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NOTICE

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the Department of Energy, nor the
Nuclear Regulatory Commission, nor any of their employees, nor any cf their
contractors, subcontractors, or their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness or usefulness of any information, apparatus, product or process -

disclosed, or represents that its use would not infringe privately owned rights.
.
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FORWARD

.

This report describes revised models for cladding mechanical
.- limits. It will become part of an update to the Materials Properties

d(MATPRO) Handbook used in the fuel rod behavior modeling task per-
formed at EG?,G Idaho, Inc.

The update incorporates important new data from several Nuclear

Regulatory Comnission and German experimental programs and defines a

single physically reasonable failure criterion for cladding under
tensile stress. Alternate simplified expressions are also derived for

use in obtaining estimates of typical cladding shape after burst.

Many of the data were obtained trom photographs of cladding cross
sections sent to the author by experimenters. The author would like to

'

thank R. H. Chaoman and D. O. Hobson of the Oak Ridge National Labor-
atory, A. A. Bauer and L. W. Lowry of Battelle Columbus Laboratories
and H. M. Chung and T. F. Kassner of the Argonne National Laboratory
for providing these photographs. He would also like to thank S.
Dagb.iartsson, F. Erbacher, E. Karb and K. Wiehr for providing data from
Germany and for several enlightening discussions of these data.

_---___________-____
,

a D. L. Hageman and G. A. Reymann (Eds), MATPRO Version 11 - A Hand-
book of Materials Properties for use in the Analysis of Li

. RifEFTsicf6 T66T~R6dT6EiH6F, TEE TMJ,- rRREG CR JW7,qht--
. (February 1977T. -~~~~~-~~
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The format and numbering scheme used in this report are consistent
with its intended use in an update of the MATPRO handbook. It is

beyond the scope of this report to provide a complete description of
the MATPR0 package and its organization. Readers who require descrip-

,

tions of the use materials properties subcodes should consult the code
descriptions #' .

.

---------- ------

a G. A. Berna et al, FRAPC0ft-1: A Code for the Steady-State
' Analysis of Oxide Fuel Rods, CDKP TR 76 617 Fil---[tI6vember 1978) .

- -~

b L. J. Siefken et al, FRAP-TS: A Computer Code for Transient
Analysis of Oxide FueT fiods 76Tume F~-~KriaTyfical tT6difs~ind~~~~~~~~~~

-

initif ManuaT, ~5KF Tff~77 G, TtIir 6h'T777[7-~~~~
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11. CLADDING MECHANICAL LIMITS (CMLIMT)

(D. L. Hageman)

.-

Cladding mechanical limits are important to code predictions of.

both the number of failed rods and the shape of those rods that have
failed. This section describes expressions used to determine the most

important limits, the elastic-plastic transition (yield) and cladding
failure under tensile stress, as well as the ultimate engineering
strength and the uniform elongation.

The form of the expressions used to describe mechanical limits is
relatr:d to the partituiar stress-strain relation assumed in the MATPRO
package. Expressions for failure are also related to the amount of

detail the user chooses to consider in mechanical models. The funda-
mental failure criterion is derived for codes that model cladding

'
plastic deformation without assuming azimuthally symmetric deforma-'

tion. Alternate expressions are presented for less sophisticated codes
which do assume symmetric deformation. Also, one simplified correla-

tion is presented for users who do not model plastic daformatio'; at
all.

11.1 Summary

The CMLIMT su5 code uses input values of temperature, cold work,
fast neutron fluence (E > 1 MeV), average oxygen concentration and

.
strain rate to define a yield point and the maximum load for one dimen-
sional stress. The equatic-- rad L e.

.

)-
,

1-n( l) n

f I-7True Strain at Yield = (B-ll.1)1

-

_

,
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True Yield Strength -
K

I I (B-11.2)-3E" (10 j

. . .

" (B-11.3)True Strain at Maximum Load =

1a

{ i \m f \n
' I (B-11.4)K |True Ultimate Strength =

(10 j i 1+m/
-3

where

strength coefficient (Pa)K =

strain hardening exponent (unitless)n =

E true strain rate (s-1)=

strain rate sensitivity constant (unitless)m =

Young's modulus (Pa).E =
.

K, n and m are calculated with the subcode CKMN discussed in the
description of CSTRES (Section B-8, this appendix)3, E is obtained by
calling the function CELMOD (Section B-5, this appendix), and e is
required input information.

Arguments are presented in Section 11.3 which demonstrate that clad-
ding failure should be predicted by comparing the tangential component
of true stress to the burst stress. Heating rate and strain rate do
not affect this criterion but irradiation and cold work increase it
somewhat. The burst stress as a function of temperature is given by

the following expressions,

a The version of the CSTRES subcode which will be used in the
MATPRO-12 handbook was published as interium report
CDAP-TR-78-043.

s\t U
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For temperatures less than or equal to 750 Kelvin

1.36 K (B-ll.5a)=
0B A

For temperatures between 750 and 1050 Kelvin,

.

*U - ~~ ~ (-
oB 46.861429 V'A

a = *

For temperatures greater than 1050 Kelvin,

7.7 K (B-11.5c)=

oB g

where

tan antial component of true stress at burst (Pa)0 =
B

strength coefficient for annealed cladding as determinedK =
A

with the MATPRO-12 CKMN subcode (Pa)

temperature (degrees Kelvin).T =

For cold worked or irradiated cladding the burst stress is increased by
four tenths of the increase of the strength coefficient due to irradi-

ation and cold work.

aThe standard erroc of Equations (B-11.5) is found to be

0.17 (B-11.6)V =
eB eB

______________ _

a The standard error of a model is estimated with a set of data by
the expression: (sum of squared residuals / number o residuals
minusthenumberofconstantsusedtofitthedata){/2

y, l d ' L /;



Section 11.2 is a review of the available data. Equa-

tions (B-ll.1) throuch (B-11.6) are derived in Section 11.3 and alter-
nate methods of applyinn Equation (B-11.5) are derived in Sec-

,
tion 11.4 Section 11.5 is a listing of the subcode CMLIMT and.

references are contained in Section 11.6.
.

11.2 Available Data

The data reported as yield points, strain at maximum load (uniform
strain) and ultimate strength have been reviewed in conjunction with
the description of the CSTRLS code (Section B-8 of this appendix).
This subsection will review only the data used in the c'evelopment of
the CMLIMT subcode failure critorion. The number of these data has
been severely restricted by the requirement that they be sufficiently
complete to allow an estimate of local stresses and strain at failure.

