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IRRADIATION EFFECTS ON MECHANICAL PROPERTIES

GENERAL

' Of the radiation environments, wherein zirconium and dilute

zirconium alloys may be used, only " fast" (m 0.1 < E < s 15 Mev)
- neutrons possess energies sufficient to significantly affect the

microstructure and those mechanical properties which are structure
sensitive. Other radiation sources such as gamma rays, ion bombard-
ment, etc. , are capable of altering the atomic structure (e.g. ,
ionization) and/or microstructure but generally are incapable of any
significant penetration of metallic materials and are therefore of
little practical importance with regard to altering mechanical behav-
ior. For these reasons, ''11s review is limited to the effects of fast

flux (E ( l Mev) neutron irradiation.

It has been " fairly well" established through electron microscopy
and thermal activation studies (1-5) that fast flux neutron irradia-
tion "strenghtening", in pure fcc metals, is at least qualitatively
attributable to two types of " defect clusters" produced by a momentum
exchange between high energy neutrons and the lattice atoms. The two
types of " defects" which are believed to be the result of the momentum
exchange are:

large interstitial loops whose density tends to saturate at a low*

fluence (i.e. , fast flux x time).

small, variably sized " planar" vacancy clusters whose density- *

continues to increase approximately linearly with fluence.
.

It is generally supposed (I) that the irradiation "strenghtening"
mechanism in bec and hcp metals is similar to that in fcc metals but
with the added complication that diffusion of interstitial impurity
atoms to the irradiation " defect clusters" can strengthen and stabilize

i
I

_ _ _ - _ _., __ _ __ . _.



them as obstacles to dislocation motion. The diffusion of interstitial

impurity atoms can occur either during irradiation and/or after irradia-
tion depending upon temperatures. This phenomenon has been observed in
post-irradiation-evaluation (PIE) annealing studies on niobium.(l)

The mechanical behavior of hcp Zr and dilute Zr alloys is complex
due to inherent crystallographic anisotropy and dynamic strain aging -

characteristics.(6,7) Veevers et al(7) have shown that, for Zr-2,
strain aging occurs at temperatures ranging from about 200 C through

,

about 450*C (see Figure la). The 300 C strain aging peak has been
attributed to interstitital oxygen (7) and has a significant effect on
creep strength (see Figure ib). Within the strain aging temperature
range, the mechanical behavior tends to be athermal and somewhat unpre-
dictable. (6) After irradiation to a fluence of about SEl9 nyt or

1

greater, the oxygen strain aging appears to be effectively suppressed
(see Figure Ic) presumably because the oxygen is trapped at irradiation
" defect clusters."(7) In PIE annealing tests, an increase in yield
strength is observed when annealed at temperatures above the irradia-
tion temperatures (see Figure id). Although this phenomenon has not

been investigated systematically, these data appear to provide some
basis to question whether or not PIE mechanical behavior is fully
characteristic of the in-flux mechanical behavior of Zr and those dilute
Zr alloys susceptible to oxygen strain aging.

ELASTIC CONSTANTS

For unirradiated Zr and dilute Zr alloys, the elastic and shear

modulii have been obtained from tests employing both the static stress-

strain and dynamic resonant frequency methods (6,8) (see Table 1). -

There have been no specific in-flux or PIE tests undertaken on the
elastic and shear modulii. Based on PIE tensile data, irradiation .

appears to have no significant effect on the elastic constants. There
are only a few instances (8-12) wherein contractile / extension strain

(Poisson's Ratio) measurements were obtained on either irradiated or
unirradiated Zr and/or dilute Zr alloys. In those few instances the

2
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test material from one data set to the next differed significantly

(anisotropy in particular). For this reason pre-postirradiation
comparisons cannot be made.

i
'

STRENGTH AND DUCTILITY

The effects of fast flux neutron irradiation on the yield and,

,

ultimate strength and ductility of Zr and the dilute Zr alloys have,

with one notable exception,(13) been determined from PIE tests. Data
.

are available from PIE uniaxial tensile tests on coupon bars and tubing
and from biaxial tensile tests on tubing stressed by internal pressuri-
zation (see Tables 2 through 14). There are no data from PIE tests
employing compressive stress states. The data listed in Tables 2
through l'4 include the effects of cold work,(14-20,26) heat treat-

ment (14,15,17,19,20,23,26,27) and PIE test temperature.lli,16,19,20,24)
Data for evaluating the effect of the irradiation temperature (2,4,14,18,27)
and strain rate (12,13,28) are limited. Data relating to in-flux
tensile behavior (13) are very limited.

Based on PIE data, the general effects of fast flux (E R 1 Mev)
neutron irradiation on the tensile properties of Zr and dilute Zr

alloys are:'

1

| a very substantial increase in yield strength and which tends to*

; approach a saturation value
i
i * a smaller but significant increase in ultimate strenth
:

* a drastic reduction in uniform (pre-maximum load elongations) strain
;

* the yield strength tends to approach the ultimate strength. -The
small difference in yield and ultimate strength and the reduction~

in uniform strain signal a substantial reduction in strain
hardenability.-

t

| the reduction in area, accompanying a tensile failure is essen-*

tially unchanged. The reduction in the total tensile elongation3

!

essentially reflects only the reduction in uniform strain.

4

3
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The increase in yield and ultimate strength, as determined from
PIE tests, is dependent upon the prior metallurgical condition. Zr

and dilute Zr alloys, which have been recrystallization annealed prior
to irradiation tend to sustain significantly greater increases in

strength than the same alloy (3) which had been cold worked prior to

irradiation at the same temperature and fluence. In general, the PIE ,

yield and ultimate strength tend to approach a pseudo-saturation
2strength at relatively high fluences ( ot ( lE21 n/cm ) and which is

.

essentially independent of the prior metallurgical condition. Although
the effects of irradiation temperature have not been systematically
studied, there is experimental evidence (2' 'I4'I '2 ) (see also
Tables 2, 12 and 14) that the pseudo-saturation strength diminishes
with increasing irradiation temperature. PIE anraaling experiments (I4)

tend to show that the irradiation strengthening, sustained from irra-
diation temperatures below about 280 C, is removed by annealing at tempera-
tures ranging from about 250 C to 400 C. Irradiation of cold-worked
Zr-2 showed(I4) the extent of thermally activated recovery, during a
380 C irradiation, to be essentially identical to the extent of recovery

occurring during an out-of-flux heat treatment for the same time at
380 C. Considering these data (see also Figures 2 and 3), it is expected
that, in the temperature range of s375 C < T & 475 C, thermally activated
recovery mechanisms will effectively remove irradiation produced " defect
clusters" and interstitital loops at about the rate they form or alter-

natively render them ineffective as obstacles to dislocation motion.

Although the effect of PIE test temperature has not been systema-
tically studied, some data has been obtained.(ll, ,18,19,23,24,25,27,28)

As suggested by Makin,(I) interstitital impurity atoms may diffuse to .

irradiation produced " defect clusters" and strengthen and stabilize
them as obstacles to dislocation motion either during and/or af ter irra-

,

diation. As shown in Figure id, the increase in yield strength suggests
that there may have been some further interstitial impurity atom diffu-
sion (i.e., thermal and/or strain aging) when annealed at temperatures
above the irradiation temperature. Some of the PIE tensile data (see
Tables 5-7, 10-14) show, for some tests, significant differences in the

4



normalization factor - f(YS)/f(?t)*- with testing temperature. These
differences in the nonnalization factor also suggest that some thermal /

strain aging may have occurred in these PIE tests. In some instances,

prior metallurgical condition (e.g., alloying, texture, etc.) may have
also been a factor in the relatively greater increase in the yield
and ultimate strengths.

.

Only one set of in-flux tensile data was obtained (see Table 11).
These data were obtained from uniaxial tests on rolled Zr-4 plate.

.

All of the in-flux tests were done at slow strain rates (1.9E-4 to
5.0E-6 per hour) and which are not generally typical of the strain
rates employed in the bulk of the PIE tests. A few PIE uniaxial ten-
sile tests were done on the same material but not at identical strain
rates. For this reason, exact comparisons of in-flux with PIE tensile
behavior are not possible. Although the in-flux test results are

w
variable, the apparent irradiatlon strengthening effect tends to be
significantly less as compared with results from PIE tests. From

these data, it cannot be determined whether the differences in irradia-
tion strenthening may be attributable to fast flux and/or fluence dif-
ferences or to thennal/ strain aging effects during the slow strain
rate PIE tests.

The effect of strain rate on the post-irradiation tensile behavior
of Zr and dilute Zr alloys has not been systematically evaluated over
any range of test temperatures. The data available are shown in

Figure 4 and which were obtained from Zr-4 irradiated to a fluence
estimated to range from 3.8 to 4.4E21 nyt.(2) Comparisons with strain

rate effects on non-irradiated Zr-2(6) show that the strain rate effect
on yield and ultimate strength is comparable. In contrast,'however,

.

1

,

;

- f(YS) = aYS/YS where aYS is the difference in the irradiated and non-
| irradiated yield strength only.
|

| f(et) = 4/1 - exp(-Set) where et = fluence.

5
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the total elongation, as measured in the PIE tests, is a maximum at
the minimum of the strain rates employed. The reason for this dif-
ference is as yet unknown but is probably due, in part at least, to
the drastically reduced strain hardenability and tendency for strain
localization * generally observed in PIE tensile tests. The uniform

,

strain tends to be generally low over the entire range of strain rate
employed.

.

The effect of irradiation superimposed upon cold work effects on
the strain hardenability and strength coefficient for Zr-2, has been
rather systematically evaluated at room temperature (3) (see Figures 5

and 6) but not at elevated temperatures. There are, however, consid-
erable elevated temperature PIE data which, by the small differences
between the yield and ultimate strength, show that irradiation dras-
tically reduces the strain hardenability of the Zr and dilute Zr alloys.
(As shown in Tables 14a and 15b, large strain hardenability values
were reported.(27) When compared to the small differences between the

PIE yield and ultimate strength, these reported strain hardenability
values appear to be erroneous). As stated previously, irradiation at
temperatures above about 375*C showed that thermally activated recovery
occurred at a rate about equal to the rate of irradiation " strengthen-
ing".(I4) Based on these observations, the strain hardenability,
strain rate sensitivity, strength and ductility should approach the
values for comparabW non-irradiated material.

*The strain local'zation generally observed in PIE tensile tests have
been referred to by some investigators (3,12) as " dislocation channelling."

'

Transmission electron microscopy studies show the localized slip / shear
~bands, wherein failure ultimately occurs, to be essentially cleared of

dislocations and irradiation produced " defect clusters".

6
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There have been considerable efforts undertaken to analytically model
or empirically account for the inherent anisotropy in the out-of-flux
elastic and inelastic mechanical behavior observed in Zr and the dilute Zr
alloys.(6,12,16) There have, however, been no specific and systematic

efforts to determine whether or not there is anisotropy in the formation
of irradiation produced " planar" vacancy clusters and hterstitial loops or

,

any accentuation of the anisotropy in the mechanical properties arising from
the irradiation produced strengthening effect. Considering Makins'O ) hypo-

'

thesis for irradiation " strengthening", it may be expected that there can
also be some anisotrophy in irradiation effects inasmuch as the irradiation
produced " interstitial loops" and " planar vacancy clusters" may form pre-
ferentially on favored crystallographic planes. Reiger and LeeU2) under-

took a very limited effort to evaluate the effect of texture on the strength

and ductility of irradiated and unirradiated Zr-2. From these limited data
(see Table 8), it was concluded that the anisotropy in mechanical properties
was not significantly altered by irradiation. It is doubtful whether the
limited data, shown in Table 8, are adequate to make any generalized con-
clusion as to anisotropy in irradiation effects.

In summary, the effect of fast flux neutron irradiation on the PIE
tensile behav:or of Zr and dilute Zr alloys appears to be generally charac-
terized by the following:

* At irradiation temperatures above about 375 C, thermally activated
recovery mechanisms tend to operate at rates sufficient to effectively
offset the strengthening effect of the irradiation produced " planar"
vacancy clusters and interstitial loops.

At irradiation temperatures below about 375 C:*

- o There is a substantial increase in the yield and a small but still

significant increase in the ultimate strength. Both the yield and
ultimate strength tend to approach saturation values at fluences.

2estimated to be in the range of E21 to E22 n/cm or perhaps even
greater.

.

