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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 of 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
Timits. It will become part of an update to the Materials Properties
(MATPRO) Handbook? used in the fuel rod behavior modeling task per-
formed at EGRG Idahn, Inc.

The update incorporates important new data from several Nuclear
Requlatory Commission 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 oltaining estimates of typical cladding shape after burst.

Many of the data were obtained from photographs of cladding cross
sections sent to the author by exper imenters. The author would like to
thank R. H. Chapman and D. 0. 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.
Dagbjartsson, F. Erbacher, E. Karb and K. Wiehr for providing data from
Germany and for several enlightening discussions of these data.

" o

a D. L. Hagrman and G. A. Reymann (Eds), MATPRO Version 11 - A Hand-
book of Materials Properties for use in the Analysis of Light
Water Reacfor FueT Rod Behavior, TREE-T1780, NUREG-CR-0497,
(February 19797,
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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 MATPRO package and its organization. Readers who require descrip-
tions of the use materials properties subcodes should consult the code
descriptionsa'b.

- — e ——

a G. A. Berna et al, FRAPCON-1: A Code for the Steady-State
Analysis of Oxide Fuel Rods, CDAP-TR-78-032-RT, “{November 1978).

b L. J. Siefken et al, FRAP-T5: A Computer Code for Transien.
Analysis of Oxide Fuel RGds - VoTume T - AnaTytical Models anc
Tnput Manual, COAP-TR-79-43, TMarch 1379).



11, CLADDING MECHANICAL LIMITS (CMLIMT)

(D. L. Hagrman)

Cladding mechanical limits are important to code predictions of
both the number of failed rods and the shape nf 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 Lhe uniform elongation,

The form of the expressions used to describe mechanical Timits is
related to the particuiar 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 scphisticated codes
which do assume symmetric deformation. Also, one simplified correla-
tion is presented for users who do not model plastic daformatior at
all.

11.1  Summary

The CMLIMT suhcode 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 equatinme vcnd 3.p:

1
K € m| T=n
True Strain at Yield = t- ('—_Tf) (B-11.1)

n°




1
True Yield Strength =] = ——~—) (B-11.2)
e" \107?
True Strain at Maximum Load = Tgﬁ (B-11.3)
True Ultimate Strength = K ‘ 3 ) Tﬁi) (B-11.4)
10
where
K = strength coefficient (Pa)
n = strain hardening exponent (unitless)
€ = true strain rate (s'l)

= strain rate sensitivity constant (unitless)
E - Young's modulus (Pa).

K, n and m are calculated with the subcode CKMN discussed in the
description of CSTRES (Section B-8, this appendix\a. E is obtained by
calling the function CELMOD (Section B-5, this appendix), and ¢ 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-78-048,
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For temperatures less than or equal to 750 Kelvin
For temperatures between 750 and 1050 Kelvin,

6
1.9901087*10

o = 46.861429 KA axp (- '-.-.;Z——°'°'

For temperatures greater than 1050 Kelvin,

g = tan ential component of true stress at burst (Pa)
KA = strength coefficient for annealed cladding as determined

with the MATPRO-12 CKMN subcode (Pa)

T = temperature (degrees Kelvin).

For cold worked nr irradiated cladding the burst stress is increased by
four tenths of the increase of the strength coefficient due to irradi-
ation and cold work.

The standard error? of Equations (B-11.5) is found to be

Uogg = 0.17008 (B-11.6)

- -

a The standard error of a mode]l is estimated with a set of data by
the expression: (sum of squared residuals/number o{ residuals
minus the number of constants used to fit the data) /2.



Section 11.2 is a review of the available data. Equa-
tions (B-11.1) throuoh (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, Se:tion 11.5 is a Tisting 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 Toad (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 cevelopment of
the CMLIMT subcode failure criterion. The number of these data has
been severely restricted by the requirement that they be sufficiently
complete to allow an estimate of loca) stresses and strain at failure.

