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FOREWORD 

·This report covers work performed by ·the. MechanicaL Properties. 

Group ·of the. Metals ··and-Ceramics Division· during the· period July, 1961 

through September, 1963. 
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MECHANICAL CLADDING-FUEL INTERACTIONS DURING THERMAL CYCLING 
OF METAL- CLAD FUEL ELEMENTS 

W. R. Martin 

ABSTRACT 

The effect of pressure and cladding thickness on the 
progressive extension of metal-clad uo2 fuel elements 
during thermal cycling has been investigated. As a result 
of the data analysis, a model describing the progressive 
extension of the fuel elements during cycling is presented. 
The model describes the importance of contact pressure, 
coefficient of friction, and material properties as well 
as number and magnitude of the thermal cycles. The model 
indicates the ratchetting to be a special case of a low
cycle strain-fatigue problem. Hence, in the absence of 
ratchetting, cladding failures due to strain fatigue of 
cladding are also predicteu by the model. 

INTRODUCTION 

A .criterion for the successful operation of metal-clad fuel elements 

in reactor systems is that the element be free of metallurgical and 

mechanical problems that could lead to fracture of the cladding. · ln 

fuel elements made up of ceramic fuel pieces, such as stacked pellets; 

and placed in metal tubing without a metallurgical bond, one of the 

more serious problems is mechanical interaction between the fuel and 

the cladding. The interaction contact between the cladding and fuel 

could be eliminated by selecting a cladding material that would be free 

standing in the reactor environment. However, for many reactor concepts, 

an element so designed requires low metal-wall temperatures, coolant 

pressures below or equal to the pressure inside the can, thick-wall 

cladding or strong creep resistant cladding material. Any of these 

choices can adversely affect the power-producing ability and economy of 

the system. In many cases, a free-standing cladding is not possible 

under the operating conditions required of the reactor. Since the useful 

life of a fuel element depends on the ability of the cladding to contain 

the fuel and the fission products_, one needs to understand, evaluate, and. 

minimize fuel-cladding interactions in fuel elements with cladding that is 

not free standing. 
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Nonfree standing cladding is obtained in several ways.. The. element 

can be fabricated with no diametral.gap between cladding and fUel. How

ever, to load the pellets into the tubing requires· a·diametral gap. This 

gap may be reduced br eliminated during reactor operation either (a) by 

instantaneous or creep collapse of the cladding about the stack of 

pellets or (b) by interference due to the fUel expanding diametrically 

more than the tubing. The method by which the cladding achieves intimate 

contact with the fuel can by itself cause element failure. Therefore, 

this·method must be known before mechanical interaction of cladding and 

fuel during thermal cycling is considered a primary cause of element 

failure. 

For example, Fig. l shows an element that failed when the cladding 

buckled due to excessive diametral clearance. This problem of buckling 

due to instantaneous collapse of the clad about the fUel is discussed 

elsewhere. 1- 5 

Creep coll'apse ,of the cladding about the fUel can produce cladding 

protrusions (as shown in Fig. 2) that are potential locations for failure. 

The protrusions are due to degradation of the fUel followed by collapse 

of the cladding. Circumferential ridging of the cladding at locations 

corresponding to pellet-to-pellet interfaces has not been shown to cause 

failure. However, since the cladding is strained at these ridges, they 

are potential failure sites. The ridges are believed to be the result 

of.the cladding collapsing plastically about the fUel and assuming the 

1R. G. Sturm, A Study of the Collapsing Pressure of Thin Wall 
Cylinders, University of Illinois Bulletin, No. 12; Vol.XXXIX, Nov. ll, 
1941. 

2c. R. Kennedy and J. T. Venard, Collapse of Tubes by External 
Pressure, ORNL-'IM-166 (April 17, 1962). 

3B. E. Murtha and W. P. Chernock, "Collapse Tests," The Development 
of Testing of U02 Fuel Systems for Water Reactor Application, CEND-152 
(Jan. 1962). 

4J. P. Ellington, Creep Collapse of Tubes Under External Pressure, 
DEG-l62R ( 1960). · 

5J. P. 'Ellington, Creep Stability of Tubes Under External Pressure, 
DEG-234R ( 1960 ) . 
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Fig . l. Failure from Buckling Due to Excessive Clearance . 
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Fig . 2. Cladding Protrusions Formed by Creep Collapse. 
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shape profile of the pellets . If the diametral expansion of the fuel 

results in a strain exceeding the fracture strain of the cladding the 

element failure is immediate. These sources of failure must be eliminated 

before the problem of mechanical interaction during thermal cycling i s 

considered. 