The most useful data have been produced by the Multirod Burst Test
Program conducted by the U.S. Nuclear Regulatory Commission. All of
these data were obtained with internal heaters and an external steam
environment. Heating ratec varied from 0 to 23 K/s. Estimated burst
temperatures, burst pressures and burst strains (average circumfer-
ential elongation) have been published for a number of single rod
tests -11.1, B-11.2B

In addition, calibrated photographs of cross.

sections through the burst regions of some of the tests have been
published -ll.2, B-11.3, B-ll.4, B-11.5B

These cross sections were
needed to estimate wall thickness at burst for the calculation ofa

local stress at failure. The other required information for the local
stress analysis which will be deve']oed in Section 11.3 is an estimate
of the axial radius af curvature at burst. This information was not
published but c)uid be estinated with sufficient accuracy from side

-
- - - - - - - - - - - - - -

Most burst edges displayed one or more cleavage-like lines approx-a

imately 45 degrees from the radial direction. The wall thickness
was measured adjacent to this linc or, if the line could not be
distinguished, 0.25 mm from the burst tear.

f,; ] [. 2
m,
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view chotoaraohs of the burst tubes 3-11.6, S-11.7, B-11.5 7, g g g,3,,;
,

is a summary of the t'ultirod Eurst Test Program data that were used.

*
.

Bdl.9Data from tests by Hobson and Rittenhouse were also
employed. The Hobson-Rittenhouse tests were conducted with a radiant,

,

heating furnace on BWR cladding in an argon environment with heating
rates from 5.6 to 56 K/s. During the early stages of the analysis
these data were treated with considerable suspicion because they do not
include the effects of a steam environment. However, as the anMysis
progressed it became clear that there was no significant difference in
the local failure stress predicted from the Hobson-Rittenhouse data and
the local failure stress predicted from the available tests in a steam
environment. It is possible that long-time tests in steam will show a
significant difference in local stress at failure when they become
available. However, it is also possible that tests which oxidi7e for
relatively long times before sianificant deformation occurs will show
that the oxygen rich layers of the cladding rupture before the'

oxygen-poor layers rupture. In the latter case oxidation would have a
significant effect on the early (small strain) deformation but little
effect on the stress at failare.

Table B-11.II is a sum 3ry of the data from the tests by Hobson
and Rittenhouse that were used. Burst temperatures, wall thickness
measurements and the average circumferential elongation were obtained
from figures in Reference B-11.9. Burst pressures were obtained by
private communication from R. H. Chapman and axial radii of curvature
were estimated from samples sent by D. O. Hobson.

Table B-ll.III is a sumary of data obtained by H. M. Chung and
, T. F. Kassner - 1* which were used in the development of the CMLIMT

code. The burst temperature, differential p essure at burst, average
circunfe ential strain and axial radius of curvature were obtained from
Reference B-11.10. The wall thickness at burst was obtained from

Q)k i 30
5



TABLE B-11.1
_

SUMMARY OF MULTIR0D BURST TEST DATA EMPLOYED IN CMLIMT
,. _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - --

_______ _ _,____

Wall AxialBurst Differential Average Thickness Radius of'

Test Temperature Pressure at Circumferential at Burst Curvature
*

No. (K) Burst (MPa) Strain (m/m) (mm) (cm)

PS-10 1174^ 6.000 0.20 0.079c 2.lc
a

3PS-17 1051 12.130" 0.25 0.176 1.2c
8 c

PS-18 1444^ 0.772^ 0.24 0.111 0.99
a d

PS-19 1232 2.590^ 0.23 0.079 0.6
3 c c

3 a hSR-23 1350 0.960 0.35 0.164* 1.1
SR-25 1365^ 0.960 0.78 0.077 0.6

# a 8 I
b b b b cSR-34 1039 5.820 0.316 0.109 1.6
D D b ISR-35 1048 4.470 0.290 0.073 3.lc
D b D f CSR-37 10'3 13.560 0.231 0.263 3.7
D D b D cSR-41 1030 9.765 0.274 0.199 2.7
D D D cSR-43 1046 7.620 0.23u 0.179 3.5

.- _ _ _ __-_-___ -

Reference B-11.1, pages 18 and 19a

b Reference B-11.2, pages 7 and 31

From photographs sent by R. H. Chapmanc

d Reference B-11.3, page 35

Reference B-11.4, pages 120, 121e
.

f Reference B-11.5, page 26

g Reference B-11.6, page 19.

h Reference B-11.7, page 22

i Reference B-11.8, page 17

_ _ _ . - _ _

___ _ _______________ ______ _ _____________________________

. *
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TABLE B-11.II

SUMMARY OF DATA FROM THE HOBSON-RITTENHOUSE TESTS
,

,

.=
------------------------ ---------------------------------

Wall Axial
Burst Differential Average Thickness Radius of

Test Temperaturc Pressure at Circumferential at Burst Curvature
No. (K) Burst (MPa) Strain (m/m) (mm) (cm)

35 1061 6.170 0.63 0.25 2.9
34 1081 7.584 0.58 0.23 1.8
40 1111 4.654 0.79 0.18 1.8
18 1145 4.826 1.25 0.18 3.0
17 1158 4.205 0.57 0.20 2.5
19 1160 4.895 0.51 0.23 1.8
21 1171 3.102 0.30 0.18 1.7

-

8 1179 3.826 0.22 0.20 1.3
16 1195 3.999 0.42 0.25 1.7

5 1196 3.757 0.44 0.20 1.0
26a 1205 3.068 0.27 0.28 1.8
27 1213 2.24' O.55 0.15 1.1
15 1214 2.2/5 0.41 0.18 1.1
37 1215 2.344 0.40 0.18 1.4
26 1220 3.033 0.53 0.13 1.5

9 1235 1.448 0.43 0.20 2.7
28 1253 1.413 a.85 0.18 2. 3
11 1299 1.434 0.68 0.25 1.5,

32 1302 0.745 0.93 0.25 2.1
29 1432 0.676 0.92 0.23 2.5,

36 1440 0.827 0.50 0.23 1.5
4 1472 0.689 1.11 0.20 2.5

36a 1487 0.662 0.74 0.25 1.5

- - - - - - - _ _-------------.------- ------------------------ _

$

, ; 'i ( \d
/
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TABLE B-11.III

SUMMARY OF DATA FROM T!F_ CHUNG-KASSNER TESTS

_____

Wall Axial

Burst Differential Average lhickness Radius of

Test Temperrt Pressure at Circumferent''' at Burst Curvature

No. (K) Burst (MPa) Strain (m/m) (mmi ___ (cm)

AS-40 1089 5.302 1.01 0.39 2.9

AS-36 1310 0.558 1.11 0.26 2.9

AS-9 1329 1.282 1.24 0.12 3.2

AS-5 1348 1.334 1.02 0.42 1.6

_______________________

8 L, j j ' () i'



photographs of cross sections obtained from Chung by private communi-
cation it is important to note that all of the tests in
Table B-11.III were constrained by an internal mandrel which applied an
unknown axial stress to the cladding.

.a None of the data mentioned so far were obtained from irradiated
cladding or at temperatures below 1000 K. The only available low

temperature data with irradiated cladding were obtained from studies by
A. A. Bauer, L. M. Lowry, W. J. Gallagher A. J. Markworth and J. S.
Perrin - 1.11, -11.12, B-11.13 on cladding obtained from the H. B.
Robinson reactor. The data from Bauer et al which were used in the
development of CMLIMT are presented in Table B-ll.IV. Tests M12-16,

M12-4 and M12-15 were conducted on as received cladding while tests
D9-7, D9-8, D9-13 and D9-14 were conducted on cladding which had been
annealed. Wall thicknesses adjacent to the burst were obtained from
unpublished photographs similar to Figure 7 of Reference B-11.ll. The

axial radii of curvature in these tests is unknown.