The most useful data have been produced by the Multirod Burst Test
Program conducted by the U.S. Nuclear Requlatory Commission. All of
these data were obtained with internal heaters and an external steam
environment. Heating ratac varied from 0 to 283 K/s. Estimated burst
temperatures, burst pressures and burst strains (average circumfer-
ential elongation) have been published for a number of single rod
testsa'll'l' 3“11'2. In addition, calibrated photographs of cross

sections through the burst regions of some of the tests have been

pub]isheda'll‘z’ 8-11.3, B-11.4, 8'11'5. These cross sections were

needed to estimate wall thickness at burst? for the calculation of
local stress at failure. The other required information for the local
stress analysis which will be deve’sped in Section 11.3 is an estimate
of the axiil radius >f curvature at burst. This information was not
published but cou'd be estimaied with sufficient accuracy from side

o ———— S o, et .

a Most burst edges displayed one or more cleavage-like lines approx-
imately 45 degrees from the radial direction. The wall thickness
was meusured adjacent to this line or, if the line could not be
distinguished, 0.25 mm from the burst tear.
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view photographs of the burst tubeso- 1+8 8-11.7, B 11'5. fable B.1}

is a summary of the Multirod Burst Test Program data that were used.

Data from tests by Hobson and Rittenhousea'u'9 were also
employed. The Hobson-Rittenhouse tests were conducted with a radiant
heating furnace on BWR cladaing in an argon environment with heating
rates from 5.6 to 56 K/s. OJuring 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 anMlysis
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 oxidize for
relatively long times before significant 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 sarly (smal) strain) deformation but little
effect on the stress at failyre,

Table B-11.11 is a summary of the data from the tests by Hobson
and Rittenhouse that were used. Burst temperatures, wall thickness
measurements and the average circumferentia)l 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 0. 0. Hobson.

Table B-11.111 is a summary of data obtained by H. M. Chung and
Y. ks Kassner8°11'10 which were used in the development of the CMLIMI
code. The burst temperature, differential p-essure at burst, average
circumferential strain and axial radius of curvature were obtained from

Referance B-11.10. The wal) thickness at burst was odtained from

1
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TABLE B-11.1

SUMMARY OF MULTIROD BURST TEST DATA EMPLOYED IN CMLIMT

Wall Axial
Burst Differential Average Thickness Radius of
Test  Temperature Prassure at Circumferential at Burst Curvature
No. (K) Burst (MPa) Strain (m/m) ~ (mm) (em)
PS-10 11743 6.0002 0.202 0.079¢ 2.1¢
PS-17 10512 12.1302 0.252 0.176° 1.2¢
PS-18 14442 0.7722 0.242 0.1119 0.99
PS-19 12322 2.5902 0.202 0.079°¢ 0.6°
SR-23 13502 0.9602 0.352 0.164¢ 1.1"
SR-25 13652 0.960° 0.782 0.077% 0.6
SR-34 1039° 5.820° 0.316° 0.109° 1.6
SR-35 1048° 4.470° 0.290° 0.073f 3.1¢
SR-37 10230 13.560° 0.231° 0.263f 3.7¢
SR-41 1030° 9.765° 0.274° 0.199° 2.7
SR-43 1046° 7.620° 0.2" 0.179° 3.5¢
a Reference B-11.1, pages 18 and 19
b Reference B-11.2, pages 7 and 31
¢ From photographs sent by R. H. Chapman
d Reference B-11.3, page 35
e Reference B-11.4, pages 120, 121
f Reference B-11.5, page 26
9 Reference B-11.6, page 19
h Reference B-11.7, page 22
i Reference §-11.8, page 17
514 ¢35
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TABLE B-11.11

-

SUMMARY OF DATA FROM THE HOBSON-RITTENHOUSE TESTS

- . S ———— - —,. —————. . ——

Wall Axial
Burst Differentia)l Average Thickness Radius of
Test  Temperaturz Pressuyre at Circumferential  at Burst Curvature
No. (K)____  Burst (MPa)  Strain (m/m) __{(mm) _Aem)
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 1.71 3.102 0.30 0.18 1.7
8 1179 3.826 0.22 0.20 | 98
16 1195 3.999 0.42 0.25 1.7
5 1196 3.757 0.44 .20 1.0
26a 1205 3.068 0.27 0.28 1.8
27 1213 2.2¢9° 0.55 0.15 1.1
15 1214 2.2/% 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 0.85 0.18 2.3
11 1299 1.434 L.68 0.25 £.5
22 1302 0.745 0.93 0.25 2.1
29 1432 0.676 0.92 0.23 2.5
36 1440 0.827 2.50 0.23 1.5
a 1472 0.689 1.11 0.20 2.5
36a 1487 0.662 0.74 0.25 1.5

