sent through a straightening operation twice to 
correct excess ovality. The tubing then met purchase specifications on 
dimensional tolerances. 

Note the high degree of uniformity of the tubes in the first half 
compared to the tubes in the second half. This distribution of variation 
is useful in this program because tubes with high uniformity are available 
for use in investigating the effects of test variables such as temperature 
and pressure. However, tubes with varying amounts of ovality are also 
available and can be used to investigate the effects of ovality itself on 
the deformation characteristics of the Tubing. 
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Table 2. Maximum Dimensional Variations in 
As-Received Zircaloy Tubing 

Lot 7FD11 

Tube 
Nuaber 

Lot 7FD12 

Tube VirUt ions , in (-- 1 0 J ) 3 

Tube 
Nuaber 

Variations, i n . (* 10 3 ) 
Mu^cr 

Tube 
Nuaber 

Dlaa eter Hall 
Thickness 

Dlaaeter Wall 
Outer Inner 

Hall 
Thickness Outer Inner thickness 

11 0.7 0.7 0 .4 654 1.2 1.3 1.4 
20 1.0 1.1 0.6 666 1.4 1.5 1.0 
30 0.8 0.9 1.2 680 1.8 2.0 1.4 
43 0.5 0.6 0 .8 693 1.2 1.3 1.0 
56 0.5 C.6 0.6 705 1.6 1.6 0 .8 
68 0.4 0.4 0.6 719 0 .8 0.9 1.4 
81 0.5 0.6 1.6 732 1.0 1.1 0.8 
94 0.5 0.5 1.0 745 0.5 0.5 1.2 

106 3.4 0.4 0.8 758 0 .6 0.7 1.4 
122 0.5 0.6 0.8 771 0.9 1.0 1.2 
139 0.5 0.6 1.4 783 1.0 1.1 1.0 
150 0.7 0.7 1.4 7% 1.7 1.8 0.4 
164 0.4 0.4 1.0 817 0.5 0.7 1.4 
178 0.6 0.5 1.2 829 0 .8 0.9 1.6 
191 0.6 0.7 1.2 841 1.4 1.4 1.6 
204 0.6 0.6 0.6 853 0.5 0.5 1.2 
216 0.5 0.5 0.6 865 1.4 1.8 1.0 
229 C . 0.5 O.t 880 1.8 2.0 u.8 
242 0.5 0.4 l.C 906 1.1 1.1 0.8 
254 0.4 0.4 0 .8 918 1.2 1.3 1.4 
269 0.4 0.5 1.0 929 0.5 0.6 0.6 
282 0.4 0.4 1.6 942 0-6 0.6 1.2 
296 0.4 0.4 1.0 966 2.8 2.9 0.6 
308 0.5 0.6 i : 978 2.0 1.8 0.6 
323 0.4 0.5 1.2 990 1.5 1.4 1.2 
335 0.4 0.4 1.2 1003 1.0 1.2 0.6 
346 0.4 0.5 1.2 1016 2.3 2.5 1.4 
360 0.5 0.6 1.2 1040 2.2 2.5 1.2 
372 0.4 0.5 1.4 1052 1.1 1.2 0.8 
385 0.6 0.7 1.0 1064 1.3 1.4 0.8 
397 0.4 0.5 1.0 1076 1.6 1.5 1.0 
414 0.6 0.6 1.2 1088 1-4 1.4 0.8 
428 0.9 1.0 0.6 1100 1.8 1.8 0.6 
444 0.4 0.4 1.2 1112 2.1 2.3 0.6 
458 0.4 0.4 0 .8 1138 1.2 1.5 0.6 
470 0.5 0.5 0.4 1162 2.0 2.1 C.8 
482 0.5 0.6 1.0 1186 1.6 1.7 0.8 
495 0.5 0.5 1.0 1198 1.5 1.8 1.0 
508 0.6 0.5 1.4 1210 1.5 1.7 0.6 
523 0.6 0.6 1.0 1234 1.2 1.5 1.4 
550 0.6 0.7 1.4 1252 0.8 0.9 1.0 
564 0.6 0.7 1.6 1277 2.3 2.4 1.2 
578 0.6 0.6 0.6 1297 1.6 1.6 1.2 
600 0.6 0.7 1.2 1316 2.0 2.4 1.0 
624 0.6 0.6 1..? 1326 1.5 1.6 1.6 

s 
Multiply tabulated values by 0.0254 to obtain equivalent 

values In an. 
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Both inside and outside diameters exhibited the trend shown in 
Table 2. Wall thickness variation was found to be small and fairly 
constant in magnitude, indicating that the diametral variations were 
due to ovality and not to wall thickness variation. 