7

- _ _ - _ , _ _ _ _ _ _ _ _ - . _ _ __ _ _ -.._. .- ___ . .



o There is a drastic reduction in uniform strain and the yield tends

to approach the ultimate strength. These changes signal a very

substantial reduction in strain hardenability,

o There is little or no decrease in the reduction in area and the
decrease in tensile elongation essentially reflects the decrease in
uniform strain.

.

It as as yet unknown whether or not the inherent anisotropy in the hcp*

Zr and dilute Zr alloys results in anisotropy accentuation in either
,

{ the formation of or strengthening effects from irradiation produced
" planar" vanancy. clusters and/or interstitial loops.

Data from slow-strain rate in-flux tensile tests and PIE tensile tests*

at temperatures above the irradiation temperature provide some basis
to question whether the tensile behavior observed in PIE tests are always
and fully indicative of in-flux tensile behavior.

CREEP

The effect of fast flux (E R 1 Mev) neutron irradiation on the creep
behavior of Zr and dilute Zr alloys, has, in contrast with PIE tensile data,
been detennined, in all cases, from in-flux tensile creep tests. Data are

available from in-flux uniaxial and biaxial tensile tests on coupon bars and
tubing (29-37,43) and biaxial tensile tests on full component sized pressure
tubes (42,45) (See Tables 15 and 16 and Figures 7-13, 17 and 18). Significant

amounts of data have also been obtained from in-flux tensile stress-relaxation
tests.(38-40,49-51) There are few data for evaluating the effect of pre-
irradiation on the in-flux creep behavior and no reported PIE creep data.
There are no reported data relating to the in-flux creep behavior for com-

'

pressive stress states. There are limited amounts of PIE fuel rod profilom-

metry measurements which may be used in a limited way to evaluate the effect
*

of compressive stress states.

The effect of temperature on the in-flux creep behavior has not been sys-
tematically investigated. Nearly all in-flux creep and stress-relaxation
data for Zr and the dilute Zr alloys were obtained at temperatures ranging

8
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,

from about 250 C to 500*C.(29-51) Most of these data, however, were obtained

at temperatures ranging from about 250*C to about 325 C which corresponds
to the temperature range for pressure tube and fuel clad tubing service in
water cooled nuclear power reactors. At temperatures below about 350 C, the
creep behavior tends to be athermal for both irradiation and non-irradiation
environments. In a non-irradiation environment and in about the 250'C to
325 C temperature range the creep rates may diminish markedly due to strain,

aging effects (30,32) (see also Figure Ib). In contrast, the in-flux creep
'

rates always increase with increasing temperatures.(30) As temperatures
'

increase, the effect of irradiation tends to diminish. At temperatures
,

j above about 325*C to 350. C, creep tends to be essentially thermally activated
with little or no further activation by irradiation. The thermally activated,

high temperature creep can be readily modelled by the Arrhenius type function
- i = exp(-Q/P,T) - where Q is approximately the activation energy for self
diffusion. At temperatures below about 325'C-350*C, the in-flux creep rates
tend to be increasingly activated by fast flux (E R 1 Mev) irradiation with
decreasing temperature. In effect, fast neutron irradiation appears to

supplant the thermal activation of creep deformation mechanisms. The approach,

generally used to date, to analytically model the " low" temperature, irradiation
enhanced creep is to use the Arrhenius function - exp(-Q'/RT) with a low
valued apparent thermal activation energy and a power function - Sc" - to
account for the fast neutron flux activation of creep mechanisms. This

approach has been used with reasonable success in modelling the creep behavior
of Zr-2 and Zr-4(4I) (see Figure 20). The constitutive equations employed

to model the thermally high temperature activated and the low temperature
fast flux activated creep are:

High temperature creep:*

- 2 * S [1 + ak exp(-kt)] exp(-Q /RT) sinh (S #)
T T T T

Low temperature, irradiation activated creep:.
! .

= 3 [1 + ak exp(-kt)] 0 85 exp(-Q /RT) sinh (5 c)0
c

7 7 77

J
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L

}

wnere:

5.96 E14S =
j T

1.62 E-148 =
7

a = 3300

k = 4.4 E-3

Q = 63600 cal / mole 'K,

t.

(9500 - 0.038o) cal / mole KQ' = ,

g

I S 6.25 E-4=
T

1.0 E-5 - psi-IS =
I .

,.

? = fast flux - nyt (E s 1 Mev)
o = applied stress - psi

The effect of stress on the in-flux creep and stress-relaxation behavior'

of Zr and the dilute Zr alloys has been systematically evaluated over rela-
tively small ranges of temperature and fast neutron flux (29-34, 42-46, 49-51)
(see also Figure 11). As shown in Figure 11, the out-of-flux and thermal
flux (E O 1 Mev) creep rate-stress dependency tends to be roughly linear.
At low stresses, the in-flux creep rates tend to be significantly greater

i than for out-of-flux creep at otherwise comparable test conditions. With
] increasingly larger stress, the creep rate enhancement tends to diminish.

.

i At temperatures above about 350 C, any effect of irradiation on the creep
! rate-stress dependency may be expected to essentially disappear. In ana-

lytically modelling the effect of stress on the in-flux creep rate, power4

functions -c" - and a hyperbolic sine - sir.h(ke) - function have generallyi

been used. The hyperbolic sine function, in effect, models a power function

j with a continuously changing exponent and therefore appears to provide a
i slightly better overall representation of the in-flux creep rate-stress

dependency.

ihe effect of the intensity of the fast ' lux neutron irradiation on the
-

>

creep behavior of Zr and the dilute Zr alloys has not been systematically

investigated because the attainable range of fast flux, in any single irradia- .

;

tion facility, is not large. In all analytical modelling efforts, a power
function - s;" - has generally been enployed. In these modelling efforts,

r
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the fast flux exponent ranged from 1.0(30-35,38-40,42) to as low as
0.5(29) when the effective creep rate was corrected for thermally acti-
vated creep as determined from out-of-flux creep tests. Considering the
uncertainties in reported fast flux intensity and the variation in fast

flux intensity over the perict of creep observations, it appears that

the fast flux exponent is probably greater than 0.5 and less than 1.0.
'

Several correlation efforts suggest fast flux exponent values at about
0.6( 0) to 0.85. (41,45) In general, Fidleris(30) reports that:

.

* in annealed Zr and dilute Zr alloys, the primary creep strains tend
to decrease with increasing fast flux intensity whereas in cold
worked materials, the fast flux intensity has little or no effect.

l * creep rates tend to become constant after fluences ranging from
2about 1.0 to 5.0E 20n/cm ,

Ibrahim,'30) however, reports that the secondary creep rates continue to
/

diminish with time but at a much slower rate as compared with creep rates
for otherwise comparable out-of-flux conditicns.

There are only a few in-flux creep tests which were done to evaluate
the effect of pre-irradiation. (30,31) In general, pre-irradiation apoeared
to have little or no effect on material in the cold-worked condition wi,1 lie
for material in the annealed condition, pre-irradiation, to fluences of

2about 1.0E 19 n/cm or greater, tended to diminish the primary creep
9

strains. At greater fluences (e.g. s 3E20 n/cm-) pre-irradiation tended to
also diminish the primary strains for material in the cold-worked condi-
tion. When irradiated in a very high intensity fast neutron flux environ-
ment (9 $ E14 ny) the subsequent in-flux (E12 5 * 5 E14 nv) creep strains
and rates were greater than for the in-flux creep strains and rates of

comparable material which had not been pre-irradiated.

There have been considerable efforts undertaken to analytically model
!

: or empirically account for the inherent anisotropy in the in-flux creep
behavior of Zr and the dilute Zr alloys. (6, 0,32,33,35,40,al,J8) There;

have, hcwever, been no specific and systematic effort to determine whether

i

11
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or not tnere is anisotropy in the fonnation of irradiation produced " planar"
vacancy clusters and interstitial loops or any accentuation of the anisotropy,

in creep properties arising from irradiation activation and/or enhancement,

of creep mechanisms. Any effects, if such exist, are inseparably included in
all of the reported creep data.

In summary, the effect of fast flux neutron irradiation on the in-flux,

,

tensile creep behavior of Zr and dilute Zr alloys appears to be generally
characterized by the following:

.

* At irradiation temperatures above about 350*C, creep tends to be
essentially controlled only by thermally activated mechanisms.

* At irradiation temperatures below about 350 C:

o C r' .. to be irradiation activated and enhanced over and
above that for thermal activation at otherwise comparable
conditions,

t

o The extent of creep activation and enhancement by irradiation
tends to be inversely proportional to the irradiation temperature.

2o At fluences greater than about 1 to 5 E20 n/cm , secondary creep
rates tend to become constant or at least diminish at a much
slower rate as compared with thermally activated creep at other-
vise comcarable conditions.

|

o Pre-irradiation appears to have little, if any, effect on material
in a cold-worked condition whereas for annealed material, pre-

?
irradiation to fluences of about 1 E19 n/cm or greater tends to
diminish primary creep strains.

o At creep strain rates, Ir-2 and Zr J tend to be somewhat -

superplastic.(0' '4 )

* If there is anisotropy in the activation and/or enhancement of creep '

deformation mechanisms by irradiation, any such effect is insecarably
included in all of tne reported creeo data.

12
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4

FATIGUE AND FPACTUREj

The effect of fast flux neutron irradiation on the fatigue and

fracture behavior of several dilute Zr alloys has been evaluated only
,

in PIE tests. PIE fatigue data have been renorted only for the Zr-2
i and Zr-4 alloys. PIE fatigue data at temperatures to 400 C have been

reported for low cycle fatigue in both the axial and bending mode (52,53)
'

! (See Figures 21 through 23) and moderate cycle (20 cpm), low stress
loading in a tension made on compact tension specimens from Zr-4 rolled

;
' plate.(54) (See Table 17). PIE fatigue crack growth data has been

i reported for Zr-4 rolled plate in moderate cycle (20 cpm) fatiguing in
a tension-tension mode.(50 (See Figure 2a). As yet, all of the fatigue;

crack growth data reported for the Zr-2 and Zr-2.5Nb alloys has been

! obtained from large diameter unirradiated tubing.(55,56,56) PIE fracture
data have been reported for Zr-4 rolled plate (54) and Zr-2 and Zr-2.5Nb
alloy tubing 55-63) at temperatures to about 350 C. (See Tables 17-22

' and Figures 25-27).

Data from axial mode, constant strain amplitude fatigue tests on the
Zr-2 and Zr-4 alloys in the cold-rolhd, recrystallization annealed and
the as-welded conditions show no significant effect of either anisotropy
or cold-worked substructure.(52) (See Figures 21 and 22). There appears,

i

I however, to be some effect of mean stress and strain amplitude (see

| Figure 22). As to an effect from prior irradiation, it was observed that

| both the Z-2 and Z-4 alloys, prior to irradiation, tended to strain harden
under cyclic loading, whereas after irradiation, they tended to strain

,

l sof ten so that there was no essential difference in the cyclic stress-
strain behavior.(53) The only significant effect of irradiation on ductility
appears to reduce the allowable stress / strain amplitude.(52) When fatigue
tested in the bending mode, the number of cycles to failure appear to beI

about one-third the number of cycles to failure in axial mode fatigue tests
'

under otherwise comparable test conditions.(53) The bending mode fatigue

data show significantly less scatter and appear to fit tne Coffin-Manson
equation rather well:

;

ac N" = constantp 7

13
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where: t.c p inelastic strain amplitude=

cycles to failureN =
f

exponentn =

In the bending mode, irradiation appears to decrease the allowable
stress / strain amplitude at 20 C but had no significant effect at 300*C.
Heat treat:nent of identical test material at 300 C for an equivalent test
time, or longer, did not significantly alter the tensile yield strength .

or ductility. Based on these results, it is uncertain as to why there was
an effect of irradiation on the bending mode fatigue behavior at 20*C but

,

essentially none at 300 C.
^

The only reported fatigue crack growth data was obtained from
,

moderate cycle (20 cpm), low stress f atiguing in a tension-tension mode
on compact tension specimen from Zr-4 rolled plate.(54) (See Figure 24).

The compact tension specimens were machined frw rolled plate with the
following orientations:

TW = crack plane normal to plate thickness and crack
propagation parallel to plate width

crack plane nomal to rolling direction and crackRW =

propagation parallel to plate width

Pre-and-post irradiation fatigue crack growth was determined at
U20 C for the Zr-4 alloy in both the hydrided and non-hydrided conditions

and fluence to about 2.08 E21 n/cm2 (see Table 17a). As shown in Figure 24,

there is appreciable scatter in the PIE fatigue crack growth data. Consid-

ering the difficulties in PIE crack growth measurements, it is uncertain
as to whether the data scatter is attributable to crack growth measuring
difficulties, specircen orientation or both. Considering the rather minimal
effect of irradiation observed in the low cycle fatigue behavior (52,53) ,

the effect on fatigue crack growth is also expected to be minimal. Any
effect, if it exists, is inseparable from the scatter in the available data. .