— - —— - —— " —— o o —
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TABLE 8-11.111

SUMMARY OF DATA FROM T!_ CHUNG-KASSNER TESTS

Wall

Burst Differential Average Thickness

Test  Temper:! Pressure at Circumferent 7  at Burst

No. (K) Burst (MPa) Strain (m/m) (mm)
AS-40 1089 5.30¢ 1.01 0.39
AS-36 1310 0.558 1.11 0.26
AS-9 1329 1.282 1.24 0.12
AS-5 1348 1.334 1.02 0.42

Axial
Radius of
Curvature
_fem)

2.9
2.9
3.2
1.6




photographs of cross sections obtained from Chung by private communi-
cation 't is important to note that all of the tests in

Table B-11.111 were constrained by an internal mandrel which applied an
unknown axial stress to the cladding.

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 olbtained from studies by
A. A. Bauer, L. M. Lowry, W. J. Gallagher A. J. Markworth and J. S.
Perrin®-11+11s B-11.12, B-11.13 .\ 1.441ng 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-11.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-11.11. 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 Power Burst Facility at the
Idaho National Engineering laboratoryB'11‘14’8'11°15. The measured
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 rasults report to be
0.09 mm and the axial radius of curvature was estimated to be approxi-
mately four times the rod diameter from the posttest view on page 91 of
Reference B-11.15.

The second source nf in-reactor data is a series of tests in the

FR2 reactor in GermanyB'll'IG. Complete data from three tests were

presented (A2.3, B1.2 and B1.3) but two of the cladding cross sections



SUMMARY OF DATA FROM THE BAUER ET AL TESTS

TABLE B-11.1V

10

Wall
Burst Burst Average Thickness
Test Temperaturea Strengtha Circumferential at Burstb
No. (K) (MPa) Strain® (m/m) {(mm)
M12-16 477 749.4 0.026 v.57
M12-4 h44 659.1 0.052 0.60
M12-15 644 684.6 0.028 0.6!?
D9-7 644 356.4 2.212 0.4%
D9-8 644 350.9 0.204 6.46
D9-13 644 372.3 0.225 0.51
D9-14 h44 367.5 0.292 0.43
a From Reference B-11.12, pages 3 and 7
b From photographs sent by A. A. Bauer and L. W. Lowry
i
\
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showed =vidence 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 B1.2 were used. The average circumferential elongation,
axial radius of curvature, burst pressure, and temperature for this
test were %aken 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-11.17 was used in

One out-of-pile test result from Germany
eveloping 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
bv 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

0 = EC (3‘11.7)

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

a= Ke" ( ‘_3) (8-11.8)

1



where

true stress (Pa)

a
u

e = true strain (unitiess)

A true strain rate (s'l)
E = Young's modulus (Pa)

K = strength coefficient (Pa)

3
"

strain hardening exponent (unitless)

m = strain rate sensitivity exponent (unitless).

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 2 one din nsional stress test at con-
stant enqgineering strain rate is found by converting the true stress
and true strain rate in Equation (B-11.8) to their engineering equival-

ents
g=Sexp (g) (8-11.2)
o t= é/exp (e) (B-11.10)
where

S = engineering stress (Pa)

e = cngineering strain rate (s'l).

12



The derivative of S with respect to ¢ 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
considerably from test to testB'11’4’B'11'10’8"11'16. Two other
possible criteria, strain rate at failure and strain-fraction rules
(strain increment/strain at failure), were considered and rejecte .
because these criteria would require a considerable collection of
strain versus time data. Such a collection does not exist in the
publiciy-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
thickness adjacent to the burst?

| i

. 4 z,._(.fi) (B-11.11)
r £
0
where
€p = true radial strain at burst
to = initial cladding wall thickness
tB = cladding wall thickness adjacenrt to burst

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




Figure B-11.1 is a plot of the local radial strains at burst
versus temperature. Aithough considerable scatter is apparent from the
plot it must be remembered that strain is a very sensitivite
parametera. The more relevent observations are:

(a) The scatter of the local strains at failure is much smaller
than the scatter of the average circumferentiil strains at
failure for these tests. The average strains are shown in
Figure B-11.2.