Cycling of a fuel element with nonfree standing cladding can pro 

duce ratchetting . The specific type of thermal ratchetting of interest 

here results in separation of fuel pellets within a stack} accompanied 

by axial plastic flow of the cladding. The cause of ratchetting is not 

well understood} but certainly fuel elements in normal use will be ther

mally cyc l ed} and failure due to ratchetting is possible. Rene~ the 

phenomenon of ratchetting of metal-cl ad fue l e l ements during thermal 

cycling has been examined by several investigators. 

Our previous investigations 6 disclosed that the axial plastic 

deformation found in the 0.020-in.-thick stainless steel cl adding of 

thermally cyc l ed fuel e l ements was in part due to creep . The magnitude 

of the plastic strain per cyc l e increased with increasing cladding 

temperature and increasing magnitude of the thermal cycles . However} in 

irradiation experiments by Lyons 7 and SpalarisJ 8 the strain in a l uminum

or stainless steel-clad rods after cycling was rel ated to the yield 

stress of the cladding material and due to thermal expansion of the fuel. 

These investigators have al so reported that no rel ative movement of 

cladding and fuel occurred during thermal cycling. These irradiation re

sults contrast with those reported by Notley} 9 who tested el ements made 

up oE uranium dioxide fuel 9ellets in both thin- and thick-wall Zircaloy 

sheaths under high pressure differentials . His results indicated that 

6w. R. Martin and J. R. WeirJ Dimensional Behavior of the Experi 
mental Gas -Cooled Reactor ~lel Element at El evated Temperatures} 
ORNL-3103 (1961). 

7M. F. Lyons et al.J Plastic Strain in Thin Fuel Element Cl adding 
Due to U02 Thermal~xpans~DnJ GEAP-3739 (1961). 

8c. N. SpalarisJ "Uranium Dioxide-Cladding Interactions. Axial 
Expansion of U02 Column in Fuel Elements}" Nucl. Sci. Eng. l 7(3L 
381-392 (Nov . 1963) . = 

9M. J. F. Notley} The Relative Axial Ex ansions 
Stacks of U02 Pellets in Zircaloy Sheaths , AECL-159 

I rradiation of 
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the cladding did plastically deform and that the relative movement of 

the cladding and fuel depended upon the coolant pressure. 

There are many aspects of these and other experiments that are in 

accord. First, the mechanical strain imparted to the cladding is related 

to the difference in the expansion of the fuel body and cladding. 

Second, the fuel must contact the cladding before the cladding can deform. 

On the other hand, the amount of relative movement of cladding and fuel 

appears to differ for different element configurations and test conditions. 

Plastic cladding strains are apparently due to the difference in 

thermal expansion of cladding and fuel exceeding the relative movement 

of the two bodies. One purpose of this investigation was to examine the 

influence of cladding thickness and pressure difference across the clad

ding on axial ratchetting. Secondly we anticipated that the data 

generated might be analyzed to give an improved model for ratchetting 

from which methods for reducing the ratchetting might be derived and 

applied to fuel element design. 

EXPERIMENTAL METHOD 

Apparatus 

The experimental apparatus has been described in detail previously. 10 

We stacked annular pellets of uranium dioxide into tubing of the cladding 

material under investigation and then assembled them into a rig that pro

vided a central tantalum heating rod, a cooled outer pressure jacket, and 

an extensometer to measure and automatically record changes in length of 

a 10-in. section of fueled tubing. 

Materials 

We tested three heats of 0.710-in. ID tubular type 304 stainless 

steel. 't'he chemical analyses of these heats are given in Table l. 

Tubing of heat 94489 had wall thicknesses of 0.005, 0.010, and 0.015 in. 

Tubing of the other heats had 0.020-:i.n. wallR. 

1 Dw. R. Martin and J. R. Weir, A Device to Simulate the Service 
Thermal Conditions in EGCR Type Fuel Elements, ORNL-3032 (Dec. 28, 1960). 
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Table l. Chemical Analyses of Stainless Tubing 

Element Wt ~ for Each Heat Number 
94489 23999X 23478a 

c 0.04 0.05 0.011 

Cr 18.02 18.92 18.3 

Ni 9.44 10.39 10.4 

Mn - 1.68 1.61 1.00 

s 0.006 0.006 0.014 

p 0.027 0.016 0.002 

Si 0.47 0.38 0.54 

Mo 0.02 

Cu 0.09 

8yacuum-melted stainless heat. 