Two sources of in-reactor data were employed. One is the irradi-
,

ation effects test IE-5 conducted in the Pcwer Burst Facility at the
Idaho National Engineering laboratory -11.14,B-11.15 The measured

B

internal pressure in this test was reported (page of 12 of Refer-
ence B-11.15) to be 5.2 MPa in excess of the coolant pressure and the
cladding temperature was estimated from microstructure studies to be
near 1100 K. The average circumferential elongation was reported to be
25% (page 16 of Re'erence B-11.15). The wall thickness at burst was
estimated from Figure 5 of the post examination results report to be
0.09 mm and the axial radius of curvature was estimated to be approxi-
mately four times the red diameter from the posttest view on page 91 of,

Reference B-11.15.

.

The second source of in-reactor data is a series of tests in the
FR2 reactor in Germany -11'10 Complete data from three tests were.

presented (A2.3, Bl.2 and Bl.3) but two of the cladding cross sections

,m

E.

9



TABLE B-11.IV

SUMMARY OF DATA FROM THE BAUER ET AL TESTS

.

Wall

Burst Burst Average Thickness
bd

Test Temperature Strength Circumferential at Burst

No. (K) (MPa) Straina (m/m) (mm)

M12-16 477 749.4 0.026 v.57

M12-4 644 659.1 0.052 0.60

M12-15 644 684.6 0.028 0.61

D9-7 644 356.4 2.212 0.4c

D9-8 644 350.9 0.204 0.46

09-13 644 372.3 0.225 0.51,

09-14 644 367.5 0.292 0.48

From Reference B-11.12, pages 3 and 7a

b From photographs sent by A. A. Bauer and L. W. Lowry

.

.

) e
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showed evidence of contact with the snroud (burst edges rolled in) and
a possible change of the stress at burst. For that reason only data

from test Bl.2 were used. The average circumferential elongation,
axial radius of curvature, burst pressure, and temperature for this

,

test were taken from Figure 21 of Reference B-11.16 (0.249, 1.5 cm,
4.52 MPa, and 1188 K). The coolant pressure was assumed to be the.-

typical value of 0.3MPa quoted on page 2.

B-11.17One out-of-pile test result from Germany was used in

seveloping the CMLIMT failure model. The test was performed in air
(one atmosphere) with an internal heater. The burst temperature,

internal pressure at burst, average circumferential strain and wall
thickness at burst (1114K, 7.1MPa, 0.37, and 0.21! mm) were taken from

Figure 13 of Reference B-11.17. The axial radius of curvature was
estimated to be approximately three times the cladding radius at burst
by inspection of X-ray photos of similar tests just prior to burst.

11.3 Model Development

'. The expressions used to describe the elastic-plastic transition
(Yield) do not correspond to the usual definition of Yield (stress at
0.2% strain). In order to provide expressions which are consistent
with code requirements for continuous stress-strain expressions, the
yield point is taken to be the nonzero intersection of the
stress-strain curves given by Hooke's law for the eleastic region

o = Ec (B-11.7)

and by the modified pc law used in CSTRES and CSTRAN for the plastic*

region

m.

K c" ;f (B-11.8)
'o=

-3
10\ i

' 4 /1jj
-



where

true stress (Pa)o =

.

true strain (unitiess)=
c

.-

true strain rate (s~)=c

E= Young's modulus (Pa)

K= strength coefficient (Pa)

strain harrtening exponent (unitless)n=

strain rate sensitivity exponent (unitless).m=

Solution of these simultaneous equations gives the yield strain and
'

yield strength described by Equations (B-11.1) and B-11.2),
, respectively.

The point of maximum load in a one din asional stress test at con-
stant engineering strain rate is found by converting the true stress
and true strain rate in Equation (B-ll.8) to their engineering equival-
ents

a = S exp (c ) (B-ll.9)

, 'c = e/exp (c) (B-11.10)
where

S= engineering stress (Pa)

'

cnqineering strain rate (s-1).e=

,-

= |

12



The derivative of S with respect to e is zero at the true strain given
by Equation (B-11.3) and the true stress at this strain is given by
Equation (B-11.4).

.

The development of Equation (B-11.5) was preceded by a review of
the several different cladding failure criteria that have been in use..-

Two previously used criteria, average circumferential elongation and
engineering hoop stress, were rejected because they ignore the effect
of local wall thinning and because this effect is now realized to vary

B-11.4,B-11.10,B-11.16
considerably from test to test Two other.

possible criteria, strain rate at failure and strain-fraction rules

(strain increment / strain at failure), were considered and rejectcl
because these criteria would require a considerat,le collection of
strain versus time data. Such a collection does not exist in the
publicly-available literature. The remaining criteria, local strain at

failure and local stress at failure, were investigated with the data
presented in Section 11.2.

.

Local strain at failure was determined using the measured wall
'

athickness adjacent ta the burst

't

c"=Enl
B)

(B-11.11)|(tgj
where

true radial strain at burstc =
r

t

,

t initial cladding wall thickness=
g

cladding wall thickness adjacent to burstt =
g

a Since the material is not compressible, the sum of the axial and
circumferential strains is - c -r

'CU
\ 0_ t

13



Figure B-11.1 is a plot of the local radial strains at burst
Although considerable scatter is apparent from theversus temperature.

plot it must be remembered that strain is a very sensitivite
The more relevent observations are:a

parameter .'

The scatter of the local strains at f ailure is much smaller.-
( a)

than the scatter of the average circumferentill strains at
The average strains are shown in

failure for these tests.
Figure B-11.2.

The series of tests by Chapman with decreasing pressures and
(b)

heating rates but similar heaters, burst temperatures and
average circumferential elongations -- SR-37, SR-41, SR-43,
SR-34 and SR-35 - show a regularly decreasing wall thickness

(mo. e negative radial strain) with decreasing pressure.

These observations suggest that the local stress is the common
The data in the

parameter of the cladding as it is about to burst.
plot of local strains at f ailure versus temperature is scattered by
neglected variations in circumferential radii of curvature, axial radii
of curvature end burst pressure and the data in the plot of average
circumferential strain at failure is scattered further by circumfer-

More evidence for using stress as the
ential variations in strain.
f ailure criterion is provided by the observations that (a) Failure

to
sections usually show a fracture surf ace or surf aces at 45crcM

direction and in the direction of maximum shear stress;the tangertial
In cases where the

(b) The fracture line is usually longitudinal.
fracture line is circumferential, there is good reason to suspect large
axial stress components (See Reference B-11.10, pages 86 and 87).

__

The strain hardening exponent and the strain rate sensitivity
exponent in Equation (B-11.8), are typically in the rangeThe small exponents mean small changes in stress will

a

0.05-0.3. strain near f ailure because the stressyield large changes in Thus, a lot of
versus strain and strain rate surface is flat.scatter in a strain versus temperature plot does not necessarily
mean strain is a poor parameter for determining failure.