(b) The series of tests by Chapman with decreasing pressures and
heating rates but similar heaters, burst temperatures and
average circumferential elongations -- SR-37, SR-41, SR-43,
SR-34 and SR-35 -- show 2 reqularly decreasing wall thickness
{mo. e negative radial strain) with decreasing pressure.

These observations suggest that the local stress is the common
parameter of the cladding as it is about to burst. The data in the
plot of local strains at failure versus temperature is scattered by
neglected variations in circumferential radii of curvature, axial radii
of curvature and burst pressure and the data in the plot of average
circumferential strain at failure is scattered further by circumfer-
ential variations in strain, More evidence for using stress as the
failure criterion is provided by the observations that (a) Failure
croes sections ysually show a fracture surface or surfaces at 45° to
the tangei tial direction and in the direction of maximum shear stress;
(b) The fracture line is usually longitudinal. In cases where the
fracture line is circumferential, there is good reason to suspect large
axial stress components (See Reference 8-11.10, pages 86 and 87).

a The strain hardening exponent and the strain rate sensitivity
exponent in Equation (B-118), are typically in the range
0.05-0.3. The small exponents mean small changes in stress will
yield large changes in strainnpear failure because the stress
versus strain and strain rate surface i flat. lhus, a lot of
scatter in a strain versus temperature plot does not necessarily

mean strain is a poor parameter for determining ‘ailure.

p—
.
b

14 91
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Fig. B-11.1 Local radial strains at burst versus temperature.
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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
criterion 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 fai]urea'll’la

o o) P
B, 2.2 (B-11.12)
4 9 3
where
P, = difference between internal gas pressure and coolant
R
pressure at burst

OZB = axial stress at burst
o8 " tangential stress at burst
By . axial radius of curvature at burst
% = circumferential radius of curvature at burst
‘q = cladding thickness at burst.

17 J



Two approximations are needed to deduce o,g from Equa-
tion (B-11.12) and the data that were presented in Section 11.2. The
first approximation assumes the azimuthal cross section shortly .efore
burst is approximately circular,

ry ° undeformed radius (1 + average circuferentiai strain) (8-11.13)
The second approximation is needed to estimate 998 The range
of possible valves for 998 is rathe- severely limited by physical
considerations. It must have been greater than the yield stress for
significant ballooning to occurs'u‘18 and it must have been less
than 958 for the failure to occur along an axial line. Since 7 is
typically several times r, the first term of Equation (B-11.12) is
small and any value of 98 in the range between the yif'* stress and
98 will estimate the first term of the eguation with «ncertainty
2hat is less than the uncertainty in the terms containing "o and
tg: The CMLIMT expression for failure stress was developed with the
assumption that the axial and tangential stresses are nearly equal at
burst because that assumption tends to underpredict O3 while the

assumption of Equation (B-11.13) tends to overpredict c:a. The
resultant expression for the tangntial stress at burst is

%" & | T—1 (8-11.14)

Figure B-11.3 ic 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’ed to

o e

a Local ballooning will cause the actual value of rg to be less than
the value predicted with Equation (B-11.18).
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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 ro 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 strescac 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
this aopendixa. 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. ~ 2se features
are discussecd, test by test, in the next several paragr phs.

In the PBF test IE-19 the maximum temperature of the cladding
burst region was determined by metallography to be approximately
1100K. Postirradiation examination resultsB'n'15 show the maximum
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) .1ows that the adjacent 45° thermocouple which also
protruded experienced a 50K temperature rise after the initial

a Figure B-8.5 of interium report CDAP-TR-78-048.
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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 an unusually large circumferential variation in tempera-
tureB'Il'zo. In this case very local baliooning is likely and Equa-
tion (B-11.13) is protably a very poor approximation for the circumfer-
ential radius of curvature near burst. Because of the questionable
validity of Equation (B-11.13) for this test and because of the large
difference between the calculated burst stress of this test and severai
other data obtained at similar burst temperatures, this test was

omitted from the CMLIM, failure analysis.

Test 18 from the Hobson-Rittenhouse series burst at a thermocouple
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-11.11 (estimated from the bottom half of the sample) is much
too large. The test was therfore eliminited from the CUL IMT data
base.