The uranium. dioxide pellets used were 950/o of theoretical density 

and ~ad been sintered at 2900°F in hydrogen. They were 0.708-in. diam 

X 0.75-in. long. 

Procedure 

The axial. extensions.of the cladding tubing were recorded as a 

function of time in two sets of experiments. In each set the fuel ele

ments were cycled between identical upper and lower temperature limits, 

using the same heating and cooling rates. In the first set, the cladding 

thickness was varied, with the pressure differential kept constant at 

300 ± 15 psi. In the second, the pressure differential and time at 

temperature were varied for 0.020-in.-thick tubing. Data from the two 

sets are not intercomparable, since modifications to the apparatus be

tween sets altered the thermal cycle. 

RESULTS 

During a thermal cycl~, a complex variation occurs in the length of 

the cladding. During heating the length increases sharply, partly due to 

thermal expansion-and partly due to strain from the cladding being dragged 

1 

., 
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by the expanding fuel pellets. The fuel expands more than the cladding) 

despite its smaller coefficient of thermal expansion) because of its 

much greater temperature change. This increase may be partly diminished 

by slippage) in some cases diminishing as the cladding reaches tempera-

.ture and expands away from the fuel. Finally) during cooling the length 

decreases) either restoring the original length or leaving a residual 

strain depending on whether the strain had been purely elastic or partly 

plastic. 

Effect of Pressure Differential 

Data on the effect of differential pressure and time at temperature 

on the elongation of the cladding during thermal cycling are given in 

Table 2. Under the conditions of these experiments) the plastic strain 

per cycle increased with increasing pressure. Fig. 3. gives the exten

sion as a function of time for one cycle at each pressure. The figure 

shows clearly that the total strain increases with the differential 

pressure. HoweverJ since the extension includes thermal expansion) the 

absolute magnitude of the strain may not be inferred without additional 

assumptions; the figure shows a calculation neglecting the strain at 

the lowest pressure. 

Further interpretation of the data is possible with the aid of 

tensile and creep properties of the tubing material. In what appears 

to be a reasonable model of the deformation process) one assumes that at 

the beginning of the cycle the tubing is elastically and possibly plas

tically def'ormedJ corresponding to an initial stress cro. As the element 

is maintained at temperature) relaxation occurs and some of the elastic 

strain becomes plastic. The calculation relating the initial stressJ the 

total plastic strainJ and the mechanical properties of the material is 

described in Appendix AJ and values of the initial stress thus derived 

are included in Table 2. In turn the totR.l strain Et can be calculated 

1Jsing the empj_rical stress-strain curve (Fig. 6J Appendix A). In Table 2) 

these values show good agreement with observed values obtained by assum

ing the graphical value for the low pressure and using the differences 

derived from Fig. 3. Finally) the slippage between the fuel and cladding 

,) 



Table 2. Plastic Straining of Cladding for Fuel Element Cycled at Various Pressures 

Coolant 
Pressure 

(psi) 

300 

200 

100 

100 

Thermal Conditions: Cladding temper·ature limits, l475°F to 425°F 
Central fuel temperature limits, 2420°F to 640°F 

' Ayerage heating rate, l70°F/min 

Initial Comparison of Total 
Observed Plastic Cycling Times Stress, Strain Introduced 
Strain per Cycle (hr) (cro) b into Clad by Fuel 

(Ep) Heating a Cooling Calculated Graphicallyc Observedd 
(psi) 

X 10- 4 X 10- 4 

4.0 X 10- 4 0.5 0.5 11,900 24.0 21.5 

2.5 X 10- 4 0.5 0.5 9,500 14.0 16.0 

None observed 0.5 0.5 
< l X l0-5 3.5 

1.0 X 10- 4 1.5- 0.5 5,400 3.5 3.5 

aincluding time at temperature 

Observed Relative 
Movement of 
Cladding and Fuel 
(Slippage E ) s 

X 10- 4 

0 

5.5 

18.0 

18.0 

bcalculated from experimental data using stress relaxation model in Appendix A. 

cdetermined from tensile stress-strain curve of type 304 stainless steel. (see Fig. 6, 
Appendix A) • 

dSince only differences could be measured, the graphical value of 3.5 X 10- 4 was 
assumed for 100 psi, and the other values in this column were derived from this 
by adding the observed differences. 