;

!

The effect of fast flux neutron irradiation on the fracture behavior
; has been determined for only the Zr-2, Zr-4 and Zr-2.5Nb alloys at tempera-

tures ranging from about -70*C to 315*C in both the hydrided and non-hydrided
condi tions. (54,57-63) (See Tables 17b-23 and Figures 24-27). In PIE

|

:
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i

i

fracture tests, both compact tension specimens and internally pressurized

i tubular specimens have been used. In fracture tests on tubular specimens,

the crack initiating defects employed, were axial slits produced by conven-
tional or electro-discharge machining or pre-cracked by fatigue. In all

of the tubular specimen PIE tests, a through-wall defect was employed so
as to provide a test specimen analogous to a center-notched sheet fracture

7

!- specimen. As yet, fracture testing of tubular specimens employing part-
through-wall defects, machined and/or pre-cracked by fatigue, have been

,

.
done only on the Ir-2 and Zr-2.5Nb alloys in the non-irradiated condition (55-57)

(See Figure 25).-

In PIE tests employing compact tension specimens from rolled Zr-4
'.

plate, the fracture toughness-KIC- for both the hydrided and non-hydrided

f.
conditions tended to increase with increasing temperature.(54) (See Table 17b).

The fracture toughness-K -as determined in PIE fracture tests on '

i
C

through-wall defected Zr-2 and Zr-2.5Nb alloy tubing in the hydrided condi-
tion, tends' to undergo a transition with increasing temperatures which is

,

j analogous to the Charpy impact energy absorption transition. Based largely

on data from non-irradiated tubing, the transition temperature ranges from"

about 100 C to about 150 C for hydrogen contents ranging from about 100 ppm
to 300 ppm respectively.(55,57,61,63) There appears to be little or no effect
of temperature on the fracture toughness of Zr-2 er Ir-2.5Nb alloy tubingi

in the non-hydrided condition as determined from PIE fracture tests on
through-wall defected tubular specimen.(57-63) (See Tables 20,22,

23 and Figure 26). i

There appears to be considerable variance in the observation of the
effects of fluence on the fracture toughness of the Zr-2, Zr-4 and D 2.5Nb

,

alloys as determined from compact tension specimens and through-wall
defected tubing. As determined in PIE tests with compact tension specimens
the fracture toughness tends to increase with increasing fluence even though
irradiation, as determined from PIE tensile tests, produces a significant
increase in yield strength and a drastic decrease in the strain hardenability.
These two material properties are generally considered to be the principle'

sources of fracture toughness in metals. As determined from PIE fracture

|

.
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tests on tubing with machined through-wall defects, there appears to be
essentially no effect of fast flux neutron irradiation over the entire
range of fluence investigated.(57,60-62) (See Figure 26). As determined
from PIE fracture tests on tubing, pre-cracked by fatigue, the fracture
toughness tends to be generally less than for tubing with machined through-
wall defects and fracture toughness also tends to decrease with increasing
fluence.(57,58) (See Figure 27). .

In summary, the effect of fast flux neutron irradiation on the PIE
fatigue crack growth and fracture behavior of several dilute Zr alloys .

appears to be generally characterized by the following:

Data are not available to show whether irradiation has an*

effect on the fatigue crack growth and fracture behavior that
is analogous to that observed for PIE tensile and in-flux
creep behavior.

* There are conflicting observations as to the effect of fluence on
the PIE fracture toughness. Considering the metallurgical sources
of fracture toughness-modulus, yield strength, strain hardenability
and true strain at fracture--it is anticipated that the fracture
toughness will diminish with increasing fluence and tend to approach
asymptotically a psuedo-saturation fracture toughness analogous to
the psuedo-saturation in PIE yield strength.

IRRADIATION GROWTH

| All Zr and dilute Zr alloys undergo small changes in dimensions
during fast (E S 1 Mev) neutron irradiations in the absence of any applied
stress. These irradiation induced dimensional changes are generally referred
to as " irradiation growth" and they tend to occur with essentially no change

j in density. In general, irradiation growth, in Zr and the dilute Zr alloys,
is anisotropic and dependent upon both the crystallographic texture and the'

deformation substructure. 00)

|

|
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i

There are anomalies in the observed irradiation growth of annealed ,

,

zirconium single crystals.(30) In one experiment, expansion occurred along!

the "a" axis of the hcp Zr, and contracted along the "c" axis with no net
volume change. In another experiment, expansion occurred predominantly along

|
i

the "a" axis and with also a slight expansion along the "c" axis after irradia- )
'

2 >

tion to a fluence of about 7 E20 n/cm . In still another experiment,

| Fidleris observed expansion predominantly along the "c" axis. After
2irradiation to a fluence of about 6 E19 n/cm , contraction along the "c"

{
axis was observed to begin although there was still a net "c" axis growth

2'

after irradiation to a fluence of about 8 E19 n/cm . Irradiation growth

experiments have not been done on plastically deformed single crystals.;

,

! Significant amounts of irradiation growth data have been obtained from
! polycrystalline Zr and dilute Zr alloys in both the annealed and cold worked

condition.(30,64-71) (See Table 24 and Figures 28 through 30). These data

show that irradiatior growth and growth rates tend to be greater in material
in the cold worked condition than in either the stress relieved or the annealed
and recrystallized condition. (See Figures 29 through 31). All data show,

a that the direction of irradiation growth tends to coincide with the principal
j

direction of plastic deformation during cold working. Post-irradiation,

recrystallization annealing experiments (30) show that irradiation growth
strain recovery occurs and that the fractional strain recovery is inversely
proportional to the degree of cold work. The maximum strain recovery, however,

j was insensitive to the degree of cold work. These observations and the anom-

| alies observed in the growth of Zr single crystals, suggest that irradiation
I growth is as much or perhaps more dependent upon the cold work substructure as
;

|
upon the crystallographic texture. In considering the crystallographic
textures in cold-worked or cold-worked and recrystallization annealed material,
irradiation growth appears to occur by expansion along the "c" axis and con-

traction along the "a" axis. In most investigations, however, dimensional

change measurements were limited to one (i.e., plastic flow direction) or two
;

(i.e., transverse to the direction of plastic flow) directions. For this reason,

there is still considerable uncertainty as to the crystallographic directions
of growth and whether or not there are net volume changes resulting from .

irradiation growth. Microscopy studies have not as yet disclosed any void
fonnation associated with the irradiation growth phenomena.

17
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!

l

l

The effect of fast neutron flux intensity or flux spectrum on growth has

I not been systematically investigated. Based on limited data (30) the irradia-
tion growth rate appears to be directl proportional to the flux intensity in

2 sec.( 0 In general irradiation growth isthe range of 1 to 20 E13 n/cm
,

; analytically .aodeled by a power function:

= constant x (ot)"e growth

,' where:
2 ~

$ = fast flux (E $ 1 Mev) n/cm sec

t = time - hours
!
i n = exponent.
I
j Figures 28 and 29 show the range of exponent determined for the more

! comon Zr alloy. Figure 30 shows the average for Zr-2 and Zr-4. Inasmuch

[ as the growth rate appears to be directly proportional to the flux intensity,(30)
it may be more appropriate to model growth as follows:

i,

g = constant x c x t"c

| Measurements of dimensional changes due to irradiation have been obtained
from irradiations at temperatures ranging from about 78 K (-195*C)(65) to as

high as about 350'C.(68) (See also Figures 28 through 30.) Based on these
data, and his own unpublished data, Fidleris(30) suggests a small irradiation

growth-temperature dependence which may be represented by the Arrhenius

function:

g = exp(-Q /RT)c
g

The activation anergy - Qg - was estimated to be about 4 kcal/ mole'X in
'

the temperature range of about 150 C to 300*C. Considering the data shown

in Ff gures 28 through 30, and the observation that irradiation growth appears
to be significantly greater in material in the cold worked condition than in -

a stress relieved or the recrystallization annealed condition, there appears

!
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i

! to be some uncertainty as to any irradiation growth-temperature dependence.
! Considering that the in-flux creep behavior, and to a lesser extent, the PIE

| tensile behavior appear to be inversely temperature dependent, an inverse
growth-temperature dependence might also be expected.

In summary, the effect of fast flux irradiation on the unstressed growth'

behavior of Zr and dilute Zr alloys appears to be generally characterized |
~

| by tne following:
' There are no data from irradiations above about 350'C to 375'C to*

determine any irradiation-growth effect. Based on observations of
I the effect of irradiation on the PIE tensile and the in-flux creep

behavior, it is anticipated that irradiation growth will be minimal
or nonexistent.

: * At irradiation temperatures below about 3!/1*C to 375'C.
I
j o Irradiation tends to produce dimensional changes in the absence of

any applied loading.

; o The anisotropy in irradiation growth appears to, be dependent upon
both the crystallographic texture and the cold worked substructure.

I'

o The rate and magnitude of irradiation growth appear to be signifi-
cantly greater in material in the cold worked condition than in a

: stress relief or the recrystallization annealed condition.

o The direction of irradiation growth tends to coincide with the direction

! of plastic flow during prior cold working, i

o Irradiation growth, within at least a limited range of fast flux
,

|
intensity, appears to be directly proportional to the fast flux intensity.

!

o Post-irradiation annealing appears to produce some recovery' .

I of irradiation produced growth strains. The magnitude of

recoverable growth strains appears to be independent of the condition
.

(e.g., degree of cold work, stress relief or recrystallization.

anneal) of the material.

The available irradiation growth data appear to be inadequate to;

establish, with reasonable certainty, any irradiation growth-temperature

| dependence.
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Table 1. Elastic Constants (from Ref. 8)

Measurjng Elastic Constant in psi (Top) Temperature Range of
Material , Methodta) GN/m2 (Bottom) (T = K) Measurement - C

Zr-2 0&S E = 14.402E6 - 9.195E3 (T - 273) in 106 psi 20-540

= 99.3 - 0.0634 (T - 273) in GN/m2
~ D&S Ranging between:

E = 14.997E6 - 8.397E3 (T - 273) 20-500

= 103.4 - 0.0579 (T - 273)-

and

E = 13.793E6 - 8.397E3 (T - 273)
= 95.1 - 0.0579 (T - 273)

D E = 14.083E6 - 8.397E3 (1 - 273) 20-500

= 97.1 - 0.0579 (T - 273)

D G = 5.149E6 - 2.871E3 (T - 273)
= 35.5 - 0.0198 (T - 273)

D v = Decrease from 0.367 0 20 C
to 0.330 0 500 C

Zr-4 5 v = Decrease from 0.296 0 20 C 20-400

to 0.243 0 400 C

Zr-2.5 Nb D E = 14.ll2E6 - 8.702E3 (T - 273) 20-500

| = 96.3 - 0.06 (T - 273)

S E = 14.112 - 8.398E3 (T - 273) 20-500

= 96.3 - 0.0579 (T - 273)

D Ranging between:

G = 5.264E6 - 3.234E3 (T - 273) 20-500-

= 36.3 - 0.0223 (T - 273)
and

= 4.670E6 - 2.219E3 (T - 273)
= 32.2 - 0.0153 (T - 273)

D v = Decrease from 0.341 0 20 C
to 0.339@ 500 C

| (a)D = dynamic resonant frequency method
| S = statis stress - strain method
| T = degrees Kelvin
!
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Table 2a. ROOM TEMPERATURE TENSILE PROPERTIES OF UNIRRADIATED AND
IRRADIATED ANNEALED ZIRCALOY-2 (From Reference 14)

Prop. Vield u tt Wte
irr ad ia tion 8. te l t S t r eng t h Strength II0r9at 0* g ),pg ,g yp, ;g)(b ) , (c) f(uTS)/f bt)la
w t s t orj g (e s s ) (est) t tiniform total s

ge t readia ted 31.5 %.0 55.2 14 24

unirrd. .out pile f 2&P;) 31.2 34.7 53.4 12 20

unirrd. out pile ( 3M",) 11.5 35.4 51.3 13 19

1.1 a 1[I n/c=2 (50*C)W 47.1 50.6 61.3 4 13

3.6 e 10 n/cd (220m 42.4 46.2 59.8 7 20

7. 7 e lY' n/c2 (2%1) 44.5 46.8 60.5 5 16 . 36 6 . 34 8 .95 . t ll 36
-

2. 7 s 13 n/cm2 (2W:1 53.2 55.1 64.2 4 13 499 602 1.21 .202 .4320

95 lY ' eicm2 ( kWPC) 14. 7 19.2 53.7 9 19 . 385 . I O9 .28 .095 .11

eesults Itsted res, resent t*e average of 6 sareles tested in eacs of the above oeditions escept w ere marred as W; in antch case resuit isa e

avere je of 2 sagtes.
0 2ine 2WC treedtattue attn 2.7 a 10 n/cn was perSreed in the 8 5 loop; all other irradiattons were performd in either law or af ge-cemerature

f ast neutroe rods.