Test 26 from the Hobson-Rittenhouse series is the only sample in
the entire test series which did not exhibit approximate mirrc* sym-
metry of wall thickness about a ulane through the burst area ana 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 ard circumferential radii of curvature estimated for this test
are questionable and the test was reinoved from the CMLIMT data base.

Tests AS-9 and A7-5 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 arqument

2] o :~' i




given in conjunction with Equation (B-11.14) shows that the local axial
strass near the failure area was between the yield and the burst
stress. Moreover, test AS-36 which differed only in heating rate from
AS-5 and AS-9 does not differ from the Hobson or Chapman tests which
burst at similar temperatures. Tests AS-5 and AS-9 were tentatively
removed from the CMLIMT data base ~alelv hozayse they differ markedly
from the two tests by Chapman which were conducted in steam with an
internal heater -- two features which are believed to ma’ . Chapman's
tests more representative of in-reactor cladding failure. However,
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 AS-5 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 failure 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 failure, the failure stress was divided by
the strength coefficient used with Equation (B-11.13) and the quotients
were averaged, For the alpha phase data witnh burst temperatures above
1000K the average quotient is 7.48 * 0.91, for the alpha + beta region
jt is 7.54 + 1.03 and for the beta phase it is 8.14 + 1,84, Since
there is no significant variation of the quotient, tie average obtained
for the entire temperature range above 1000 K, 7.70 + 1.29, was used to
produce Equations (8-11.5C) and (B-11.6).

Equations (B-11.13) and (B-11.14)2 were also used with the low
temperature data of Table B-11.1V in an attempt to find low temperature
failure stiesses. In this case the ratios of failure stress to
strength coefficient obtained were much smaller than those of the high

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

£l
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temperature data -- 0.84 + 0.03 for the annealed claddirg and 0.80 *
0.06 for the irradiated cladding. These ratios were not used for the
CMLIMT failure stress correlation because the axial radii of curvature
usad to calculate them were assumeZ. Instead, the measured failure
strains were used with Equation (8-11.8), an assumed strain rate
sensitivity exponent of zero and typical anisotrop. coefficientsa to
calculate failure 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
strain. The factor of 1.36 for annealed cladding and the recommended
increase of burst strength equal to four tenths of the increase in the
strength coefficient due to cold work ~r irradiation in Equa-

tion /2 11.5a) reproduce the failure strains listed in Table B-11.1IV.
fquation (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 Application of the Failure Criterion to Determine Cladding Shape
after Burst

Equations (B-11.5) are sufficient to provide a complete descrip-
+ion of both the time of claading failure and the shape of failed 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 app'ied stress and time. Expressions for a

a The irradiated cladding was assumed to be isotropic when effective
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-
atures'll'a. 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 thay 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> *1*!8 which treat asymmetric deform-
ation but do not calculate local siress. The recommended test for
failure is a comparison of wall thickness to the minimum wall thickness
given by the following app-oximate expressions for the strain at
failure in an azimuthally symmetric test.

€. % = EcyM (B-11.15a)
t o t
and ooy = In ?éﬁ-é_"; R J -9,8--',5 ‘3 ﬁ}g—% (B-11.15b)
where
€. = local true radial strain at failure (m/m)

€agym =  true tangential strain at failure for azimuthally sym-
metric deformation (m/m)

OBB = tangential component of true stress at burst {Pa) given
by Equations (B-11.5)
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= pressure differential across cladding at burst (Pa)
= initial cladding radius (m)
= initial cladding wall thickness (m)

= axial component of true stress at burst (Pa)

= axial radius of curvature at burst (m).

If ballooning is neglected (rz == ) Equation (B-11.7b) reduces to

where

SeB = tangential component of engineering stress at burst (Pa)

An outline of the derivation of Equation (B-11.15) follows:

(1)

(2)

Following Reference B-11.21, the cladding deformation is con-
sidered to be composed of the strain for cylindrical deforma-
tion plus 1 perturbation due to ballooning. Axial strains
for isotropic closed tube cylindrical deformation are zero
and it is shown in Reference B-11.21 (Eauation 4-36) that the
change in axial strain due to a balloon witih negligible
tangential displacement ‘s also zero. It is therefore
reasonable to assume that the axial strain for typical bursts
is small compared to the radial and tangential strains.