00 
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COOLANT PRESSURE 

AVERAGE HEATING RATE 

170° F /min 

0.1 

TIME ( hrs) 

O.t> 

(€ T) AVG FOR CLAD 
;0.00180 

( "rl AVG FOR CLAD 

; 0.00125 

( € T) AVG FOR CLAD ;0 

Fig. 3. Extension Behavior of 10-in. Stainless Steel Clad-U0 2 
Fuel Element During One Thermal Cycle for Various Coolant Pressures. 

can be calculated from the total strains if one assumes negligible slip

pag~ at the high differential pressure. 

We can see in Table 2 that increasing the time at temperature can 

result in ratchetting for conditions at which no ratchetting is observed 

when the heating time is short. In this case, the stress appears to be 

so small that negligible relaxation occurs in the shorter period, but on 

prolonged heating the amount of re~axation becomes measurable. 

Effect of Cladding Thickness 

The effect of cladding thickness on the plastic strain per cycle is 

shown in Fig. 4. These results show an unanticipated increase in the 

plastic strain with decreasing cladding thickness. As before, the maxi

mum (or initial) axial stress in the cladding cr 0 may be computed using 

the stress relaxation model in Appendix A. These values of cr_ 0 , given in 

Table 3, decrease with increasing cladding thickness. Multiplying these 

stresses by the cross-section area Ao of the cladding gives the maximum 

load L0 , which is also shown in Table 3 and increases with increasing 

cladding-wall thickness. If the initial cladding strain depended only 
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on the thermal expansion of the fuel and cladding, the plastic strain 

per cycle would not have varied with cladding thickness, and the cal

culated stress cr 0 would have been constant. 

0.020 

c: 
:.::; 0.015 
(f) 
(f) 
w 
z 
:.:: 
u 
i: 
1-
<!> 0.010 
z 
0 
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..;{ 
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u 
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-
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2 4 6 8 
PLASTIC STRAIN PER CYCLE 

Fig. 4. Axial Plastic Strain Per Cycle for Metal-Clad Elements with 
Cladding Thickness as a Variable. Cladding was cycled between the 
temperature limits of 1475°F and 500°F. Respective fuel temperatures were 
2500°F and 550°F. 

Table 3. Maximum Stress and Force as a Function of Cladding Thickness 

Calculated 
Cladding Thickness cro 

(in.) (psi) 

0.005 13,100 

0.010 10,500 

0.015 8,800 

0.020 8,700 

Calculated 
Lo=Aocro 

(lb) 

147 

250 

340 

350 

Observed Slippage 
E 

s 

0 

0.006 

0.001 

0.001 

l 

. .. 

... 
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ANALYSIS OF DATA AND DISCUSSION OF RESUL'IS 

A detailed comparison of the results of these experiments with 

previous data is in order. First, the proposal that the ratchetting is 

due to fuel expansion is true. However, the magnitude of the strain in 

the cladding is not a function of fuel expansion only. The strain im

parted to the cladding would be the difference in the thermal expansion 

of cladding and fuel if no slippage occurred. However, since relative 

movement of cladding and fuel can occur, the magnitude of the total 

strain in the cladding can be expressed as: 

Et = (Ef- EC) - ES 

where 

Et = total strain in cladding (not including thermal expansion), 

Ef = thermal expansion of fuel, 

E = thermal expansion of cladding, and 
c 

E = slippage or relative movement. 
s 

Since (Ef - E ) can not be a !'unction of pressure, the variation of total 
c 

cladding strain Et was due to a variation of the slippage. As seen in 

Table 2, this quantity increased with decreasing pressure. When E is 
s 

zero, Et is as great as possible for a given (Ef- Ec). Recognize that 

Et is also the sum of the elastic and plastic strains in the cladding. 

When the total cladding strain exceeds the elastic strain limit of the 

cladding, plastic straining occurs, and the magnitude of ratchetting 

would be related to the yield strength of the material as suggested by 

Lyons. 11 However, if the total initial strain is essentially only elastic 

and therefore recoverable, the temperature of the cladding must be high 

enough so that the process of RtrP.RS relaxation can occur before any 

plastic strain will be observed. Thus, our observation and Lyons' are 

compatible. 