512 M'
14
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The observations mentioned above have led the author to conclude
that local hoop stress is the best failure criterion for cladding
burst. There are, however, two disadvantages associated with this
approach. First, local true hoop stress is difficult for codes to cal-'

-

culate and, second, large changes in strain or strain rate are
associated with small changes in stress. Neither disadvantage is- '
insurmountable but some caution must be exercised in using the failure

ctiterion that results from considering local true hoop stress. This
poirt will be discussed further in Section 11.4.

'.ocal stresses at failure were estimated from the data presented
in Section 11.2 and the equilibrium equation for a membrane element at

the moment of failure -11.18B

ZB , B
, - (B-11.12)

Z e 3

where

difference between internal gas pressure and coolantP =
B

pressure at burst

ZB = axial stress at burst

0B= tangential stress at bursto

axial radius of curvature at burstr =
Z

circumferential radius of curvature at burstc =

e

cladding thickness at burst.', =

, |r
UC1k / f

s
J*
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fr m Equa-Two approximations are needed to deduce eB
tion (B-11.12) and the data that were presented in Section 11.2. The

first approximation assumes the azimuthal cross section shortly aefore

.- burst is approximately circular.

undefor.ned radius (1 + average circuferential strain) (B-11.13)' r :
g

The rangeThe second approximation is needed to estimate ZB.
of possi'le valves for is rathe severely limited by physicalo

ZB

considerations. It must have been greater than the yield stress for
-I *

significant ballooning to occur and it must have been less

than o f r the failure to occur along an axial line. Since Z is0B
typically several times r the first term of Equation (B-11.12) is

e

small and any value of in the range between the yir'' -tress and
ZB

will estimate the first term of the equation with ancertainty
eB

that is less than the uncertainty in the terms containing r ande

t. The CMLIMT expression for failure stress was developed with the
B

assumption that the axial and tangential stresses are nearly equal at
while the

. burst because that assumption tends to underpredict 03
Theassumpi. ion of Equation (B-11.13) tends to overpredict e B.

resultant expression for the tangrntial stress at burst is

p - -

2
- (B-11.14)eg

t 1 1
B p+r

Z 9
- _

Figure B-11.3 is a plot of the local tangential stress failure
obtained from Equation (B-11.14) and the data reviewed in Sec-

tion 11.2. Approximate heating rates during burst are indica'od to

.

a local ballooning will cause the actual value of re to be less than
the value predicted with Equation (B-11.18).

1.

'
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show that there is no systematic variation with heating rate. Compari-

son of the burst stresses obtained from Hobson's tests with both
Chapman's tests and the two in-reactor data show there is r,o signifi-
cant effect of oxide films or alpha layers on the burst stress, at,

,

least at heating rates used in these tests. The most probable inter-
pretation of this observation is the suggestion that the relatively,-

thin oxide and alpha layers are cracked before the burst stress of the
underlying beta layers is achieved.

Most of the burst stresser chown in Figure B-11.3 are located near
a curve which looks very similar to the plot of the strength coeffi-
cient for plastic deformation which was obtained in Sectior B-8.3.2 of

8this appendix . The exceptions are not scattered randomly about the
curve. They all lie above the curve. Upon closer inspection, it was
noticed that the tests which yielded unusually high tangential burst
stresses had some feature which caused one of the assumptions used in

, calculating tangential burst stress to be questionable. ese features
~

are discussecd, test by test, in the next several paragv ,;h s .
a

In the PBF test IE-19 the maximum temperature of the cladding
burst region was determined by metallography to be approximately
1100K. Postirradiation examination results -11.15 show the maximum

B

temperature of the fracture area was less than the maximum cladding
temperature at other azimuthal locations in the axial plane of the
fracture. The interpretation given to this information in the post
irradiation examination results report is that 1100K was also the burst
temperature because no increase could have occurred on the protruding
fracture tips. It is this author's opinion that this conclusion is
slightly overstated. The Test Results report (Figure 13 of Refer-
ence B-11.19) nows that the adjacent 45 thermccouple which also0

protruded experienced a 50K temperature rise after the initial.

Figure B-8.5 of interium report C0AP-TR-78-048.a

M4 d)20



increase. It is therefore probably more realistic to estimate the
burst temperature of the cladding in test IE-19 at 1000-1050K.

Test PS-10 from Chapman's studies was performed with a heater
,.

which had ca unusually large circumferential variation in tempera-
ture - 1 20B

In this case very local ballooning is likely and Equa-
-

.

tion (B-11.13) is probably a very poor approximation for the circumfer-
ential radius of curvature near burst. Because of the questionable
validity of Equation (B-31.13) for this test and because of the large

difference between the calculated burst stress of this test and several
other data obtained at similar burst temperatures, this test was
omitted from the CMLIMi failure analysis.

Test 18 from the Hobson-Rittenhouse series burst at a thermocouple
U

temperature of 1145K (1692 F) yet had an average circumferential
strain characteristic of temperatures in the alpha phase. Moreover,
the axial profile of this test is almost triangular (Figure 4 of Refer-,

ence B-11.9). In all probability the axial radius of curvature in
Table B-11.II (estimated from the bottom half of the sample) is much'

too large.
The test was therfore eliminated from the CULIMT data

base.

Test 26 from the Hobson-Rittenhouse series is the only sample in

the entire test series which did not exhibit approximate mirre sym-
metry of wall thickness about a plane through the burst area ano the
cladding center line.

In thic test one half of the cross section is
essentially undeformed and one half is uniformly thin. Thus both the
axial and circumferential radii of curvature estimated for this test
are questionable and the test was removed from the CMLIMT data base.

Tests AS-9 and A"-5 by Chung are the most difficult of all the
data shown in Figure B-11.3 to understand. It is at first tempting to
assume that the constraining mandral used in these tests caused a large
axial stress which somehow perturbed the test. However, the argument

21 . -|h
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given in conjunction with Equation (B-11.14) shows that the local axial
stress near the f ailure area was between the yield and the burst

Moreover, test AS-36 which differed only in heating rate fromstress.

AS-5 and AS-9 does not differ from the Hobson or Chapman tests which*
-

Tests AS-5 and AS-9 were tentativelyburst at similar temperatures.

-
removed from the CMLIMT data base "laly brause they differ markedly
from the two tests by Chapman which were conducted in steam with an
internal heater - two f eatures which are believed to mat . Chapman's

However,tests more representative of in-reactor cladding failure.
further analysis of AS-5, AS-9 and corresponding tests by Chung without
constraint and/or in steam is recommended to try to understand why the

apparent tangential burst stress of ASU and AS-9 is so high.

The remaining data shown in Figure B-11.3 and reviewed in Sec-

tion 11.2 were used to find an e::pression for the tangential burst

stress at f ailure above 1000 K. Since the failure criterion is
intended for use in predicting the final shape of the cladding as well
as predicting the time of f ailure, the f ailure stress was divided by
the strength coefficient used with Equation (B-11.13) and the quotients
were averaged. For the alpha phase data with burst temperatures above
1000K the average quotient is 7.48 1 0.91, f or the alpha + beto region
it is 7.54 1 1.03 and for the beta phase it is 8.14 1 1.84. Since

there is no significant variation of the quotient, tue average obtained
was used tofor the entire temperature range above 1000 K, 7.7011.29,

produce Equations (B-11.5C) and (B-11.6) .