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
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{?) For an azimuthally symmetric burst te<t the circumferential
radiu, of curvature and the cladding thickiess at burst are
related to their inital valves oy the tangential strain

re = ro exp (Cesym) (8-11.163)
tB =t, exp ('cﬁsym) (B-11.16b)
(4) Substitution of Equations (B-11.16) into tquation (B-11.12)

°z .. o8
and a taylor series expansion for - << =~ yields
8

Equation (B-11.15b) for €osym z

(5) 1If the burst test does not have azimuthal symmetry, Equa-
tion (B-11.16a) will overpredict the circumferentiai radius
of curvaturee'u'18 and Equation (B-16b) will overpredict
the cladding wall thickness at failure. Howeve » this is not
a serious fault becuase the local deformation near failure is
very rapid. The average strains and thus the average elonga-
tion will be only very slightly underpredicted by using Equa-
tions (B-11.16b) and (B-11.15b) to redict 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 fcr the effect of temper-
ature variation on circumferential elongation was obtained by correlat-
ing to data taken at temperatures near 1050 KB-II.IO.B-II.?? (Fig-
ure 121 in the first reference). The data and least-squares correla-
tion used to describe them are shown in Figure B-11.4. The
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least-squares expression obtained by fit.ing an exponential function to
the data is

0.94 exp (-0.01 &T) (8-11.17)

]
"

where & = (circumference at burst - initial circumference)
8 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 expression for the
average circumferential elongation in a typical burst test ncar 1050 K
is:

e = ;g—r.o-" -1 exp ( -0.01 aT ) (B-11.18)
where
. (circumference at burst - initial circumference)
8 initial circumference
4T = 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.
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Figure B-11.5A represents the actual asymmetric claddina with
10ca1 thinning at the hot spot and relatively little deformation at the
coolest temperature. Figure B-11.5B represents an idealized symmetr .
deformation mode.ed by analytical codes which do not consider asym-
metric deformation. The circumference of Figures B-11.5A and B-11.58B
are equal. Figure B-11.5C represents a symmetrically deformed clau1iio
with true stress equal to the naximum hoop stress of the actual asym-
metric cladding.

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

P r
. B a -
% g * -'fg~ (B-11.19)
where
o radius of the cladding (m)

a

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

P, r
p " (B-11.20)
ave
where
¢ = wall thickness of the cladding predicted with ideaiized

ave
symmetric deformation (m)
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From Equationc (B-11.19) and (B-11.20), the tangentia’ stress at fail-
ure calculated with idealized deformation is relavad to the true burst
stress by the equation

g = o8 T— (B-11.21)
2 ave
tmin :
The ratio-f——— in Equation (B-11.21) s related to the reduction
ave

in circumferontial elongation at failure. Since the maximum true local
siress of asymmetric deformation and the circumferential stress of sym-
metric deformation are both equal to the burst stress,

8 a, 2 Sym (8-11.22)

where

rsym = radius of symmetrically deformed cladding (m)

tsym = wall thickness of symm~*rically rmed ¢ladding (m)

and the other terms were defined previously.

The incompressibility relations with the simplifying assumption
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 S (B-11.23)




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

tB " ] 2 )
T * - ) «B-11.24
ave [Tgyﬂ

The radii " and rsym are related to the circumferential elongation
of A and C, (Fiqure B-11.5)

r =r_ (1.0 +8) (" -11.25a)
° 0 8
rsym o™ (1.0 + eesym) (B-11.26b)
=r, exp (tesym)
where
AR initial radius of the cladding.

Substituation of Equation (B-11.15C) into Equation (8-11.26),
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

- =12
T8 = Sy [1 +ee] (8-11.27)

where

al

oB *° 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.
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variation of pr -ssure 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 relations 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

Togyq (S) = 8.2 + T [2.78 x 107" + T(-4.87 x 1076 + T 1.49 x 10°%)]  (8-11.29)

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
sourcesB’11'9'8'11’23 to B-11.29 Sirice all information about the

local stress and strain has been ignored in producing this correlation,
it provides only a typical ergineering 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 seviral assumed temperature variations during burst
into Equation (B-11.18).

11.5 Cladding Mechanical Limits Subcode CMLIMT Listing

Tha FORTRAN listing of the subcode CMLIMT is given in
Table B-11.vV.
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