Therefore, the difference in thermal expansion (Ef- Ec) must either 

be minimized or balanced by the slippage E to eliminate plastic straining 
s 

11M. F. Lyons et al., Plastic Strain in Thin Fuel Element Cladding 
Due to uo2 Thermal EXPansion, GEAP-3739 (1961). 
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o~ the cladding. Relative movement of cladding and fuel can occur if 

the frictional forces between them are low. The maximum frictional 

force is given by: ' 

where 

Fo = maximum frictional force (longitudinal shearing force at 

cladding-fuel interface), 

1-ls = static c·oefficient of friction, and 

F = contact force acting normal to the cladding-fuel contact 
n 

surface, (equal to pressure times area). 

Values of the coefficient of friction between U0 2 and stainless steel as 

a function of F are not yet available. However, data at very low 
n 

values of F indicate the magnitude of 1-1 to b'e within the range of 0.3 n s 
·to 1. 4· for temperatures between 70 and l800°F (See Appendix B) . 

The tensile load on the cladding Aoao or L cannot exceed the' 

maximum frictional force. Once the tensile load becomes equal to the 

frictional force, relative movement occurs between cladding and fuel and 

the load can increase no further. Table 4 shows· the maximum load Lo 

calculated for the tests in which pressure was varied. Those values for 

tests in which slippage occurred must be equal to the maximum ;frictional 

force; indeed, they are nearly proportional to the pressure differential, 

which is the primary contributor to the contact force if the cladding 

behaves as a plastic envelope. Assuming this to be the case, the con

tact force F is calculated from: 

where 

n 

d1 = inside diameter of the cladding, 

P = pressure differential, and 

£ = effective length. 

An additional term would have to be added if the cladding restrained the 

diametral expansion of the fuel. However, with the use of a reasonable 

value of 1-ls' the pressure data given in Table 4 correlate without using 

this interference-fit term. The effective iength £ in the calculation of 

F would be the entire length of the element before gaps become n . 

I 
\ 
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established at the pellet-to-pellet interfaces. After these gaps are 

formed, the effective length becomes the length of the pellet, as each 

pellet moves independently of its neighbor. If transverse cracks develop 

sufficiently to fracture the pellet into two separate parts and those 

halves move independently of one another, the effective length would be 

the average length of those parts. If the fracture of the fuel becomes 

so severe that the gaps at pellet-to-pellet interfaces are filled with 

fuel particulates and the pellets or pellet segments no longer move 

independently of one another, the effective length becomes once again 

the length of the element. The net result is that the maximum frictional 

force may change during the test. 

'rable 4. t;omparison of Calculated and Experimental Frictional Forces 

Pressure 
(psi) 

100 

200 

300 

Observed 
of Lo 

(lb) 

235 

435 

520 

Value 
Calculated a 
Contact 
Force 

(lb) 

176 

350 

530 

F n 

b Calculated 
Frictional 
Force Fo 

(lb) 

211 

420 

640 

Observed 
Relative 
Movement of 

Cladding and 
Fuel 

Yes 

Yes 

No 

a The length of the pellet was used as the effective length. 

bStatic coefficient of friction assumed= 1.2 and interference 
force due to rcatruint of fuel by cladding neglected. 

The question of whether the cladding acts as a plastic envelope is 

pertinent to the analysis and discussion of the effect of cladding thick

ness. First, if the frictional force during the heating cycle is large 

and the cladding offers no restraint to the diametral expansion of the 

fuel, the plastic strain per cycle will not depend on cladding thickness. 

However, the data in Table 3 show the plastic strain per cycle increasing 

with decreasing thickness of the cladding. If the heavier wall cladding 

restrained the diametral expansion, the increased contact pressure would 

increase the frictional force and thus decrease the slippage. This in 

·'· 
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turn would lead to a greater total strain and hence a greater plastic 

strain than in the thinner cladding. The opposite was observed. Hence, 

we believe that neither the 0.005- nor 0.020-in.-wall cladding signifi

cantly restrained the diametral expansion of the fuel. 