The out-plie titat treat 9 pets were carried out for the saw leegt9 of time as t'e correspond 1bg treadiations at the same temperatu e f.e.: 128r

days at 240^0 and 41 says at 380*C.

Table 2b. ROOM TEMPERATURE TENSILE PROPERTIES OF UNIRRADIATED AND
IRRADIATED COLD-WORK ZIRCALOY-2 (From Reference 14)

Prop. Yteld U l t ima te
Irred t a t ion Me tallurgical L iet t Strengin Streagth E longa tion

af s tern r.andi t t<m Ib si) Iksi) I651)_ ! Deihro Total 1 Q * fjfM fp5/ff tt) fM f(p5)f *(st)

s t reed t a ted 11: C. d. 59.2 62.0 65.3 3 14

un terd.-out plie (210'C) 41.5 52.4 89.2 4 12

Unterd.-out pile f 3A0 'C) * 41.5 43.8 54.7 8 15

3.6 e 10" n/cd 8.220 'C) * 60.3 63.6 64.3 2 10

2. 7 e 10 n, cm ( 2 ft0 'C 1 " 69.0 71.7 73.2 1 9 49R . 36 9 .74 . 2 36 47

9.5 e 10" nitM l].10'C) 41.4 47.3 58.2 6 16 .385 .080 .20 .3f 4 .16

un t eradt a t+4 25t C.d. and tev. 51.1 54.2 65.3 6 16

ga terd.-aut pile (2 30 M ) 41.2 53.4 63.3 6 13

Jelred.-09t pile ( 3%|'C ) 43.6 46,2 57.5 7 11*

1. 6 a 13" n/cM (22TC) * 58.9 62.0 69.6 3 12
20 2 (lvC) " 66.9 6).9 14.4 3 9 499 . 31 3 .62 176 . 352.7 a 10 n n.a

9. 5 e lYI nicM ( 3FC) * 44.0 47.6 59.3 5 15 . 385 .0 31 .06 ,0 30 .J7

seults listed represent the average of 6 samles tested in ear.h of the aoove condittons.

The c.t.pe te neat treatwe ts were carried out for the sare lengths of tW as the . orresponding treadiatioes at the saw t*%eratu e 1.e.; 128r

days at 2W'C and 41 days at 3FC.

The 2WC teraJ'attan sitt 2. 7 a IN n/cM was performd in the X-5 loco; all otner treadiations were perferwd in either low or 91gn-teas;aratore .

f as t nastron rod"..

| tai 'temt . e.e a . 2.m-22 reoproc.i fi nce and it . fioence (n.) nicMmati .

I
~

f 5, ,5, t 5 . ere ,5 0. m .f f,.t ,,.m s t,.n,t. .nd 4 5 . d,,,e._e n .,e, d s,,e., f o, t e ,,,.d..t.d .n_. . r.d, ated
.

j condition only.

'tGIS) * '.d 5/Uf 5 oPere UTS . wittsiate strength and .wf 5 . sif *erence in treadlated witimate strength and non-treadtated
l t'este strengtm.v

* re,er r. treawet .as i$ .,~tes . u5C

1

1
1
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Table 4a. TENSILE PROPERTIES OF NPR ZIRCALOY-2 TUBES i
|

(From Reference 17)
'

i
,

i Yield Ultimate
j workin9 Material Test Strength Strength Percent Strain Reduction of Plastic Wor'n(j)
! Material Direction Condition Temp. 'C ksi ksi Uniform Necking (t) Area. % ft-Ib

(*}(1) Zircaloy-2 NPR (CT-19)(b) p(c) As-fab.IdI RT 57.0 79.5 10.5 12.1 37.8 58.3
I (2) Zircaloy-2 NPR (CT-19) T As-fab. RT 60.9 83.3 10.9 5.8 38.2 43.5

{ (2) Zircaloy-2 NPR (AT-50) N As-fab. RT 70.1 91.5 9.0 10.1 42.6 58.3
*

; (2) Zircaloy-2 NPR (AT-50) T As-fab. RT 67.1 90.4 8.9 9.0 39.1 53.4
(2) Zircaloy-2 NPR (HT-37) N As-fab. RT 61.7 85.5 10.4 7.3 38.6 49.8

1 (2) Zircaloy-2 NPR (HT-37) T As-fab. RT 63.3 85.3 8.5 2.9 34.7 31.4
I(3) Zircaloy-2 NPR (AT-50) T Etched ' RT 66.9 89.3 9.5 7.1 38.9 47.1

(3) Zircaloy-2 NPR (CT-19) T Etched RT 55.0 80.3 10.7 7.4 37.1 45.7
* (3) Zircaloy-2 NPR (HT-37) T Etched RT 64.2 87.8 7.4 2.7 32.5 27.1

) (3) Zircaloy-2 NPR (AT-50) T Auto.III RT 66.6 86.6 9.6 7.1 39.3 45.7 .

I (3) Zircaloy-2 NPR (CT-19) T Auto.II) RT 56.8 16.0 ' 9.1 5.1 31.3 37.8m
(3) Zircaloy-2 NPR (HT-37) T Auto.II) RT 63.3 84.6 8.3 3.1 34.5 29.6

" "

I94 (3) Zircaloy-2 NPR (HT-1598) N Etched RT 81.2 89.9 3.3 6.8 38.9 26.9

(4) Zircaloy-2 NPR (HT-1598) N Auto.(h) RT 57.7 80.8 11.2 10.2 44.5 52.6 ,

.

1
(a)The r.o.iber in parenthesis denotes the number of tests performed at each condition.i

) (b) Tube designation: CT = Chase Tube; AT =, Allegheny Tube; HT = Harvey Tube.
ICIT and N refer to an orientation 90* apart with respect to the minor axis of the specimen.

; (d)As-fabricated specimens which had previously received a production autoclaving treatment.

l I'Isame condition as (d) but with a bright chemical etch.
I IIIAfter fabrication from an autoclaved tube, specimens were etched and reautoclaved,

I9)These specimens were fabricated from a tube which had not been autoclaved previously.j

(h)Same condition as (g) but was subsequently given the production autoclaving treatment.s

(I) Necking strain is total strain minus unifonn strain..

Il Plastic work is a measure of the total area under the stress-strain curve.
,

.

it

i
s

9, 8 O g

i



Table 4b. TENSILE PROPERTIES OF NPR ZIRCALOY-2 EXPOSED IN THE
OUT-0F-REACTOR LOOP (From Reference 17)

%

l6) vieid uit tematerteialworking Candition Test Strength Strengte Percent Strain Reduction of PlasttC mort hpher

Ma terial Direc tion 1 Temp . *C kst kst Ue t fm Nec k ing Area. I f t-l b Test $

Quadrant 116-A (21.2 days)
Zircaloy-2 kPR (AT-50) T 30 RT 68.9 88.4 8.9 9.1 45.0 51.3 2

,

(AT-5Cj u 30 RT 68.5 89.5 9.9 8.0 39.2 50.9 2

' 28 RT 65.2 08.2 9.5 5. 5 34.5 42.0 2
(HT 37)

(HT-37) N 28 RT 64.4 88.4 9. 3 6.1 35.2 42.7 2

(CT-19) T 18 RT $6. 7 76.9 10.7 9.1 38.8 39.5 2

(CT-19) m 18 RT $8.8 79.7 11.9 9.1 38.9 50.5 2*

%edrent 119-A (173.8 days)
Zircaloy-2 MPR ( AT-50) T 30 RT 68.0 88.4 9.3 6.9 35.4 45.2 2

(AT-50) 4 30 300*C 42 52.0 4.8 4. 3 52.0 14.6 2

(nt-37) T 28 RT 63.6 86.7 8.6 4.2 33.5 34.2 2

( HT - 37 ) 4 28 300*C 43.6 53.2 3.6 3.0 47.1 10.1 2

(CT-19) T 18 RT 59.4 79.5 9.0 4.4 36.0 30.5 2

(CT 19) 4 18 300*C 38.0 45.6 4.0 4.2 52.0 10.3 2

Quadrant 120-A (239 2 days)
Zircalay-2 MPR (AT-50) !6N 30 RT 66.8 91.4 6.0 3.9 40.4 46.2 2

(AT-50) T&N 30 300* C 44.0 $ 3. 4 4.2 4.6 47.6 14.3 2

(HT 37) T&M 28 RT 64.7 90.9 8.3 3.6 35.0 32. 6 2

( HT- 3 7) T&4 28 330*C 43.6 54.6 3.0 3.2 43.8 9. 7 2

(C T-19) T&4 18 RT 61.1 81.8 9.0 7. 3 43.2 38.7 2

(CT-19) T&4 18 300*C 38.0 45.8 4.0 5.6 48.5 12.4 2

Qwadrant 122-A (152.6 days)
lircaloy 2 499 (AT-50) T 30 RT 68.8 88.4 8.9 8.1 38.1 48.1 2

( AT.50) 4 30 300*C 43.1 52.7 4. 7 5.5 53.4 16.6 1

(HT 37) T 28 RT 63.8 97.1 8. 3 3.2 37.2 3C. 7 2

(HT-37) 4 28 300*C 42.0 52.1 4.8 4. 8 41.0 15.4 2

(CT-19) T 18 PT 60.3 81.1 9.1 7.1 37.3 39.2 2

(1.T-19) m 18 300*C 36.9 45.3 4.5 6.1 51.0 14.2 2

Quadrant 126-A (57.7 days)
Zt rcaioy 2 MPR (AT-50) T 30 RT 69.5 90.2 9. 7 7.7 38. 9 66.8 2

(47 50) 4 30 RT 67.2 88.3 9. 8 7.5 39.6 48.8 2

( HT -31) Y 28 RT 64.8 88.8 12.3 6.7 36.6 53.8 2

( HT- 3 7 ) m 28 RT 64.4 87.6 9.5 3.8 35.9 15.6 2

(CT-19) T 18 RT 62.3 76.0 8.4 4.6 39.6 24.6 2

(C T - 19 ) 4 19 RT 55.4 76.1 10.2 5.9 42.0 18.2 1

[
'Juadrant 141-A (116.8 days)
lircalcy-2 4PR (AT-50) T 30 af 69.5 89.8 9. 6 8.6 38.8 48.3 2

t

( AT-50) 1 30 300*C 42.2 51.2 4. 9 4.9 53.7 15.6 2

| ( HT - 3 7 ) T 28 RT 6 ?.0 90.1 8.3 3. 3 34.2 31.4 2

(HT 37) 4 28 100* C 42.2 53.2 4.7 5.0 49.9 15.5 2

l l'.Y-19) T 18 RT 61.3 81.9 9.5 7.1 35.7 38.4 2f

(CT 19) 9 18 300*C 37.2 4, 4 4.4 6.6 54.8 15.0 2

I* IAll spec taea ases correspond to tne tabe ases. The designations "F" and *4'' refer to tne orientatico of tne width and tMickness

| of the spect**as and are 90 deg apart.
.