Equations (B-11.13) and (B-11.14)a were also used with the low

temperature duta of Table B-11.IV in an attempt tn find low temperature
In this case the ratios of failure stress tofailure stresses.

strength coefficient obtained were much smaller than those of the high

The axial radius of curvature was assumed to be three times the cir-a cumferential radii of annealed cladding and infinite for the
irradiated cladding.

-r
r1, i
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temperature data -- 0.84 1 0.03 for the annealed claddirg and 0.80 1
0.06 for the irradiated cladding. These ratios were not used for the

CMLIMT failure stress correlation because the axial radii of curvature

.
used to calculate them were assumed. Instead, the measured failure

strairs were used with Equation (B-11.8), an assumed strain rate

.

sensitivity exponent of zero and typical anisotropy coefficients # to

calculate f ailure stresses consistent with Equation (B-11.8) and the

measured strain. The approximation is more reasonable than guessing

axial radii of curvature at low temperature be ause (a) the unknown
strain rate at failure is unimportant at low temperature and (b) the
stress-strain curve at low temperature is very flat -- small
uncertainties in stress are equival _nt to large uncertainties in

The f actor of 1.36 for annealed cladding and the recommendedstrain.
increase of burst strength equal to four tenths of the increase in the
strength coefficient due to cold work or irradiation in Equa-
tion (C 11.5a) reproduce the f ailure strains listed in Table B-11.IV.
Equation (B-11.5b) is simply an assumption contrived to extrapolate
between the two regions where data are available without producing
unreasonable predictions for failure strain in the temperature range

where it is used.

11.4 Acolication of the Failure Criterion to Determine Cladding Shape

after Burst

Equations (B-11.5) are sufficient to provide a complete descrip-
tion of both the time of claading f ailure and the shape of f ailed clad-
ding if they are used with an equation of state for plastic deformation
and a mechanical code which models circumferential and axial variations
in strain as a function of applied stress and time. Expressions for a

The irradiated cladding was assumed to be isotropic when effectivea
stress and strains were calculated but the annealed cladding was
assumed to have the typical anisotropy coefficients given on page 7
of interium report CDAP-TR-78-048.
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mechanical code which has this capability have been found in the liter-
-11.8ature , adapted to treat anisotropic . material and modified to

work with an equation of state of the form of Equation (B-11.8). These

expressions are not presented here because they have not yet been coded,.

and tested against the collection of claddirg cross sections and axial
profiles that were used to produce the data reviewed in Section 11.2.
The expressions derived in this section are intended as consistent

alternatives to the direct use of Equation (B-11.5). They also

illustrate the effect of deformation history on cladding shape after
burst.

The first alternate expression is intended for use with codes like

the FRAP-T4 ballooning subcode which treat asymmetric deform ~"

at:en but do not calculate local stress. The recommended test for
failure is a comparison of wall thickness to the minimum wall thickness

given by the following approximate expressions for the strain at
failure in an azimuthally symmetric test.

= - '0SYM (B-11.15a)c
r

g)
~

t t c
1 "ZB t

+%g eB * 2 (B-11.15b)
ZB gand c I"

e SYM 2 'B Z
P r (Pr r)_B o ZB

_

where

local true radial strain at failure (m/m)c =

eSYM = true tangential strain at failure for azimuthally sym-c

metric deformation (m/m)

tangential component of true stress at burst (Pa) given=

eB
by Equations (B-11.5)

gg3 [[24
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P
B

pressure differential across cladding at burst (Pa)=

initial cladding radius (m)r =
g

.-

t initial cladding wall thickness (m)=
g

.-

ZB
axial component of true stress at burst (Pa)c =

Z axial radius of curvature at burst (m).r =

If ballooning is neglected (r == ), Equation (B-ll.7b) reduces to
z

a *

"} -
*o SYM

g

where

S = tangential component of engineering stress at burst (Pa)OB
.

An outline of the derivation of Equation (B-ll.15) follows:

(1) Following Reference B-11.21, the cladding deformation is con-
sidered to be composed of the straia for cylindrical deforma-
tion plus a perturbation due to ballooning. Axial strains
for isotropic closed tube cylindrical deformation are zero
and it is shown in Reference B-11.21 (Equation 4-36) that the
change in axial strain due to a balloon with negligible

- tangential displacement is also zero. It is therefore
reasonable to assume that the axial strain for typical bursts
is small compared to the radial and tangential strains.

(2) From the incompressibility relation (true strains sum to
zero) and step (1), the true radial strain is minus the true
tangential strain in an azimuthally symmetric burst test.

25 ,n
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(?3 For an azimuthally synmetric burst test the circumferential
radit., of curvature and the cladding thickiiess at burst are
related to their inital valves oy the tangential strain

*
.

0 * "o eXP ('e sp) (B-11.163)
r

.-

t =t exp (-c ) (B-11.16b)B g g

(4) Substitution of Equations (B-11.16) into Equatiot, (B-11 12)
and a taylor series expansion for *lB << "0B yields

Equation (B-11.15b) for c
osym'

(5) If the burst test does not have azimuthal symmetry, Equa-
tion (B-11.16a) will overpredict the circumferential radius
of curvature -11.18 and Equation (B-16b) will overpredictB

the cladding wall thickness at failure. Howeve , this is not

a serioJs fault becuase the local deformation near failure is.

very rapid. The average strains and thus the average elonga-
. tioa will be only very slightly underpredicted by using Equa-

tions (B-11.16b) and (B-11.15b) to 1redict strain at
failure.

The second alternate expressions for determining cladding shape
after failure are intended for codes that assume azimuthally symmetric
cladding plastic deformation in spite of known temperature differences
during the burst. An approximate expression for the effect of temper-
ature variation on circumferential elongation was obtained by correlat-

. ing to data taken at temperatures near 1050 K -11.10,B-11.22 (Fig-B

-

ure 1?1 in the first reference). The data and least-squares correla-
tion used to describe them are shown in cigure B-11.4. The

. r,
26
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least-squares expression obtained by fitting an exponential function to
the data is

e = 0.94 exp (-0.01 AT) (B-11.171
*

-

e

where s = (circumference at burst - initial circumference)
e initial circumference

AT = approximate temperature variation during burst (K)
.

If the 0.94 of Equation (B-11.17) is replaced by the more general
expression of Equation (B-11.15c), the resultant cxpression for the
average circumferential elongation in a typical burst test r. ear 1050 K
is:

)t

T - 1 exp ( -0.01 AT ) (B-11.18)
(h P

*
e rB o )

.

where
'

- (circumference at burst - initial circumference)_

e initial circumference

AT = estimated temperature variation around the circumference

during burst (K) and the other symbols have been defined
previously.

A mechanical model which assumes azimuthal symmetry cannot cal-

culate both the correct average circumference and the correct maximum*

stress of asymmetric deformation. However, it is possible to define an

effective stress which is consistent with Equations (B-11.18) and
*

(B-11.5). This effective burst stress is derived by considering the
three cross sections shown in Figure B-11.5.