The increased plastic deformation of the cladding with decreasing 

thickness could be explained partially if the frictional force was lower 
' than that observed for the tests in which pressure was varied. This is 

a good possibility, since some relative movement was observed for the 

experiments with heavier wall tubes. If a lower frictional force were 

the only reason for the observed behavior, one would expect the maximum 

stress cro to be constant for tubes of sufficient wall thickness; this 

appeared to be the case fo~ 0.015- and 0.020-in. walls in those experi

ments. One cannot, however, explain the difference in results for the 

0. 005- and 0. 020-in .. walls as due to this phenomenon unless the frictional 

forces are a function of wall thickness. 

The effect of cladding thickness on plastic strain appears best 

explained in terms of restraint of the. thermal expansion of the fuel. As 

the thermal expansion of the fuel causes a tensile force on the cladding, 

in reaction an equal compressive force is exerted on the fuel pellets. 

The magnitude of this force and thus of the compressive stress on the 

fuel obviously increases with cladding thickness. For the thicker clad

ding, this stress could be great enough t.o cause elastic strains near 

1 X 10- 4, an amount significant compared to the cladding str.ain. This 

fuel strain would:thus result in a decrease in the observed plastic 

cladding strain with increasing wall thickness. 

If the fuel did not deform elastically, the plastic strain per cycle 

and hence the calculated initial stress would be the same for elements 

with all cladding thicknesses. Since there is an obvious difference in 

initial stress for the extreme thicknesses, the fuel with the thicker 

cladding undoubtedly deforms. This can be v~rified by calculating,. from 

the m~asured plastic strain per cycle, what the maximum initial stress cro 

of both 0.005- and 0.020-in. wall tubes would have been if the fuel had 

not been elastically compressed. We can calculate this in·straightforward 

steps. The compressive force on the fuel is equal to the tensile force Lo 

1 , 
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on the cladding given in Table 3. From this and the dimensions of the 

fUel, we obtain the compressive stress. Using an elastic modulus of 

25 X 106 psi for the fUel, from Hooke's law we obtain the strain in the 

fUel. Adding this to the observed total cladding strain, we find what 

the total strain would have been if the fUel had not been strained. From 

these values by the method of Appendix A, the initial stress values 13,800 

and 14,700 psi are found for the 0.020- and 0.005-in. claddings respec

tively. This is sufficiently good agreement to indicate that the difference 

in plastic strain behavior of cladding with different thicknesses is due 

to the compression of the fUel. 

Therefore, it seems reasonable that the slippage term must include 

not only the relative movement due to loads in excess of the frictional 

force but also the reduction in total strain due to the compression of the 

fUel. Hence: 

where 

E 
s2 

= slippage due to forces equal to or in excess of the t'rictional 
force, and 

= a reduction in total strain due to fUel compressive strains. 

The values of E 
sl 

and E are dependent upon the magnitude of the tensile 
s2 

load in the cladding relative to the frictional force and the relationship 

of stress and strain for the r.ladding material. The calculation of E 
sl 

and E could be simplified by establishing special cases. 
S2 
The model for straining of the cladding is one in which the cladding 

is strained due to the difference in thermal expansion of fuel and clad

ding whenever the cladding is in contact with fuel. The magnitude of 

strain is dependent upon a number of factors, all discussed previously, 

but no explanation has been given for why the ratchetting continues with 

cycling. The process of ratchetting that results in cladding extending 

progressively in each cycle is due to a difference in the relative move

ment during heating and cooling. All that is required for progressive 
I 

extension of the cladding with each thermal cycle is for the magnitude of 

relative movement, E , to be greater on the cooling cycle than on the heats 
ing cycle. If E is constant but not equal to (Ef· - E.), the strains are 

s c 
reversed each cycle and although no progressive extension is observed, 
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the cladding is strain cycled. Close analysis of the strain-time curves 

for elements cycled out-of-reactor clearly demonstrates that E is 
. s 

greater on cooling than heating, which results in ratchetting. The 

phenomenon of thermal ratchetting of fue~ elements can be classified 

with respect to degree of slippage during cycling. The ·classes are 

shown in Table 5. One can construct load-extension curves for all 

classes from experiments simulating reactor conditions, such as experi

ments using the internal heater device and those experiments in which an 

element is cycled from one isothermal level to another. Fig. 5 shows 

those plots for classes lA, lB, and lC as applicable to the internal 

heater device and reactor operation for elements in which the expansion 

of fuel exceeds the exPansion of cladding. Progressive ratchetting is 

but a special case of the low-cycle strain-fatigue problem. 