DITne anevnt of cold red 4ction brior ts any awtsclaving treatpe ats.
' I' er of days esposed at greate* than 280*C.
.

|
.

|
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Table 4d. TENSILE PROPERTIES OF NPR ZIRACLOY-2 TUBE MATERIALS
IRRADIATED IN THE ETR G-6 CORE POSITION, IRRADIATION
TEMPERATURE (From Reference 17)

mtre n el f ie l4 ui t ins te
e,rt saq * IE Comen t ion fest stremita ir remit a Persent 5trein fedatten of Plast u Wurt wr

a t _ un i_N_re how g tag _ Arg t f t-lb Teyt1 fht[ fpQ fliM{gtj f {t!fi[ f (U1jjf f {gt]% ter i el D i rent.*on 1 f eng_. "C ap t

Quadrant %) (l.Jul /th'l
f ortaley.2 nFd 4 Af-50) t su #f %2 601 a ). 8 4.0 36 5 24.1 2 0. 4.s 0. 4 34 1. in j o.114 0 416

(4 f -w; a Ju 3WC u ti et . I 1.3 2.2 60.1 6.1 2 u 4<m 0. 4J4 1.61a 0.175 c. 426

QueJe eat %4 (1.084 /d)
sw.elof-/ hi9 ini 11) e Jn of wa 98.4 40 4.2 29 0 25.3 2 0.1% 0. 194 0 995 c. l ls 0.29s

( MT - 3 / ) 4 JH MMJ"C $4 0 69.2 2.2 3.1 m.4 9.2 2 0. 3% 0.14 F 1. 0ty) 0.111 0. ' as)c

%edrent h 't. /4L '6)
lirteloy.1 kW (L T 196 h IJ RI 54 8 91.0 40 4.6 35.4 24.6 2 0.34 1 0 467 1 344 0 161 0. 4%

(Cf .1 %) N l t! FXJ"C 0. 5 SI.4 1. 2 3. 4 46.4 7.2 2 0.34 P O L's 0, ve r 0.11 7 0 ju

9.edr ent 6% t e.*t 19)
f orsenc,f./ tell (el .1 %et ) n 24 pf 94.8 91 9 2. 4 40 31.6 88.9 2

(ef lW8) 4 19 30n'C 57.0 58.7 1.0 2.8 49 8 62 2

* All sm i enes c orresperid to tute ases. The "te" refers tu spec teens wheth have the width dirM ttua corresgnedtog to the

redsel dires tien of ten Lutes.
I of u.la restat e.in petor to ear estotlev e.g treatments.Amanen ng
bIBM.cgreted esposes e la nat al Mww.(71

f(It) = v' l e' " Where F * 2.35t-22 r ev tprixel f luente and et a f luente (r.w) n/uu .I '

I'' f('f 5) * Av5/ TS Where f 5 * 0,2% of f set yield strengen and 375 . dif f ereas e in yield strength fur the arreJseced essa
non- trredteted condst e<We ualy.

f (uf 5) + cliTVu15 spere Uf 5 ult imate Orength and WIS * dif f ecesm e la IrreJ6eted ultimate strength .ad ann- trredtetedI'I

uit inste strength.



Table Sa. BATCH IDENTIFICATION AND FABRICATION DETAILS
(From Reference 19, 20)

Batch Method and Amount of Final Stress Relief
Number Alloy Vendor Final Cold Reduction Heat Treatment

,

1 Zircaloy 2 Z 15 to 20% cold drawn Ncne,

2 Zircaloy 2 Y sl5% cold drawn None

7 Zircaloy 2 Z 60% tube reduced 2 h at 495"C *

8 Zircaloy 2 X 62% tube reduced 2 h at 427'C
9 Zircaloy 2 X 70% tube reduced 2.5 h at 454*C

11 Zircaloy 2 V 10% cold drawn (a) None

16 Zircaloy 4 Z 60 to 70% tube reduced Done, but unknown

17 Zr-2.5Cb X 42% tube reduced None

18 Zr-2.5Cb Y 40% tube reduced None
:

:

(a) Batch 11 was impact extruded at 800*C from small bar stock slugs, then reduced

in two draws with an intermediate anneal to finished size. All other batches
were conventionally extruded in the high alpha temperature range from prebored
or pierced billets, followed by several cold-working and annealing operations
to finished size.

4
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Table 5b. FABRICATION ROUTE AND TEXTURE CHARACTERISTICS OF THE TUBING BATCllES
(From Reference 19, 20)

RADI AL DIRECTION

t
\ '

! TANGENTIAL
DIRECTION / pM

'Bb Q @
<

,' AX1AL A AB CB DMDIRECTION
|

Tile IDEALISED ORIENTATIONS
,

<0002> Pole Texture
Method and Amount Coefficientber

C and of Final Cold Final Heat
Condition Alloy Vendor Reduction Treatment A AB CB C D

7C Zircaloy-2 Z 604 tube reduced 2 h at 495 C 1.1 1.0 3.7 5.0 0.1

7A Zircaloy-2 Z 601 tube reduced as above plus 1 h at 800 C 0.7 0.9 3.0 5.2 0

9C Zircaloy-Z X 70% tube reduced 2.5 h at 454 C 2.6 1.1 3.0 4.5 0.2

3.0 1.4 1.4 2.5 0.4
llc Zircaloy-2 V N10% cold drawn (d)

,

none

j 16C Zircaloy-4 Z 60 to 70% tube reduced done, but unknown 3.8 1.1 2.4 5.6 0.1

(a) Batch 11 was impact-extruded at 800 C (1472 F) from small bar stock slugs, then reduced in two draws with an intermediate anneal
All other batches were conventionally extruded in the high alpha temperature rarge from prebored or piercedto finished size.

billets, followed by several cold-working and annealing operations to finished size.
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Table Se. AXIAL TOBE TENSILE PROPERTIES (VALUES REPRESENT THE AVERAGE OF TWO OR THREE RESULTS)
(From Reference 19, 20)

Pretrradiation Properties Postirradiation Properties
hatc h
Amt.cr Test v ielJ bit tmate V ield Ult imate Ih'and feeperatore strengt h S trengt h E longat ion s tren9t h Strength t iongat ion

j C ond i t ion _d"2 C ut hl !8nifom To ta l_ ut kst on t tom To t a l, [20 n/cm f h tj_g fiv5L f(V)JMtj f(UT5)g gg
jl5j/_fhtjf

I-C *I 20 83.2 95.9 5. 3 10.5 102.6 107.7 2.3 5.3 2. 7 0 497 0.233 0. 4e 0.123 0.24I

2-C 20 16.3 89.7 4. 9 13.3 95.2 99.8 2.5 6. 6 2. 7 0.497 0.247 0.49 0.112 0.22
7 -C 20 19.1 99.9 7. 5 16.5 103.4 109.1 2.8 9.8 2. 7 0 837 0.307 0.61 0.092 0.18
84 20 83.8 104.3 5.6 6.3 108.5 115.2 2. 5 2. 7 2.7 0.v97 0.294 0.59 0.104 0.21
9-C 20 88.9 112.7 6. 3 12.1 114.3 123.5 3. 6. 9.0 2. 7 0 497 0.285 0.57 0.095 0.19

I l -C 20 59.1 14.8 8. 7 19.4 88.8 89.9 28 9. 5 2. 7 0.497 0.487 0.97 0.201 0.40
16,.C 20 80 9 106.0 8. 2 16.7 107.6 119.4 3.4 8.8 2.9 0.506 0.330 0.65 0.194 0. 38

11-C 'I 20 80.5 108.5 9. 3 22.0 130.9 144.0 30 5. 7 2.9 0.506 0.626 1.23 0.327 0.64I

18-C 'I 20 19.7 103.0 9. 5 18.5 125.9 136.0 hm 6 0. 8 2.9 0.506 0.579 1.14 0. 320 0 63I

14 20 $2. 3 17.8 14.8 23.9 78.3 87.7 5. 3 15.1 2.0 0 462 0.497 1.07 0.127 0.27

7-A 20 $3.9 12.8 15.4 25.7 83.0 85.6 3. 6 17.7 2.0 0 462 0.539 1.16 0.175 0.37

11-4 20 48.6 11.9 12.9 17.6 68.7 77.7 4,5 11.0 2.0 0 462 0.413 0.89 0 080 0.17

16-A 20 49.5 12.0 17.4 28.3 14.9 81.9 3.8 15.1 2.0 0 462 0.522 1.13 0.137 0.29

1 -0 20 57.t 16.5 10.4 16.5 84,1 95.0 2. 0 1.1 2. 0 0 462 0.460 0.99 0.241 0.52

1-8 20 57.2 17.1 12.4 IB. , 82.5 89.2 2.0 5. 3 2.0 0 462 0.442 0.95 0.148 0.39

11-8 20 54.6 12.4 10.6 15.8 80.9 86.6 1. 6 5. 0 2.0 0 462 0.481 1.04 0.196 0.42y
O 16-8 20 54.5 13.7 9. 9 13.8 81.1 87.7 1.8 8. 0 2.0 0 462 0.488 1.05 0.190 0 41

1 -0 300 48.0 54.2 2. 7 7. 0 61.6 67.1 0. 7 2.2 2.9 0 497 0.197 0.19 0. 2 3H 0.47

2 -C 300 43.1 48.7 2.3 7.4 53.4 53.8 0. 9 5. 0 2.9 0 497 0.239 0.48 0.1 41 0.25

7 -C 100 $1. 7 62.3 4.1 11.8 65.8 67.2 6.3 11.3 7.9 0 497 0.272 0.54 0.078 0.15

8-C 300 50.3 63.3 4.8 5.4 66.4 68.1 1.1 1.4 2.9 0.497 0.320 0.64 0.0 75 0.15

9-C 300 61.1 73.3 4.0 1. 4 14.3 80.2 2.7 7.1 2.9 0 497 0.216 0 43 0.0W 0.19

I I-C h10 35.3 J9. 8 6. 7 15.3 $1. 3 51.3 0. 3 4.8 2.9 0.497 0.453 0 91 0,288 0.58

16-C 300 54.7 67.5 5.6 11.4 71.6 14.7 l.6 6.2 2. 9 0.506 0.309 0 51 0.806 0 21

17-C ') 300 53.5 13.3 4.4 10.6 90.0 97.2 1.9 3.5 2.9 0 506 0.682 1. 34 0 . 326 0.64I

18-C 'I 300 49.0 62.0 6.2 17.2 88.1 91.1 0. 6 0. 8 2. 9 0.506 0.198 1.57 0.469 0.92I

l-A 300 18.5 32.7 15.3 25.3 46.6 46.6 0. 4 7. 3 2.0 0.462 0.518 3.28 0.425 0.91

7-A 300 18.0 30.3 22.8 38.2 49.2 49.2 0.2 15.5 2. 0 0.462 0 ill 3.14 0.623 1. 34

II.A 300 18.4 29.6 st.0 23.9 46.6 46.6 0 6.5 2.0 0.462 0 512 3.31 0.574 1.24

16-4 Am 18.6 32.3 19.3 32.5 47.8 47.8 0.2 13.8 2.0 0.462 1.569 3.39 ,,. 4 79 1.03

1-8 R$ 25.0 37.9 10.2 16.7 55.3 56.6 1. 0 6.9 2.0 0.462 1.212 2.61 0.459 0.94

7 -8 300 22.5 35.0 12.2 18.9 55.7 %.0 1.2 6. 3 2. 0 0.462 1.475 3.18 0.473 1.02

11 8 50 25.5 3L 7 8. 9 13.7 52.2 52.7 0. 7 4.5 2.0 0 462 6.047 2.26 0.476 1.02

16-8 Jun 24.4 35.6 8. 3 13.4 53.2 54.1 0. 9 5.0 2.0 0.462 1. luo 2.54 0.519 1.12

(a) Metallargical can111 ton code (see Tables Sa, $b)

f(4t) = A7d where 6 = 2.3bE-22 reciprocal fluence and $t a fluerce (nv) c/cm 2M

b} f(VS) = ay5/y5 where 15 * 0.21 offset yield strength and aYs = difference in yteld strength for the irradiated and
non-trradiated condition enty,

f(Uis) = au!S/UTS where UTS = vltimate strength and AUTS = dif ference trn irradiated ultimate strength and ncn-trradiated
ultimate stren.jth.