Texture Measurements 

X-ray texture specimens were machined from the wall of tube 75 S 
from the second half of the tubing lot. Machining and chemical thinning 
were done to expose sections of the wall at positions 0.0035, 0.0105, 
and 0.0185 in. (0.0889, 0.267, and 0.470 mm) from the outer surface 
of the tubing. The Shultz method was used to determine the {0002}, 
{1010}, and {1120} pole figures for each position. The resultant 
textures were typical of those expected from tubing fabricated according 
to present-day commercial practice. The {0002}, or basal pole figure, 
shoved peaks distributed approximately 30° on each side of the radial 
direction, toward the tangential directions. The textures were similar 
at all three wall-thickness positions indicating little texture varia
tion through the wall. The {lOTo} and {1120} pole figures confirmed 
the information shown by the basal pole figure. These results will be 
compared to information gained from similar texture determinations to be 
made on tubing f*rom other positions in the fabrication sequence. 

EXPECTED RESULTS OF THIS STUDY 

The present study is in three parts. The first part will produce 
information concerning the short-term elastic and plastic behavior of 
Zircaloy cladding under conditions of external pressure and will provide 
information on ovality effects and on stress states during tube collapse. 
The second part will use such information as a very necessary foundation 
upon which to build an understanding of creepdown behavior. The inter
action between collapse and creepdown involves a somewhat subtle over
lapping of phenomena. Initial loading of a specimen can cause (through 
elastic strain) an increase in a preexisting ovality. Creep strain can 
cause a further increase in ovality until, at a critical point, the 
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specimen geometry is such that the external pressure becomes the collapse 
pressure for a given pellet-to-pellet gap. Superimposed upon these 
deformation phenomena is the need to know the effect of the changing 
stress state as the tubing deforms into the pellet-to-pellet gap and 
over the edges of the pellets. Multiaxial tests to determine both 
yield and strain loci will be necessary to obtain quantitative infor
mation on such behavior. Finally, the third part of the present study 
involves the behavior of Zircaloy in the nuclear environment to which 
the cladding will be subjected. Studies1*1"1*5 have shown that ten-fold 
increases in creep rate can be obtained for specimens exposed to fast 
neutron fluxes as compared to out-of-reactor tests. Such behavior must 
be characterized relative to the tests in parts one and two. 

Since the major portion of the study will be performed on a single 
lot of tubing, the effects of texture on behavior will not be demonstrated. 
Instead, that single lot will be studied in detail to develop correlations 
among the dependent variables with respect to the independent variables. 
It is expected that these correlations will enable one to predict, for 
a given temperature, external pressure, and pellet gap, both how and 
when the cladding will deform. From the strain-rate data obtained in 
this study, it is expected that the long-time creepdown behavior of 
cladding into a pellet-to-pellet gap will also become predictable. The 
strength and deformation behavior of the reference tubing can be made 
applicable to other lots of tubing through the multiaxial testing of the 
yield and flow behavior of specimens of other tubing of different textures 
and fabrication histories and through correlation of those results with 
the reference tubing. 

Finally, the end result of the present study will be to provide input 
into the several computer codes for materials behavior. 

***B. Watkins and D. S. Wood, "The Significance of Irradiation-Indue ad 
Creep on Reactor Performance of a Zircaloy-2 Pressure Tube," pp. 226—49 in 
Applications-Related Phenome,vz in Zirconium and Its Alloys, Spec. Tech. 
Publ. 458. American Society for Testing and Materials, Philadelphia, 1968. 

I,5V. Fidleris, "Uniaxial In-Reactor Creep of Zirconium Alloys," 
J. Nucl. Mater. 26(1): 51-76 (1968). 
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RESULTS TO DATE 

As stated earlier, the major work on the collapse behavior of the 
Zircaloy cladding is complete. The collapse tests were initially con
ceived in the font of a test matrix that involved the variables 
discussed previously in this document. It became apparent during the 
testing that the collapse phenomenon was more complicated than first 
believed. 