Curves describing the cladding-fuel interaction of low-heat-rating 

fuel elements, for example those in which the expansion of cladding 

exceeds the expansion of the fuel, are similar. For the low-heat-rating 

ele~ents, howeyer, fast cooling rates and collapse of the cladding at 

full power result in the cladding being strained in tension.during cooling 

rather than during the heating portion of the cyele as was noted for the 

Class No. 

lA 

lB 

lC 

2A 

2B 

2C 

JA 

JB 

JC 

Table 5. Classification of Fuel Elements with Respect 
to Degree of Slippage During Thermal Cycling 

Characteristics of Class During Thermal Cycling 

Heating Portion 

No relative movement 

No relative movement 

No relative movement 

Partial relative movement 

Partial relative movement. 

Partial relative movement 

Complete relative movement 

Complete relative movement 

Complete relative movement 

Cooling Portion 

Same as heating cycle 

Partial relative mOvement 

Complete relative movement 

No relative movement 

Same as heating cycle 

Complete relative movement 

No relative movement 

Partial relative movement 

Same as heating cycle 

, 
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high-heat-rating elements. Hence no relaxation of tensile forces is 

observed for the low power elements except for small cycling ranges and 

long hold times at the lower temperature level. The criterion for pro

gressive ratchetting of these low-power-rated elements is that the 

relative movement E be greater during heating than on cooling. s 

LARGE (Er) 

CLASS 1A 

CLASS 18 

"T 

0 t go 
-'I 

CLASS 1C 

0 t g 0 f---;--+!'-----''---___... __ 

-' I '-----"--' 

ORNL-OWG 63-461 

SMALL (erl 
"r < ELASTIC LIMIT 

er 

Fig. 5. Load-Extension Curves for Metal-Clad Fuel Elements During 
Thermal Cycling. 

-.. 
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CONCLUSIONS 

The effect of pressure and cladding thickness on the behavior of 

stainless steel-clad uranium dioxide fuel elements during thermal 

cycling has been investigated. The plastic strain per thermal cycle 

increased wheri either the pressure was increased or the cladding thick

ness decreased. The·experimental data have been analyzed and a model 

proposed for the observed behavior. 

The model indicates several avenues of approach to decrease the 

magnitude of cladding strain. 

l. Decrease the magnitude of thermal cycles. 

2. Decrease the magnitude of total plastic strain by decreasing 

the number of thermal cycles. 

3. For high-heat-rated elements, in which the thermal expansion 

of the fuel exceeds-the expansion of the cladding, reduce the rate of 

reactor startup to minimize the difference in expansion. 

4. For low-heat-rated elements, in which the thermal expansion 

of the cladding exceeds the expansion of the fuel, reduce the rate of 

reactor cooling after the cladding has been collapsed about the-fuel to 

minimize the difference in contraction. 

5. Decrease the contact pressure between fuel and cladding 

(decrease pressure differential). 

6. Decrease the static coefficient of friction between cladding 

and fuel, possibly with lubricants. 

7. Decrease the pellet length. 

There are, of course, possibilities of altering properties. of the 

materials in order to reduce the severity of the problem. In this 

respect, the following would be beneficial. 

l. Increase the proportional limit and yield strength of the 

cladding. 

2. Increase the fatigue strength of the cladding. 

J. Increase the cladding ductility so it can withstand plastic 

strains. 

4. Decrease the elastic moduli and thermal expansion of the fuel 

for the temperature range in which the cladding operates. 

l 

I 

. .• 
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5. Increase the pellet fracture strength. 

6. Improve the fracture characteristics of the fuel to eliminate 

fuel degradation and thus decrease frictional forces between fuel and 

cladding. 
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APPENDIX A 

Relaxation Mod~l Relating Maximum Axial Cladding Stress to Plastic 
Strain Per Cycle 

Calculation from Creep Constants 

If one can estimate the total strain Et from extension-time plots 

such as in Fig. 3, the initial stress the cladding had been subjected 

to may be read from t_he str.ess-strain curve (Fig. 6) for the cladding 

material at the deformation temperature. From this stress, the plastic 

strain per cycle can then be calculated by the relationship derived by 

Kennedy and Douglas 12 from Kanter 1 s 13 correlation of creep and 

relaxation: 

where 

E = plastic strain per p 
E = elastic modulus of 

cro = maximum or initial 

t = time in hours, and 

n, A = creep. constants.~ 

cycle, 

the cladding, 

stress, .. 