28 b- '
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Figure B-11.5A represents the actual asymmetric cladding with
local thinning at the hot spot and relatively little deformation at the
coolest temperature. Figure B-11.58 represents an idealized symmetr's
deformation mode'ed by analytical codes which do not consider asym-,.

metric deforr'ation. The circumference of Figures B-11.5A and B-11.5B
are equal. Figure B-11.5C represents a symmetrically deformed claciiio,-

with true stress equal to the maximum hoop stress of the actual asym-
metric cladding.

Tne maximum tangential component of true stress of the asymmetric
deformation is approximately

P r

eB" t (B-11.19)
B

Where

's radius of the cladding (m)r =
3

and other symbols nave been defined previously. The cir..umferential
stress which will be used to predict the idealized deformation is

P r

oB"t (B-11.20)
ave

where

t
ave wall thickness of the cladding predicted with idealized=

symmetric deformation (m)

30 EI$ '



From Equatione (B-11.19) and (B-11.20), the tangentia' stress at fail-
ure calculated with idealized deformation is relatad to the true burst
stress by the equation

..

t

e B = ''0 B (B-11.21)
t* ave-

t

The ratio " in Equation (B-11.21) is related to the reduction
t

ave
in circumferential elongation at failure. Since the maximum true local

stress of asymmetric deformation and the circumferential stress of sym-
metric deformation are both equal to the burst stress,

o r P rB a B sym
(B-11.22)=

t t
B sym

where
,

radius of symmetrically deformed cladding (m)r =

sym
,

wall thickness of symm"+rically 'rmed c.ladding (m)t =
sp

and the other terms were defined previously.

The incompressibility relations with the simplifying assumptica
that axial strain is less than radial or circumferential strain imply

that the areas of the idealized and symmetrically deformed cladding are
equal. This in turn implies

r t =r t (B-11.23)a ave sym sym.
.

{i}k I'31



Equations (B-11.22) and (B-11.23) can be combined to show

t r '2
=

(B-11.24)t 7-. .

ave sym_
.

The radii r
a

^"d "sp are related to the circumferential elongation,

of A and C, (Figure B-11.5)

o (1.0 + 5 ) (~.11.25a)r_ =r
u e

o (1.0 + ee ym) (B-11.26b)
r =r

sym s

=r exp (e )g g

where

initial radius of the cladding.r =
, g

Substituation of Equation (B-11.15C) into Equation (B-11.26),,

*

Equations (B-11.25) and (B-11.26) into Equation (B-11.24) and the

resultant expression into Equation (B-11.21) yields the following
result for effective burst stress

,

'5e R S 1+E (B-11.27)
*

eB e
- -

where

T
eB effective burst stress to be used when azimuthally=

symmetric deformation is assume in spite of known

circumferential temperature differences and the other
symbols have been defined previously..

g
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'ne instability strain retJrned by SOT is als:
~he eu'essian Jsedthe ccrrelation for tycic31 strain distribution.

in the CMLIMT dub:cce for instability strain is

0.05"

f 3
\

-1T)1.15 Xt 1.-
' o 1

(ICO [
( B-l l ,2S )2m -l eXPe y = max 10 rg g

l i
\ >

- initial circumferencecircumference at instability-

initial circumference'

91

pressure differential across cladding (Pa)P =

strength coefficient ' PalK =

#

Equation (B-11.231 aas derived by setting the true strain rate in
Equation (B-11.SS eval to 10 /s and employing the following sim-

~I

plifying assumptiens:

isotrooic texture coefficients and closed tube stress raticsfli

were assumed ( := 0.S65 c and c = c, /0.S55)
g

( 2 c,)(2) c : 5 expg g

Equation (B-11.17) relates average strain to symetric strain(31
. at instability as well as at burst.
.

is calculated and returned by the CYLIMT code.One other quantity
It is intended for users who choose to ignore all the details of the

The quantity returned is adeformation history of the cladding.
typical engineering burst stress obtained by ccrrelating test) withoJt
-egard for either the distribution of strain dJring the tests Or the

{, ' . .



!

variation of prassure and temperature with time during the test. If

the user is willing to accept the uncertainty associated with using
typical burst stresses (pressure) for a given temperature, he can use
this relation with all of the previous ralations to determine typical,

average circumferential elongations as a function of burst temperature
and the circumferential temperature variation during burst. The cor-,,

relation used for typical engineering burst stresses is

log 10 (S) = 8.42 + T [2.78 x 10 + T(-4.87 x 10-6 + T 1.49 x 10-9)] (B-ll.29)

where

S typical engineering hoop stress at burst (Pa)=

T = temperature at rupture (K).

.

Equation (B-11.29) was obtained by correlating engineering burst
stress to burst temperature using data obtained from several
scurces - , -11. to B-11.29

Sir.ce all information about the.

local stress and strain has been ignored in producing this correlation,
it provides only a typical er.gineering burst stress as a function of
temperature.

Figure B-11.6 shows typical average tangential strains as a func-
tion of temperature obtained by substituting typical engineering burst
stresses from Equation (B-11.29), true stress at burst from Equa-
tion (B-11.5) and se u ral assumed temperature variations during burst

, into Equation (B-11.18).

.

11.5 Cladding Mechanical Limits Subcode CMLIMT Listing,

The FORTRAN listing of the subcode CMLIMT is given in
Table B-11.V.
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TABLE B.II.V

Listing of the CMLIMT Code

.

s o "*

'

SUBROUTINE CMLI MT( CIE PP,CELOXY,F NCK,F NCN,CWKF ,CbNF C ! b b !O,
a CINR AD, CDPR E S ,C AXR AC ,C AX S TR,R ST R AN,0E LINP.S T RNYT ,S T R BYE ,
s STRNUE , S TRNIE .S TSRP T,S TRR PE,CYL GST CYLOSE,CLLT SE ,C9 F STE,
* CBRS 5T ,C TS TR T )

C
C CMLIMT CALCULATES THE FCLLOWING LIMIT POINTS CF PECHAblCAL
C DEFORMATICh. (1) TRUE TANGENTIAL S TxE SS AT BLRST 15
C CALCULATEC AS A F UNC T I CN OF TtMPERATURE, FAST NE UTRON FLUENCF
C AND COLD HCRK. (2) TRLE T ANCENil AL STRAIN AT FAILURE
C FCR AllMUTbALLY S Y FM F T R I C DEF0kMATION IS C ALCLE A TE D FRCM THF
C TRUE TANGENTIAL BUWST S TRE SS, THE Pkt S $URE AT EURST, TFE AXIAL
C AADIUS OF CURVATURE AT BUR S T , THE AxlAL STRESS AT DURST ANC
C THE INITIAL MICHALL RACIUS. (3) CLADDING STRESS AND SIRAIN
C AT THE TmANSITICN BE T kf f N ELASTIC Abb PLASTIC OFFORFATION
C (YlELD) ARE C AL CUl. A TE C AS A FUNCT10h CF TEMPERATURE,
C FAST NEUTRON F L UE N CE , COLO bORF, AVEFAGE CXYGEN CONCE b TR A TION
C Ab0 STRAIN RATE. (4) TYP IC AL INS T Ab!LI TY STRAlbS,
C 6URST PRESSURES ( ENGI BEE k ING HCOP SINESS) ANC CIRCUMFERFNTIAL
C ELONGATIONS AT FAILURE AR F ALSC CALCULATEC ANC RETURNEC.
C

CLTPUT TRUE STkAIN AT Y! ELD (N/N)C STRNYT =

CUTPUT CNGINFERING SThAIN AT 7IELO (P/P)C STRbVE =

- C STRNUE OUTPUT UNIFORM STRAIN (M/M)=

CLTPUT TYPICtt C I RCUMFE R ENT I AL ENGINEERING STRAINC STRNIE =

C AT INS T ABILI TY (M/F)
GUTPLT TRUE TANGENTIAL F AILURE STRAlb FORC STSRPT =

C AIIMLTHALLY SYPFE TRIC OE FukM AT IOb (N/M).