. . = .
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Table 5f. RIflG TEll5ILE PROPERTIES (VALUES REPRESEf1T THE AVERAGE OF TWO OR FOUR RESULTS)
(From Reference 19, 20)

Untreadseted Properties *osttrredtetion Properties

ewd.e r fest vield ultima te ( l onge t ton t ield U l t tes te ( longe t ton
and f enper a ture. S t reng t h 5t reng th Un i f ore Iote) 5ta eruith 5t reng t h Unif orm Ictel I I*'N '

QO,,nfts[ f($t)g) f(V5)g) f(f 5)/f(4t) f(UT5)(3 }f(UI5)/f(91)t oaa t tian oc9 C nu est t t _ hsl td 1 I

1.C 20 86.3 103.0 6.6 11.3 ill.5 118.5 3.6 8.1 2.7 0.497 0. 3h 0 631 0.150 0.302

2-C 20 ,.4 92.2 9. 7 23.5 606.5 109.0 3.0 13.9 2. 7 0.497 0.471 0.946 0.182 0 J65'

7 -C 20 7d.2 94.0 9.1 21.9 112.5 116.5 3.1 10.5 2. 7 0.497 0. 4 58 0.8a0 0 188 0.379

8-C 20 88.7 109.2 8.4 12.2 111.2 819.5 4.8 11.9 2. 7 0.497 C.253 0.509 0.094 0.189

9-C 20 89 8 107.5 6. 8 11.4 118.5 124.3 3.4 7. 7 2.7 0.497 0. 319 0.641 0.1 % 0. 31 3

I l-C 20 60.4 74.2 9.2 12.9 86.5 94.6 4.9 16.8 2. 7 0.497 0.4 32 0 867 01278 0. %2

16-C 20 %.2 10H. 3 3. 7 9.6 1 10.0 1 12. 0 0. 9 1.0 2.9 0. 5e6 0. 351 0 694 0.218 0.4 32

17-C 2a 90.5 101.9 3.6 11.0 l ib.5 1 19. 0 0. 9 2.8 2.9 0. Su6 0.508 1.00 0.36 4 0.719

18- C 20 M4. 5 97.1 3.0 8.a 101.2 106.9 1.1 4.5 2.9 0.506 0.1976 0. N0 0.100 0.199

14 20 64.5 76.4 7.9 20.1 87.6 H9.0 1.0 9. 2 2.0 0.462 0. 35 8 0.773 0.164 03%

7- 4 20 60.0 11.6 9.5 26.2 82..o 84.9 I.6 17.3 2.0 0.42 0. 366 0. 192 0.185 0.401

11-4 20 62.0 73.9 9. 4 21.5 80.5 M2.4 2.0 11.0 2.0 0. 4r 2 0.298 0.644 0.115 0.248

16-4 20 59.6 12.1 9. 2 26.4 81.0 96.0 1.7 15.9 2.0 0.4a2 0. 392 0.848 0.192 0.416

1 -8 20 58.0 73.1 10. e 12.9 61.8 12.7 4.8 6.1 2.0 0.462 0.203 0. 4 19 It . n.
,

[ 7-8 20 66.2 82.5 8.1 11.4 79.0 B3.0 1.9 6. 7 2.0 0.462 0.191 0.417 Fl M.

I 11-6 20 60.2 75.8 10.7 13.3 7t ? B4.1 2.4 6.9 2.0 0.462 0 . 32 3 0.699 0.109 0.2 36

| 16-8 20 60.9 76.4 8. 8 12.2 11 1 . 8 86.1 2.1 6.9 2.0 0.462 0. 34 3 0.741 0.127 0 274

] lC 10 0 49.4 51.8 3. 7 13.1 65.4 66.2 3. 0 10.4 2. 7 0.4979 0.281 0.%9 0. 2 30 0.462

2-0 3011 44.1 49.1 4.1 22.7 S6. 5 59.0 2.6 16.1 2. 7 0.4979 0.281 0.564 0.150 0. 302
[

7C 300 50.3 %.6 4.6 19.0 67.2 69.5 2.1 14.9 2. 7 0.4979 0. 3 th 0.614 0 227 0 457
j

8-C kN) 50.6 59.5 5.1 11.6 43.7 67.5 4.0 10.9 2. 7 0.4979 0.258 0.520 0. 1 34 0.270'

9-C hu 59.3 68.8 4. 9 10.4 76.2 81.0 3.2 9.8 2.7 0.4979 0.285 0 572 0.177 0. 3%

11-0 300 29.0 37.4 1. 6 43.0 51. f 52.1 2. 3 22.1 2.7 0.4979 0. 782 1.572 0. t91 0.789

[ 16-0 luu 51.0 58.3 1. 9 10.0 (11 61.2 0.1 6.4 2. 9 0.50h0 0 . 1 34 0.264 0 049 0.098

I 17-C Il u s 63.8 79 t. l.7 11.0 06.5 A 7.1 1.1 1. 3 2.9 0.5060 0.J% 0.703 0.231 0.461

16-C 3fM 59.1 65.4 2.0 9.9 90.8 93.6 0. 4 2.8 2.9 0. 50h0 0 . 5 36 1.000 0. 4 11 0.852

I-4 JN1 28.6 34.2 II. ) 12. 3 44.1 45.1 0. 7 23.0 2.0 C. 4629 0.542 1.170 0. 31 8 0.688
j

7-A mau 24.3 30.5 12.8 43.2 40.0 41.1 0. 7 24.5 2. 0 0.4629 0.6% 1. N5 0. 14 7 0.750

1 11-4 MO 14.9 31.0 11.8 kl. 5 38.0 39. 4 2.2 17.3 2.0 0.4629 0. 526 l. 1 16 0.277 0.585

16-4 hul 25.0 35.0 12.4 N.H M.0 40.9 1.0 22.8 2.0 0.4629 0. %u 1.209 0. 31 9 0.689

l-9 300 38. 8 N. 7 3.5 10.0 46.8 47.6 1. 2 5. 3 2.0 0.4629 0./06 0.445 0.199 0.929

78 Rui 31.9 39.1 8.5 11.9 46.6 47.9 1.5 8.0 2.0 0.4629 0. 4no 0.9% 0.225 0.9H6

11-8 300 31.2 N.4 9.1 12.7 41.6 45.2 1.6 6.8 2.0 0. 4h?9 0. N7 0.850 0.147 0 . 11 8

16-u 100 30.6 37.7 8.1 12.7 44.5 44.9 1.4 6. 3 2.0 0.4629 0.454 0 981 0.191 O J 12

(e) % tellurguel condition code (see Ta6les Se, %)

2f(st) * e where e a 2. 35f -2? reciprocal f luent.e nd et = fluem.e (ne) n/tm

( f(TL) = ay5/y5 uncre Y5 = 0.2% of fset yield strength +nd e.V5 = dif ferente in yield strength for the irradiated and
non- trredleted t ondi tion only.

f(Uf 5) = auT'./UTS where UT5 = ultiinste steength and ault * different.e to tr eadiated ultimate strength and non.treadiated
ul time te s trength.
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Table 7. TENSILE TEST DATA OBTAINED FROM UNIRRADIATED AND IRRADIATED
ZIRCALOY-4 (GROUP A) AND ZIRCALOY-2 (GROUP B) STRIP

(From Reference 11)
%- , n

tr scrite t t <wi Redue i son Redd t lan
s, r.t Str ty tes t field Ul t ima te t rat tore of width of T h ei t nen Nedwa tiori

iro l l iew; leep f ivem e ktreew3t h St reng t h S t r engt h I l *94 t ton (Rose) (Hrst ) of Areaj yli t r eet son ' (. 14 I n/t e ' _ 6 s 1_ _b.i yl. Un t f orm T ot a l ? 1 Rot f th,tj fM}_g g, , , _ f(yS)/f(it) fJifjL f p1TQthtj
20 62 6 14.8 $1 M et i 29 7 49 1 14.1 3.$2 66.8
20 60 7 7/ 2 5) I 10.0 17 6 49. ? I 1. 7 3 60 60 6
70 0. 9 IIS 6 115 6 h6. 0 00 $6 19 v 10 / 1. 9% 18.1 .Mi Maul I. 144 605 .915
/0 0. 9 116 1 116 J hl $ 00 64 ?l.6 10.7 ? 0? 10 0 .%) . 9' s 1.'186 bl5 ,91t r

/Put ?4.1 10 1 IM 6 I49 $0 4 69 0 tb H 2.57 11. )

2MH 24 4 lo. n Idt 9 64.2 50 0 64 7 24 4 7 . h6 17.1

4. Iranswer se (Mt 24.7 79 9 Iff S 14.9 49 9 t.9 / /4. 4 2 144 16.7

/MH 24.4 50 0 14 3 11 8 $ 1. $ 69.9 24.9 2.81 77. )
?MH 0. 4% 60.0 11.1 0.69 14 4 51.8 14.0 3.67 u. I .%1 1.467 26* 14ts t . S40

2HH 0.44 61 4 14 S U 64 15.6 51.5 14.8 3.79 60.1 .%) 1. 6ust 2.851 1.4e s 7 6 th
PRR 09 67.6 16 2 0 b0 11.4 49.1 9, 3 5, 3 51 9 .MI 1. 51J 2 . 480 1 %i / 14 4
/M8 09 60.9 7% . 0 0.71 10.8 th 2 16.9 2.87 $4 9 .l.61 1.40? 2.??4 1. S I 4 2 141

/'un 1.5 10.7 11. 3 44.8 0 6$ 84 Id. ) lu. 7 I,71 27.1 . 7 3H I MMM l %8 1. t '*) ? 1%4

188 1.$ 65 4 16.4 $4.0 0.14 4M i P.1 16.6 1 01 to 8 . 71H 5.707 7 lil 1 %1 / If4

10 %/. 9 67 6 47,1 9. ? 17.2 46 8 16.1 2.91 %.3

2M /08 19 4 17.1 11.9 51.S 6M . 7 15.9 7.65 16.8

N 1hd It d /9 / 15.6 9.6 4 f. 7 to 1 29.3 ?.19 JH 8
W 4 i mp to- ?tui D. 9 69 7 76.2 47.6 0. % 9. 6 11.0 1%.6 3 99 41.7 .661 2. 4 18 J6% 1. t 4e ? 49/

' " '
/HH 0. 4 61 1 16.6 0 195 .661 7. Il5 1./01 | r,61 / Sl4

7H3 iS 60.4 #6.8 0. h l S.6 13.0 1% 6 0.21 16 6 ,7 JH 1. 9tt/ / bel 5 1 M6 7 /A1
4 weld 20 10.5 81. J 14.7 19 12.1 20.5 77.6 0. 7% 42.4
'* rn8 41 6 51 0 19. 0 4.4 15.9 40. % 41.7 0. 9H 64.1

2MH 0. % 72 9 MF.? 14.2 1.82 7.6 18.1 19.4 U. '46 34.5 471 611 1 162 641 1 11%

/>VI 0. 9 RJ 6 98.7 91 0 1.11 5.6 16.8 21.1 0.19 14 5 ul .91% 1 .utS 1** O 1 36i
/Ha iS 85.5 101.9 81.2 1.13 6.0 Il 6 14.7 0% 2%,9 . 7 3d .954 1.791 9/? I 749

h I ronsverse le 7 ?/ . S ?3. 4 16.4 30.6 71.6 24.4 7.9H 80 0

l/l 1.5 71 8 15 8 O. Ji 5.9 31 1 7. J 5.1 42 0 7 56 ?. tM4 3 095 1 740 ' uu

/50 1.6 Hl.0 Hl . 5 0.28 %0 m8 75 4.9 42.0

2%0 F.2 HR . 6 85 9 0. 30 5.0 V.0 10.0 32 29 0
g I r an- ver se (SO 2.8 Hl 6 84. % 0.40 6. 0 70.9 U .4 2.% 215 0
N 8*'"' W8"" I 5J 7 78 80.1 81 9 0. Su 6.9 71 6 Il 9 1.1 14 . 0 .S is 2 S/S 3.091 1 R"O /N

32 / 19 6 ?$ 6 19. B 27.0 72 7 t6 3 4.4 11.0
8 Heta . 14 2 JS.O 41.4 ?.4 f.8 ti. 4 17. 1 07 $1.0

14 ? IO 69.1 71 0 . l.7 - - 617 .915 l 44! . I NG I II"

14 1 1. 0 71.6 M6. 2 12 5.t il 4 24.4 0.6 14 0 .61/ 1,719 1. MG2 1. oie6 16/1

I#I
tht)+ -e* tf=cre , 2. N-?J ret lprm.el fluent e and gt = fluente (ne) n/cm .

f|V5) * f f 5/ f 5 Where Y$ a 0.21 of f set yield strength and ? YS * d ettee rene in y teld strempth fur the trreJested and

non- tread seted sondet ton only.