Using Kennedy:' s 14 values for the creep constants, 

Temperature 
{OF) n A 
1200 6 73,200 

1300 6 44,400 

1400 6 29,300 

1500 6 21,300 

1600 5.8 15, 00_0 

12C. R. Kennedy and D. A. Douglas, Relaxation Characteristics of 
Inconel at Elevated Temperaturesj ORNL-2407 (Jan. 1960). 

13J. J. Kanter, "Interpretation and Use of Creep Results, 11 Trans. 
Am. Soc. Metals 24, .900 (Dec. 1936). 

. . 
14Personal communication between W. R. Martin and_ C. R. Kennedy, 

May, 1963. 

I 

l 
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one may calculate the approximate plastic strain per cycle as a function 

of hold time. 

ORNL-DWG 63-462 
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Fig. 6. Stress-Strain Curve of Type 304 Stainless Steel at l475°F. 

Graphical Calculation 

The plastic strain per cycle E can be determined more easily with 
p 

the stress relaxation plots given in Fig. 7. This quantity is given by: 

Ep = (a 0 - a)j~ 

where o is the stress tn. the r.la.d at any time. For example, let us assume 

that the total stra:i.n was observed to be 2. 2 X 10-3 • From Fig. 6 the 

initial stress is 11,000 psi. If the hold time at l475°F is 0.5 hr, 

from Fig. 7 the final stress is 5000 psi. Substituting in the equation, 

we obtain for E 
p 

11,ooo- 5ooo = 3 . 8 x 10 _4 . 

16 X 106 

'(" 

,_ 

'A.: 
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Fig. 7. Relaxation Characteristics of Type 304 Stainless Steel. 

Calculation o~ Et from E 
. p 

One experimentally observes the value of € • The amplitude of 
p 

stress necessary to produce the strain E is 
p 

b,.(J = (J 0 - (J = EPE 

where cr 0 is the stress a.t time zero and t:,.a is· the stress at time necessary 

to produce E • · 
p 

Therefore, ao = t:,.a + cr = E E + a. 
p 

It has been experimentally determined that at a given time the 

maximum stress in the cladding will be as given in the stress relaxation 

plot (Fig. 7). Hence, knowing the time for which cladding is at a given 

temperature and the stress relaxation properties, one can determine a. 

For the conditions stated above, E = 3.8 X 10~ 4 and t = 0.5 hr. 
p 

Therefore, 

a0 = 6000 + 5000 

cr o = ll, 000 psi. 

Hence one can obtain Et from Fig. 6, sinGe cr 0 is known. One can also 

calculate E for any given hold time for the same ao and cladding 
p 

temperature, as discussed previously. 

f 

··~· 
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APPENDIX B 

Determination of Static Coefficients of Friction 

We have measured static coefficients of friction as a function of 

temperature for type 304 stainless steel in contact with sintered uranium 

dioxide fuel pellets. We have used a gravity loading method, in whi ch 

the fuel tube was tilted until movement was detected. The angle of til t 

e at which sliding was detected was related to the coefficient of friction 

~s by ~s = tan e. 
Since the method is quite sensitive to vibration, the data are sub 

ject to considerable error. 15 However, the fuel pellet is rea::;onably 

heavy (39 g), compared to the 2 -to 5-g metallic specimens to which this 

method has been applied. ThPrP.fore, the simplicity of the technique of 

measurement warranted this experimental approach to determine the 

coefficient between these two materials in the absence of high contact 

pressure . 

The equipment io ohown in Fig . 8. The coeffi~ient was determined 

for several pellets in a partia.L vacuum (< 1 ~) and in heliwn at 15 psi. 

The data for the temperature range of 20 to 900°C are given in Fig. 9 

and Fig. 10. The temperature dependence of the data seems to be similar 

to that of other friction data. 16 Before these measurements can be con

sidered reliable, they shonld be repeated by a different experimental 

technique and extended to include the dependence on contact pressure . 

15F. B. Bowden and D. Tabor, Friction and Lubrication, Wiley, 
L0ndnn ( 1956) . 

16E. Rabinowicz and M. Imai, Friction and Wear at Elevated 
Temperatures, WADC-TTI-59-603, Part III (1962). 



Fig . 8. Photograph of Device for Measurement of Static Coeff icient 
of Friction at Elevated Temperatures in Controlled Environments . 

• 
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