C 5TRRPE CUTPLT TYP!Ctl C IV CUMF E RENT I AL ENGINEERING=

C STRAIN AT RuP TUR E (P/M)
C CYLDST CUTPUT TRUE YIELD S IRE NG TH (PA)=

C CYLDSE CUIPUT ENGINEERING YIELO S TREN GTP (PA)=

CUTPUT ENGINEERING ULTIMATE STREbGTH (PA)C CULTSE =

C CBRS5T CUTPUT EFFECTIVE TRLE TANGENTIAL STRESS AT BLRST '=

C FOR IDE AL IIE C SYMMETRIC DEFORMATION WITH CIQCUMFERENCE
C ECUAL TO THE ACTUAL CL AD DibG CIRCUFFERENCE (PA)
C C TS TR T CUTPLT TRUE TANGENTIAL C CMPONE NT OF STRESS AT=

C BURST (PA)
CUTPUT TYPICAL F NG int E R ING HCOP STRESS AT 90RST (PA)C CBRSTE =

C UCTSTT GUTPLT E S TIM A TED UNCERTAINTY OF CTSTET (PA)=

C (NUT CURRENTLY RETURNED)
C
C CTEMP INPUT AVERAGE CL AOC ING TEMPERATURE (K)=

C OELOXY INPUT AVERAGF 0xYGEN CON CENT R A T ION FxCLUDING=

C O X I CE LAYER - AVERAGE U( YGE N CONCENTRATION OF
C AS RECEIVED CLADCING (KG LXYGEN/VG l!PCALOY)
C FNCK INPUT FFFECTIVE FAST FLUENCE FGR STREbGTH=

C CCEFFICIENT ( bE U T R CN S/ ( M * *2 ) )
C FNCN INPUT EFFECTIVE FAST FLUENCE FOR STRAIN HAorENING=

C E X P0bE NT (NF L TRCN S /(M**2 ))
C LWKF INPUT E FFECTI VE COLD PORK FGR STRENGTP=

C COEFF ICIENT (UNITLESS R A TIO CF AREAS)
C CHNF INPUT FFFECTIVE COLC wCRK FOR STRAlb FARGENioG=

C EX P0bE NT (UN I TLE S S RATIO OF AREAS)

; - i. d. '
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C CINW10 = INPUT INITIAL CLACDING WALL THICKNESS (P)**

C CINRAD = INPUT IN1TIAL CLADCING MIDMALL RACIUS (P)
INPUT PRESSURE DIFFERENTIAL ACROSS CLACDING ATC CCPRES =

C BURST (PA)
C CAXRAD = lhPUT AX1AL RADIUS CF CURVATURE (H)

[NPUT TRUE AXIAL STRESS (N!. SE T ECLAL TO IERO
C CAXSTR =

IN THE SU S C ODE IF CAXRAD IS GREATER THAN 10 METERSC
C RSTRAN * INPUT STRAIN RATE. ( 1. / S I

INPUI CIRCUMF ERE NT I AL TEMPERATURE VARIATION.C DELTMP =

C USED ONLY TC flNC TYPICAL VALUES (k)
C
C LSTIMATED VALLES CF OfLIMP ARE
C (A) FCR CLADCING ktTH EXTERNAL THERNCCOUPLE S AND IN FILP

150KC BUILING DCLTMP =

C (B) FOR CLADCING kilH INTE RN AL HEATibG Ib STEAM AhD
C klTHCUT EXTERNAL T FERMCC OUPLE S

10 IF THE TEMPERATURE IS AE0VE 1255C DELTPP =

SO * (1255 - itMPERATURE) / 155 + 10 IF=
C
C TEMPERATURE IS HETWEEN 1090 AND l?$5K

to IF TEMPERAlukE IS BELGk 1090k=
C
C (C) FOR CLADCING IN A FURNACE

10C CELIFP =

C (D) FOR SE LF - RESISTANCE HEATED CLACOING h!TH CCOL FILLER
(HEATING R A T E l /10 CCK / S ) * VALUES OF (P)C CELTPP, =

C
C THE SUSCOCES USED IN THIS SUBRLUTINE ARE CAFN Ab0 CELPCD.
C
C

'

C THE ECUATIONS USED fN THIS Suo R OU TIN E ARE RASEC CN DATA FROM
C (1) R. H. CHAPMAN, MLLTIROC SURST TEST PACGFor GUARTERLY
C R EP OR T FCR APRIL - JU NE 1977, ORNL/NUREG/TF-135 (1977).
C (2) R. H. CHAPPAh, J. L. CP CWLE Y. A. W. LCNGEST AND E. G.
C SEWELL, EFFECT OF CREfP TIME AND HEATING RA TE ON
C DEF OR F A TION OF IIPCALCY-4 TUBES TESTED Ib STEAM >ITH
C INTERhAL HEATERS, UR NL / NU RE G / T M-2 4 S AND NOREG/CR-C345
C (1978).
C (3) R. H. CHAPMAN, MULTIROC BURST TEST PRCGRAh CUARTERLY
C PRCGRESS REPORT FCR APRIL - JUNE 1976,
C CRNL /huRE C/ T P-7 4, (1977)
C (4) R. H. CHAPFAN, MULTIROC BURST TEST PROGPAP PROGRESS

DECEMBEk 1977, ORNL/buREG/TM-7CC AND
C REPORT FCR JLLY -

C buRE C /CR-010 3 ( 1976).
C (5) R. H. CHAPFAb, MLLTIR00 BURST TEST PRCCRAP PROGRESS
C REPORT FCR JANUARY - MARCH 1970, ORNL/buREG/TP-217 AND
C NUREG/CR-0225 (1978).

'
C (6) R. H. CHAPMAN, MLLTIWCC BURST TE ST PRCGPAF CUARTERLY
C PROGRESS REPCRT FCR JANUAkY - MARCH 1976,
C CRSL/huREG/TF-36 (1976).

- C (7) R. H. CHAPMAN, MLLT 1R OC nLR S T TEST PROGRAF QUARTERLY
C PROGRESS RFPCRT FCR CCTOBER - LECEMbER 1976,
C CRNL/huREG/TF-95 (1977).'