NI fluT5) = '41TS/UTS ishere UTS * ul timate strength and ?4175 * dif f erense in irradiated ult enste strength and non-orradteted

all tmete streewa''
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Table 8. TENSILE TEST DATA 0F IRRADIATED AND UNIRRADIATED ZIRCONIUM ALLOY SPECIMENS TESTED AT
250 C TO DETERMINE THE EFFECT OF TEXTURE OF STRENGTH AND DUCTILITY (STRAIN RATE 0.05/ MIN)

(From Reference 12)

(n.jineering Stress-Strain Data

Spn wn(a) Ratto.
Texture Vield Tensile llongation, I Reduction (W,W,)

002 Pole Fluence Stren9th Strength Length Width Thuk of Area y
No fcrw _, dej _ [21_nLcm2 ksi kst linif orm Total Total Total 1 n fht) f(VS) QVM@t] fluTS) flui5)/fht)

C5-6 I 60-70 ho 32.0 36.2 7. 9 al4 -63.4 -12.4 10.8 0.42 - -- -- -- --

E-20-6 Y 60-70 No 12. 4 35.0 8. 9 28.6 -62.9 -31.9 14.0 0.54 - -- -- -- --

E-38-6 TG 60-70 No 43.7 50.5 <29.8 'I -- -12.5 -14.4 25.8 1.02 -- -- -- -- --
5

J-s-6 i s30 No 28.4 31.5 11.0 25.0 -63.4 -30.7 71.6 0.53 -- -- -- -- --

C-7-1 i 60-70 1.17 19.0 19.0 0.81 5.6 - 32.0 -17.3 44.0 0.82 .700 1.453 2.075 1.219 1.741
IC-11-7 TG 60-70 0.64 15.0 91.0 <24.3 'I -- 7* - 21.6 1.10 .611 0.716 1.171 0.802 1.312

E-29-7 I 60-70 1.90 83.0 83.0 0.86 5.6 - -36.5 -10.3 43.5 0.71 .714 1.577 2.036 1.331 1.718

t-43 7 TG 60-70 1.88 92.4 98.4 <14.5 "I -- -9.7 -4.8 13.5 0.95 .773 1.114 1.441 0.948 1.221I

J-10-7 i 630 0.83 19.0 19.2 0.83 4.8 -48.8 -15.4 57.0 0.61 .648 1.782 2.746 1.514 2. 334

J-12-7 T sla 1.33 74.8 74.8 0.81 4.9 -36.0 -17.1 47.6 0.77 .720 1.633 2.269 1.374 1.909

J-15-1 TG +30 0.83 78.6 89.1 *23.8 'I -- -10.4 -14.4 24.2 1.05 .648 1.767 2.724 1.828 2.818I

J-16-7 IG s30 1.33 69.0 74.8 <29.4 'I -- - 1. 8 0 25.5 0.92 .720 1.479 1.986 1.374 1.909I

K-1-7 I s0 1.17 65.0 66.3 0.91 6.3 -26.4 -3.8 29.3 0.77 -- -- -- -- --

k - ts- 7 kG s0 1.11 10h. 0 109.0 <l3.2 'I -- -8.1 -4.8 12.4 0.96 - -- -- -- --I

cimen form; i a tensile specinw n. transverse direction; TG or RG = plane strain grooved specimen with material in transverse or as-rolled
direc t :75.

I f(St)=k e' Where s = 2.35E-22 reciprocal fluence and 4t = fluence (nv) n/cm .
(' f(Y5) = LYS/V5 Where V5 = 0.2% of f set yield strength and AV5 = dif f erence in y teld stren9'n f or the irra.itated and

non-irradiated condition only.

f(U15) = Nf5/UIS Where UT5 = ultimate strength and t.UT5 = dif ference in irradiated ultimate strength and nm-irradiated

ultimate strength.

I Unif orm elongation values for place strain specimens estimated fr,xa RA values and considered to be excessively high.

. . . .
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Table 9. TENSILE TEST RESULTS ON IRRADIATED SAXTON CORE II CLADDING
(From Reference 25)

Test 0.2% Yield Ultimate Elongation Reduction
Temperature Fluecte Strength Stren9th uniform Total of Area

ht[I }
f , RVS) f(VS)/f(st) f(UT5)ICI flVTS)/f[gtl*C E2hd lsi ksi 1 2 Y

357 3.2 46.2 54.2 3.6 9.3 27 0.850 0.209 0.246 0.093 0.110

357 2.3 54.2 61.7 52 9.3 48 0.804 0.419 0.493 0.244 0.303

357 31 52.0 59.6 25 6.0 44 0.848 0.361 0.426 0.202 0.238

357 2. 3 49.1 $7.9 60 11.3 31 0.804 0.285 0.355 0.167 0.20H

351 33 48.4 54.6 2.6 8.0 53 0.857 0.267 0.312 0.101 0.118

357 2. 3 48.4 58.1 7.1 15.1 50 0.804 0.267 0.337 0.171 0.213

357 3.1 52.5 60.4 4.9 9.8 26 0.848 0.374 0.441 0.218 0.257

357 3.1 51.6 64.8 5.6 18.4 46 0.8 48 0.350 0.414 0.306 0.361

357 3.1 54.3 65.3 5.7 14.9 56 0.848 0.421 0.497 0.317 * 0.373

357 2.1 67.0 73.1 2.9 12.2 48 0.190 0.754 0.954 0.474 0.979

357 1.7 40.1 45.9 11.5 13.6 44 0.758 0.050 0.066 - -

%s 357 2. 0 56.9 65.9 6.1 19.5 53 0.783 0.490 0.625 0.32 9 0.420

357 2.0 48.2 58.2 7.2 19.3 37 0.783 0.262 0.334 0.173 0.221

357 3.2 56.7 67.8 3.6 7.9 37 0.850 0.484 0.570 0.367 0.432

357 2.0 53.2 72.4 7.3 12.5 65 0.783 0.393 0.501 0.460 0.587

357 3.2 42.3 b2.0 3.5 11.1 67 0.850 0.107 0.126 0.250 0.2 94

357 1.5 52.2 61.6 4.0 8.9 49 0.738 0.3 66 0.497 0.242 0.328

357 1.8 48.3 52.0 3. 3 10.4 64 0.766 0.264 0.345 0. 04 3 0.063

357 2.1 49.3 63.3 4.8 8.6 37 0.790 0.290 0.368 0.276 0.350

357 2.1 45.8 59.2 4.1 10.1 58 0.790 0.199 0.252 0. 1 94 0.245

371 3.1 53.8 57.3 4.3 9. 0 36 0.843 0.423 0.499 0.169 0.200

371 1.9 44.8 53.8 4.2 18.2 60 0.775 0.185 0.239 0.098 0.126

I'I(p)=4[1-e'''I 2
f where :$ = 2.35E-22 reciprocal fluence and et = fluence (nv) n/cm .

I (YS) = .*.YS/VS where V5 = 0.2% of fset yield strength and nf 5 = dif ference in yleid strength for thef
irradiated and non-irradiated condition only.

ICI (U15) = auTS/UTS where U15 = ultimate strength and t.U15 = difference in irradiated ultimatef
atrength and non-trradiated ultimate strength.

_ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ __
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Table 10. POST IRRADIATION TENSILE PROPERTIES OF ZIRCALOY-2 AND -4
(From Reference 26)

last YIELD lit.T iMA rt E LON(.A f l ON REDutilDN
MArtwiAc(A) F Lut NcE ItMPERA1JRE S' e! %f H SThENGTH UN IF URM IGTAL IN AREA

2lut t1IL._ L21/Ert __11L _ _ _1r.5D_ ._J.151L _._ lD_ (I) ___ _1! ) LLtD$ L11D$ tin)/f ttd f1HIS)IOI (_{d[S)/F (f f)

la-4, A 0 R& 4 48 75 15.0 22.9 41.5

la-4, A 1.0 ROOM /3 90 5.7 11.4 56.6 0.6/6 0.6% 0.969 0.228 0.35/
In-4, A 1.4 RuoM 80 90 5.6 11.4 52.5 0.128 0.677 0.929 0.228 0.557

Zn-2, A 0 ROOM 45 70 16./ 26.5 59.9

la-2 A 1.0 RmM 32 89 5.2 12.5 59.1 0.6/6 0.810 1.198 0.265 0.592

zw-2, A 1.4 Room 16 82 5.1 11.8 59.5 0.728 0.678 0.951 0.165 0.224
la-4, ? 0 IJ 55 56 15.0 25.9 42.1

in t', A 1.0 150 67 70 2.8 12.0 59.1 0.676 0.912 1.548 0.255 0.64
la-4, A 1.4 150 69 72 2.2 11.6 39.9 U.728 0. W, 1. 521 0.2/8 0.582

/n-4. A 2.5 150 74 /6 1.1 9.5 5/.2 0.816 1.125 1.5/9 0.545 0.425

la-4, A-l 0 150 55 75 9.5 21.4 $0.5

g la-4 A-l 1.0 150 82 81 1.5 11.2 49.2 0.6/6 0.526 0./18 0.186 0.2/5
la-4, A-E 1.4 150 85 88 0.6 9.4 49.7 0.728 0.595 0.817 0.194 0.267

lu-4, A-E 2.5 150 95 95 0.1 8.8 46.5 0.816 0.145 0.911 0.289 0.554

la-4, A-LtH 'l 150 % 72 6.9 20.7 45.6

la 4, A-Etli 2.5 150 % 96 0.1 9.1 47.1 0.816 0.699 0.851 0.557 0.415

la-4, AtH 0 150 96 54 11.2 24.6 40.5

In-4, A&H 2.5 150 71 /4 1.5 10.0 39.1 0.816 1.051 1.288 0.577 0.462

la-4, A 9 290 21 40 15.7 27.0 48.0

/n-ts, A 1.0 290 49 41 0.6 15.7 50.9 0.676 1.520 1.954 0.211 0.515

la-4, A 1.4 290 48 49 0.6 12.9 45.1 0.728 1.521 1.814 0.211 0.515

lu-4. A 2.5 290 59 59 0.2 10.0 42.4 0.816 1.185 2.135 0.455 0.555

|APLANATION OF DE$1GNATIONS.

A - ANNEAltD

A-l. - As t WIRUDED

A-E &H - As e xfHUDED AND HYDH IDED TO S5(O PPM

p(67) - 1-E- T WHtRE 8 * 2.35[-22 NLC IPkUCAL f LULNCE AND 4 T * 6 LUENCE INV) N/LM .

(C ) p(YS) = AYh/YS WHtaE YS = 0.2% orrstr vitLD srutNcrH AND AYS = DiretatNC. IN vittD siwtN6 H FOR THE INRAD8 ATE.D AND

NON-INRADIATID CONDlIl6N ONLY.

F(UIS) = fUIS/UIS WHt RE UIS * ULT IMATE STkEN6 f H AND AUI$ " DIF Ff ktlM.E IN IRNADIAflD UtilMAIE STkEN6TH AND NUN-lWRADIAllD

ULilMATF S TR E NC.TH.

. . e e



Table 11. IN-FLUX AND POST-IRRADIATION TENSILE DATA FOR ZIRCALOY-4
(From Reference 13)

if r -rean YtE a . e t-a r E t.x.ar o. 4:w ::4

i s # ^'' D ?E St#E%?* i T* E % ' a W 18 : 8 * IM A- IN bEai = tsanat hun:Et At

!C)'r, -. (MT C'' . Tw f4* ) m, s ! E 31 't It (I) pt 37)IS) s've7 cf c re i e r)

T-3 315 - EE-4 21.2 33.7 5.0 4.8 63.5

. 1-5 315 - 6E-3 29.3 33.7 9. 4 13.5 63.5

T-11 315 - 6E-2 20.5 33.5 12.3 15.3 65.1

i-D 315 - 3E0 21.7 32.2 17.0 ;1.2 67.5

T- X 232 - 3E3 23.4 31.7 19.3 27.2 Ea 5
*

T-A 232 - 4E-5 21.8 35.5 7. 0 3.4 60.2

TL- M 282 - 3E0 13.5 33.6 13.0 22.3 63.5

TL-36 252 - 6E-3 16.5 !5.5 12.2 s.2 51.2

Ti-3s .; - IE-5 15.4

it , :s2 - 2E-5 12.3

TL-1J2 252 - *E-5 17.3

TL-lh 232 - 4E-5 16.7

'.s 182 - 4E-5 M.3 37.5/33.5 6.3 3.8 56.4

f-. 282 - 7E-E 14.5 3*. 2 - 3.3 53.8

--

1%-FL A T :T5

TL-32 232 3.2 SE-t 13.0 3.6-7 J.122 C. lii

' -33 :32 1.0 1E-5 22.7 3.!30 3.*74 1.215

T-4 232 4. ] IE-4 55.2 0.547 1.6N 2.31:

't 252 4.3 SE-5 53.0 0. 5e7 1.,31 *5-

T .3 282 1. 0 1E-5 Is. ] 0.3 30 0.7*3 1. 3:5

7-1, Is2 31.3 5E-5 28.0 3.62 ;34 3.334,,

' Is 232 23. J SE-5 23.3 3.633 ; 234 0.33-

D.I.E. TEli;

T L-11 232 9. 4 SE-6 54.0 3.L 2 2. 7:4 4.;54

TL-56 232 6.0 Il-2 55.4 J. 602 1.51 !.:55

TL-57 23: 6.0 3E-3 46.5 0.6:2 1.s13 3.02;

''' Exp.A=At t c4 os :E s !G4AT I:45:

I = reasswf asE cint;'i:4

TL = emns :19 E:TI:4

(El ,(37) 4 } . g-23T ddE85 r = 2.35E-22 =ECIF#XAt SiL E4CE 4 N:: ? ' F uENC E ( MV ) 9 /:"' .