A total of almost 90 collapse tests have been run on tubes with 
minimum initial ovality. These include the early tests which turned 
out to be, in effect, equipment checkout runs. A number of these were 
run with argon gas as the pressurizing medium (causing spurious 
temperature readings) and were not sufficiently instrumented to detect 
the instant of collapse. In addition, eight runs were made in which 
the tube collapsed into four lobes without causing the instrumentation 
to signal that collapse hid occurred. None of the above test results 
could be used with any degree of confidence. There were also a number 
of tubes that did not collapse during testing, even at the maximum 
pressure of the test apparatus. 

Thirty tests were run that produced what we consider accurate 
information, i.e. with specimen temperature and collapse pressures 
known with confidence. Data from these tests are listed in Table 3. 
The effect of the independent variables on collapse pressure is better 
shown graphically, as will be done later. The most important results 
shown in Table 3 concern the average ovality of each tube following 
testing, the effect of hardness, and the interaction of pellet-to-pellet 
and pellet-to-cladding gaps. The ovality was measured, on each side 
of the tube, away from the unsupported test section, and as a function 
of the plastic strain that occurred in the region where the pellet-to-
cladding gap existed. The ovality was also found regardless of whetb.r 
or not the tube collapsed into the gap, indicating that the deformation 
down onto the mandrel was inelastic in character. 

The data presented in Table 3 are the result of a multiparameter 
study and are difficult to interpret without recourse to three-dimensional 
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Table 3. Descriptions and lesults of 
Zircaloy Collapse Tests 
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plots. In addition to the three independent variables (temperature, 
pellet-to-pellet gap, and pellet-to-cladding gap) there is also the 
factor of collapse geometry, which tends to prevent a simple relation
ship between collapse pressure and pellet-to-pellet gap. The von Mises 
collapse coefficient "k" is a proportionality factor in the equation 

Pcrit " ** (!> 3 '* 

where 
P = the critical collapse pressure, 

E = modulus of elasticity of the material, 
t = wall thickness of tube, and 
D - outside diameter of tube. 

The relationship (strictly geometrical) between k, L/R (unsupported 
length divided by tube radius), and D/t is best shown graphically. 
Figure 14, modified from the literature,h(> shows a series of curves that 
represent values of k calculated with the von Mises' equation for many 
combinations of tubing dimensions. The curves in this figure are not 
strictly applicable to the present collapse problem because (1) there is 
no reason to consider the specimen edges simple supported, (2) the value 
of Poisson's ratio (y * 0.30) is probably not applicable to this 
material, and (3) the collapse is almost certainly not totally elastic. 
However, the curves do describe the experimentally observed collapse 
geometries and, with the above limitations in mind, will be used for 
a qualitative discussion of the collapse results. 

The tubing used in this study has a D/t ratio of 17.2 and curves 
have been drawn on Fig. 14 to represent this ratio. The arrows at the 
bottom of the graph represent the various simulated pellet-to-pellet 
gaps used in this study. The collapse geometry generally followed the pre
diction of the curves as far as number of lobes is concerned. It can also be 

••6R. G. Sturm, A Study of the Collapsing Pressure of Thin-Walled 
Cylinders, Bull. '-29, Engineering Experiment Station, University of 
Illinois, 1941. 
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Fig. 14. Graph of Collapse Coefficients Calculated by the von Hises 
Collapse Equation for Round Cylinders with Pressure on both the Sides 
and the Ends. Cylinder edges are assumed to be simply supported and 
y « 0.30. Graph is modified from: R. G. Sturm, A Study of the 
Collapsing Pressure of Thin-Walled Cylinders, Bull. 329, Engineering 
Experiment Station, University of Illinois, 1941. 

noted that the intersections of the L/R values for the collapse specimens, 
with pellet-to-pellet gaps between 0.4 and 1.47 in. (10.2 and 37.3 mm) 
vith the von Mises curves fall on a straight line. This coincidence 
allows one to assume a simple log-log relationship between L/R and fc, 
and therefore, a similar relationship between L/P. and collapse pressure. 
Also, since R is constant, L (the pellet-to-pellet gap) should bear that 
same relationship with collapse pressure - that is, log-log. 

It has been found that the critical collapse pressure for this 
material Is a function of room-temperature midwall hardness. It can 
be assumed, as a first approximation, hat such hardnesses are proportional 
to strength. Various hardness levels .ere achieved in the material by 
short-time anneals at temperatures from 1000 to 1150°F (538-621°C). 
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These values ranged from approximately 238 DPH for the as-received, 80% 
cold worked, 930°F (500°C) stress-relieved material to approximately 
180 uPH for the fully recrystallized material. 