C (8) 4. H. CHAPMAN, MULTIEOC BORST Tl ST PRCGRtM UUADTfRLy
C PROGRESS REPCRT FCR JANUARY - MARCH 1977,
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C CRNL/huREG/TP-108 (1977).
C (9) D. D. HOBSON AND P. L. R IT T E NHOU SE , CEFGRPATION AbD,,

C
RUPTbRE BEHAv10R OF LIGHT WATER REACTOR FLEL CLACCING,

C CRbt-4727 (1971)
C (10) H. M. CHUNG AND 1. F. KASSNER, DEF OR N A TI CNi

C CHARACTERISTICS CF IIRCALOY CLADDING IN %ACOUM AbC
C STEAP UNCER TR AN SIEN T-FE AT IN G COND ITIONS .

SUMMARY

C
RE00RT, ANL -7 7- 31 AND burl G / CR-0 34 4 (1976).

C ( 11) A. A. BALER, W. J. GALLAGHER, L. M. LCHRY AND

C A. J. FAkKWORTH, EVALUATING STktNCTH ANC DLCTILITY.

C CF IRPADIATED Zl RC AL CY . GU AR TE RLY PRCCRESS REPORT JULY
C THROUGH SEPTEMBtF, 197', aMI-NLkEG-1985 (19771.
C ( 12 ) T. F. COCK, S. A. PLOGER AND R. R, HCBBibS,

* C POST!RRADIATICN EXAMINATICN RESULTS FCR THE IRRACIATION
C EFFECTS TEST IE-5, TREE-NUREG-1201 (1976).

C ( 13 ) L. H. KARd, RESULIS OF THE FR-2 NUCLEAR TESTS ON THE
C 6tHAVICR CF llRCALOY CLAD FUEL RODS, SAPER PRESEbTfD
C AT THE 6IP WATER RE AC TCR SAFETY RESEARCH lhFORMATION
C MEETING, GAITFERSEURG, PD, (1978).

C (14) K. WlEHR AND HE. SCHMIC T, GUT-OF-PILE-VERSUCHE IUPe

C AUFBLAHVCRGAhG VCN l l Rk ALGY-HUL LE N.
KFK 2345, (1977).

C (15) K. WILMR, F. ER B ACHE R , U. HARTEN, H. JUST, H. J. NE'//FL,

C P. SCbAFFNER AND F. SCHFIOT, JAHRESKCLLOCulUM 1977 55

,' C PROJECT NUKLEARE SICHFP* i'T, KFK REPORT (1977),

C
C THE CURRELATICN FCR TYPICAL ENGINERioG H00P STRESS

8URST*

C HAS TAKEN FROM
C (1) J. D. KERRIGAN, FRAIL. A FUEL RCD SLBCdOE,

. SRO-137-76 (1976).Ci

C
C MODIFIEC BY D. L. FAGRFAN MAY 1979
C CKMN(CT E PP ,DE LD XY ,F NCK ,F NCN CW KF ,CWNF ,P S T R A h, A K, A h, A P ICALL

C E LM 00 (C T E PP , F bC K , CW kF ,C E lox Y )LLMCD =
i

CTEMPT =

AK * ((R5TEAN/1.CE-03)**AM)AG =

C
C CALCULATE STRAIN AT YIELD((AC/El.MCCl**(1.0/(1.0 - AN)))STRbYT =

- EXP(STRNYT) - 1.0STRNYE =

C
C CALCULATE YlELD STRENGTH

( A G / ( E L M C D * * A N ) l * * ( 1. 0 / ( 1. 0 - AN))CYLDST =

CYLDST/ E XP ( S TRNY T)CYLDSL =

C
C L .* L C U L A T E STRAIN AT MAXIMUM ONE DIMENSIONAL LCAO

AN/(1.0 + AM)STRNUT =

EXP(SIRNUT) - 1.0.

STRNUE =

C
~

C C ALCUL AT E l'LTIFA* N G INE E R I NG STRENGTH-

( , .KNUT *0 AN i l/ E X P ( ST RNUT )(AG *CULTSt =
,

C CALCULATE TANGENTIAL CCMPONENT OF TRUE STRESS AT EURST
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'O IF(T .LT. 1050.) R A TI C 46.861429* E XP (-(1.9 9 0108 7 E + C6 / ( T * * 213 )=

IF(T .LE. 750.) RATIO 1.36=

IF(T .GE. 1050.) RATIC = 7. 7
C FIND ANNEALED S TA TE S TRENGTH CCEFFICIENT

AKA (AK/(1. + (1120.-(990./t E X P ( ( T-130 ) . 51/61. )=
+ 1.)))# * DELOXY) - (5.SAE-1E)*FNCk)/(1. + 0.546*CWKF)-

CTSTRT RATIG * AKA + 0.4 * ( 5 5 4 E-lo * FNCK + 0.546 * CWKF=

s * AKA )
C F IND UNCE R T AIN TY tSTIMATE FGR CTSTRT

UCTSTT C.17 * CTSTRT=

C
r. FIND TRUE T ANGE NT I AL FAILURE STRAlb FOR AllMOTHALLY S YMME TR ICDEFORMATION

IF(CAxRAD .LT. 1. C b- 0 3 ' CoxRAD 1. 0E -0 3=

IF(CAXRAD .GT. 1.CE+018 CAXSTR 0.0=

AxFAC CAx5Tk*CI'WID/(2.0 * CUPRES*CAXRAC). =

STSRPT ALOGt(CT N T *C INW IC/ (CDP RE S* CI NR AD ) ) * *0.5= + AXFAC *
a (1: 0 + 0.5 * AXFAC))

C
C FIND TYPICAL CIRCLMFEEENTIAL ENGINEERING STRAIS AT RUF1URESTRRPE ( ( C T S T R T * C I N W I O/ ( C CPRE S * Cl bk AD ) ) * *0. 5 - 1.0) *=

a EXP(-0.C1 * DELTMP)
: C

C FINO EFFECTIVE TRLE TANGENTIAL STRESS AT BURST FOR I D E AL II''DC SYMMETRIC CEFORMA!!ON AND TYPILAL CIRCUMFERENTIAL STRAIN(BRSST (CDPRES * CibPAD / CIhRAD ) * ((1.0 += STRRPF1**2.0)C-*
C FIND TYPICt CIRCUMFEGENTIAL ENGINEERING STRAlh AT INSTAPILITYSTRNIE (, * CINwl0 * ( I C . * * ( 2. * AN ) ) / (CDPRES * CIbRAD= '

s * (0.066**(1. + AM + AN1)))**0.5 - 1.0 )i IF(STRNIE .LT. 0.05) STANIE 0.05=

STRNIE STRNIE * EXP(-0.01 * DE LT MP)=

C
C FIND TYPICAL ENGINEERING HOOP STRESS AT BLRSTFT (CIEMP - 273 15) * 1.8 + 32.=

LBRSTE = ( 10 * * ( 5.00 E + 0 C + F T * ( 3.2 7E - 04 -F T * ( 1.14 E -0 6-F T * 2 5 6F -10 ) ) ) ) /
.

s 1.450$E-04
RETURN
END

.

m
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