Preceeding a more quantitative discussion, some qualitative discussion 
ân be given on the observed collapse behavior of the test specimens in 
rhis study. Collapse appears to take place in several steps. The sequence 
of events can be inferred from observations of specimen behavior, starting 
with a hypothetical specimen at the test temperature and before external 
pressurization has been initiated. The specimen contains a mandrel to 
establish both a pellet-to-pellet and a pellet-to-cladding gap. These 
steps in the collapse phenomenon are as follows: 

1. Pressure transient is initiated and tube begins its elastic 
response. 

2. As pressure increases, the tube (with some slight initial 
ovality) becomes more oval. 

3. As ovality increases, the tube contacts the mandrel and the 
sinulated pellet-to-pellet gap becomes important (i.e., the tube no 
longer has an "infinite" unsupported length). 

4. At this point, the outer fibers of the tube have probably 
yielded, since permanent deformations (ridges) have been found in tubes 
.that did not collapse into the gap. 

5. The tube is new supported along its length by the mandrel — 
except at the gap. It is probable that the edges of the gap provide 
support over 270-300° of the tube circumference. 

6. Collapse occurs, with the plastically deformed ridge along the 
tube forming the predominant lobe of the collapse geometry. Although 
the collapse behavior seems to follow the von Mises criterion for a 
number of lobes, it is improbable that a truly elastic collapse was 
obtained. 

7. When the external pressure is released, the tube elastically 
springs away from the mandrel, .. establishing a slight pellet-to-
cladding gap. 

It was stated earlier that the data in Table 3 are the result of 
a multiparameter study and are difficult to interpret without recourse 
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to three-diaensional graphs. The following figures, using both two- and 
three-dimensional p lo t s , i l lu s t ra te ttte interactions aaong those 
parameters — as tar as can be interpreted from the s t i J l limited data 
base. 

Figures 15, 16, and 17 i l lus tra te the effects of temperature and 
hardness on the collapse pressure of the specimens. Included in the 
plots i s information on p e l l e t - t o - p e l l e t gap and pellet-to-cladding gap. 
The curves in the figures represent an estimate of the position of the 
data for the 4- in . (101.6-mm) pe l l e t - to -pe l l e t gap specimens. The curves 
are positioned with regard to the data for a l l four temperatures. Insuf
f ic ient information i s available to determine the curve posit ions for 
smaller gaps. Qualitatively, i t i s f e l t that decreasing p e l l e t - t o - p ~ l l e t 
and pel let-to-cladding gaps cause an increase in collapse pressure, and 
this i s shown, in general, by the data points. 
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Fig. 15. Collapse Pressure as a Function of Hardness, Pel let-
to-Pel le t Gap and Pellet-to-Cladding Gap at 6C0 and 650°F (316 and 
343°C). Subscripted numbers represent pe l le t - to -pe l le t gap and 
numbers in parentheses represent pel let-to-claddlng gap. 
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Fig. 16. Collapse Pressure as a Function of Hardness, Pellet-
to-Pellet Gap and Pellet-to-Cladding Gap at 700°F (371°C). Subscripted 
nuabers represent pellet-to-pellet gap and nuobers in parentheses 
represent pellet-to-cladding gap. 
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Fig. 17. Collapse Pressure as a Function of Hardness, Pellet-to-
Pellet Gap and Pellet-to-Cladding Gap at 800°F (427°C). Subscripted 
nuabers represent pellet-to-pellet gap and nuabers in parentheses 
represent pellet-to-claddirg gap. 
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Figure 18 i s a three-diaensiotu.1 plot of the 600*F (427*C) data. 
The data points are drawn as i f they fa l l on the curved surface. Their 
actual position say be s l i gh t ly above or below the surface depending 
upon natural scatter of the data and on pel let- to-cladding gap values. 
For exaaple, the data point that represents the col lapse behavior of 
the specimen with a 0 .4- in . (10.2 a*) p e l l e t - t o - p e l l e t gap should l i e 
above the surface since that speciaen had a 0.005-in. (0.13 aa) p e l l e t -
to-cladding gap relat ive to the 0 .8- in . (20-am) gap represented by the 
surface. 
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Fig. 18. Three-Dimensional Graph of Collapse Pressure as a Function 
of Hardness and Pe l l e t - to -Pe l l e t Gap at 800°F (427°C). 
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