(C) stv5) = .vi/YS 4,+ tat YS 0.2% :sesEr < tea s =E%r as: .vs a rr E=E9:E 14 v iEJ 5'4E%?'. F:4 T=E !*4 A3 ! ATE: A".D

es-issa:rarEs ca%:it:eN 24t v .

* ' F L.I3) * -uIS/JIS h.efeE JIS * WTIuATE S!pE%T* AN: UI$ = 3tFrEaENCE 14 1445:!4f E3 At t* ATE s!4ENIT* a% %:4-tesagl ATE 3

ULT I*A!! sT8E%?.4.

=

77
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Table 12. TENSILE TEST DATA 0F IRRADIATED AND UNIRRADIATED ZIRCONIUM-2.5 WT% NI0BIUM
(From Reference 23)

Irr - Test field 5trength ultimate strength flongation, & Redstion in
Mater t al f ast f luens.e. Temp . Temp . kst kst Unt form Total Area . 1

Cond t t ton .') _E20 af cm C C Un t rr . Jrr Un t rrm .. ._ I r r , bai rr ._ Irr_. Un t rru i rr. . Unt cr _t rr . fhg@ f{v} ' I f(g]ff{pj f[uT}}fd) f,ijf})f.fht)

2 '

.

Q-8, A-500 3 2 % - 325 RT 183 153 110 I t,0 4 al la I m25 >5 0 510 0. 354 0 694 -

IF8. A-500 1 250 300 85 97 93 102 - 14.2 13.3 - 0. 390 0 141 0 362 0.097 0 24s
Q- 2. A-500 1 256-325 300 81 114 131 126 3 1.5 12 2 56 < 20 0.510 0.407 0.800
5C-8, 40 CW 3 250-325 RT 97 1 31 122 152 i i 10 26 0.510 0. 351 0.687 0 245 0.482
%-B 40 CW 3 250-125 300 t,0 10 1 90 116 1 1 - 14 26 0.510 0.683 1.340 0 289 0 566
Q-9. A-500 1 250 AT la 142 10.5

5C-(4 * a) 3 250-325 RT 6) 107 1 32 150 12 30 56 31 0.510 0. 754 1.478 0 136 0 267
5t -( A e 8) 3 250-325 300 32 80 100 120 18 2.0 30 11 72 60 0. 5 I0 1.500 2.941 0.200 0.392
5C-8 250-325 RT 73 100 1 30 123 9 10 44 13 0 510 0.370 0 725
SC-8 3 250-325 300 34 68 92 120 5 4 12 9 67 40 0.510 1.000 1. M0 0. 304 0.596
Q- (A + 8) 3 2$0- 325 af 109 142 194 210 4 1 - 60 55 0.510 0. 30 3 0 594 0 082 0.162
4- t00 3 250-325 300 85 116 167 115 3 .I 12 11 10 65 0 510 0. 36 5 0.71% 0 048 0.094
fF t 1 ?50 300 77 108 87 115 - 14.5 11.3 - - 0.390 0.403 1.C 32 0. 322 0.825

N
_ _ _ _ _ _ _ . .

(a) E splanation of designat6ons;
50 - slau umled Q - que%hed

( A4) - f rena (alpha + beta) phase A-500 - ennealed at 500"C
B - f ra. beta phase

* * * e
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Table 13. TENSILE PROPERTIES OF THE Zr-2.5 WT% Nb ALLOY IN VARI 0US METALLURGICAL CONDITIONS
(From Reference 23)

Test Yield Ultimate Elong. Reduction
Metallurgical Irradiation {,) Temp Strength Strength Uniform in Area

Condition History 'C ksi ksi % % f(+t) f(YS)ICI M'YSh[ f(UTS)(d)T et)
f f JUTS

Slow cooled Unirradiated RT 61 1 32 12 56 -- -- -- -- --

from (a + 8) Irradiated RT # 17 150 3 37 0.51 0 0.754 1.476 0.136 0.267
phase Unirradiated 300 2 100 18 72 -- -- -- --

Irradiated 300 80 120 2 60 1.500 2.937 0.167 0.326

Slow cooled Unirradiated RT 73 1 30 9 44 -- -- -- --

from B-phase arradiated RT 100 123 10 13 0.370 0.724 -- --

Unirradiated 300 34 92 5 67 -- -- -- --

Irradiated 300 68 120 4 40 1.000 1.958 0.304 0.596

Quenched unirradiated RT 10') 194 4 60 -- -- -- --

from (a + s) Irradiated IT 142 210 1 55 0.303 0.592 0.083 0.1 61
phase and aged Unirradiated 1M 85 167 3 70 -- -- -- --

24 hr at 500*C Irradiated 300 11 6 175 <1 65 0.365 0.714 0.0 58 0.114

Quenched Unirradiated RT 113 170 4 >25 -- -- -- --

from e-phase Irradiated RT 153 160 <1 45 0.354 0.693 -- --
y
o and aged Unirradiated 300 81 133 3 50 -- -- -- --

24 hr at 500*C Irradiated 300 114 126 1.5 <20 0.407 0.798 -- --

Cold drawn Unirradiated RT 97 122 1 30 -- -- -- --

40% after Irradiated RT 1 31 152 1 26 0.351 0.686 0.246 0.481
slow cooling Unirradiated 300 60 90 1 34 -- -- -- --

from (a + p) Irradiated 30 0 101 116 ) 26 0.683 1.338 0.289 0.566
phase

(a) AW Material. Irradiated specimens were at 250* - 325'C during irradiation to 3 x 1020 n/cm2
(b)f($t)=4/1-e-84t where s = 2.35E-22 reciprocal fluence and et = fluence (nv) n/cm ,2

(c) f(YS)= AYS/YS where YS = 0.2% offset yield strength and AYS = difference in yield strength for the irradiated and non-irradiated
condition only.

(d) f(UTS) = AUTS/UTS where UTS = ultimate strength and AUTS = difference in irradiated ultimate strength and non-irradiated ultimate
strength.



Table 14a. ROOMTEMPERATgRETENSILEDATAFORZrALLOYSIRRADIATED
TO ~4E19 n/cm

I rra n a t ion neid A t teete El w 9et 'or Ee1 A t ton Stra *a
m ter* *es t taq Teacers t ee kreacta 5 t rea 9t's - d ore *:tal cf area Har seesa il e t , 8'"' ' ' :'51

' met S ,e1
a ,

ei p rec t ' ye '( *19 e)9 + 1 & f'M' ff 1,;

3. L s''' 12 0 t' O 29 15 62 s.9 -- -- -- --

e 51-130 33 0 34 I I il el 0 16 1.'50 5.62 129 0 93
33 24.3 33.1 11 l' 54 a 11 1 375 3 45 ^ 2 26 0.73

T J 27.0 29.0 15 22 64 0.09 -- -- -- --

5 3-1 "|0 41.5 41 5 0 8 67 -- 1 075 5.62 0.431 1.39
3M 33.1 33.1 6 13 66 0 0 655 2.11 0.'43 0.45 e

L J 14.9 13.1 32 43 62 0.10 -- -- -- --

'.A." Sin 50-100 35 1 38 0 3 25 62 0.14 1.354 4 . 36 0.143 0 48'r

A0 38 0 40.0 2 23 63 0.15 1 55a 4 Si 0.204 0.67

T u M.0 43.2 21 32 72 0,10 -- -- .- --

0 11 70 -- C.633 2 C4 0.194 0.6250 190 49.0
44-.243 1 4 21 73 00' C 403 1. 30 0.072 0.23300 42,I

,

32. L U 14.9 32 2 35 43 66 0 09 -- -- -- --

Ir 01443 5J-100 41 2 42 1 4 15 54 0 21 1.765 5.67 0 307 0 19
300 39 6 49.0 3 12 57 0. 35 1 658 5.33 0.4 91 1 58

f u 26 5 36 4 24 38 74 e.39 - -- -- -

50-1 73 47 G 47 3 0 9 61 -- 3. -te 2.44 0.11 0.94
300 45.' 47.0 11 22 66 3.11 0.547 1. '6 0 291 3.94

Bf. L w 16.0 3?.D 20 26 54 0.16 -- . -- --
~

2r-GM 50-100 46.3 52 3 3 6 47 G 2, t . 75 6.03 0.351 1.13
EO 55.6 58 3 4 8 44 3.43 2.48 8 S.30 0 239 2 69

i 0 16.0 46.7 21 39 69 0.16 -- -- -- --

3 3 57 3 17 0 639 2.354 0 414 1.4050 '00 59.0
6'. 385 3 5 iC 46 3 41 0.4:7 1 . 341 0 623 2. 68300 $1. 0

Br. t d 24.9 46 7 21 19 69 0.16 -- -- -- --

2 -2.35%P 50-100 S4.1 6' O 3 9 57 F .17 1.574 5.96 c. 4 35 1.40
EC 69 9 85.0 5 10 46 G.41 1.407 5.81 0. A23 2.64

? g 43.8 52.5 5 10 43 0 23 -- -- - --

50-130 $1. 3 81C 0 5 53 -- 0 349 2 73 3,54 3 1.75
300 79.0 45.1 4 9 32 9 25 0 804 2.57 0.521 2M

81 L U 12.5 .'.6 33 41 57 3. .8 - -- -

-r 50-100 24.9 ' 8 10 25 54 0 04 0 954 3.16 --

30C 23.1 J.8 9 30 61 0.16 0 149 2.73 --

? g 18.4 31 .2 24 14 65 0.39 -- -- -- --

0 .1 22 0 3950-100 33.5 35.0 !? 27 69 C. 25 0.R21
2.6419) 0 103 3.33300 27.6 34 4 13 32 69 0 38 0 500

D> . L U 4a . 4 69.9 13 24 41 0.25 - -- -- --

' r- l 50 '00 is 6 ''S 6 4 16 15 0.35 0.417 1 . 34 0. 24 1 40
100 61.1 75 4 6 19 44 0.33 0.252 0.64 0.079 C. 25

T U 64.7 74.4 9 19 46 0.14 -- -- -- --

50-130 94 6 P4.6 0 9 53 0. 304 0.98 0.205 0.66
300 BJ 2 60.1 0. 5 13 46 - 0.167 0.54 0.076 0 24

3* t o $6.1 73.0 14 IS 60 3 21 -- -- - --

2r-2 549 50 130 46.0 11.5 3 14 51 0.44 0.533 T 71 J.254 0 32
300 57 3 132 3 6 13 35 11? O 551 1. " D.179 1.29

Y u ?6. 3 60.6 7 16 47 0.15 -- -- -- --

10-130 1;7.0 107 3 C.5 6 42 -- 0. 4G3 1.30 0.329 1.75
300 136. Y 110.1 6 11 35 s 18 0.415 1 33 0.366 1.17

/ e ! **ter '41 Ideatity.

Aller 3 s.n osa
Coevos t tien Conc ea t rat i ne

t i lcy Stpic weight 4toef t ae'9at 4,# g-m 1 're stmeat Gre en 5tle
ggg s 7st t ge Perteet Ferte*! b.* Were * #e n *

-

B5 zircwie 0.328 0.1 700 da
| C% to rt on's O C? 4 i 600 21

( CA "r-0. 5 5a s. M4 I 6 93 It

I BV

ar- J .14%e G . 04 9 I 610 2352i

le-C MD 3 291 s4 400 19
Si le-2. 3543 0 C65 24 41C 14

| BU cmecial 3.60 1 800 15
D rc eioy-2

Bf c mec 141 3 51 1 800 4

tr-2 . 5%D

it) J * Unteradiated
ic I f ' 15' :'s, T5 w*e4 V5 * 0 2! 0%et s'e;J Stre%te sad ;Y5 * 31F'ere9Ce to yle'd Streegt3 f3r tae ,

trrgg=gteg eng tg non- terad14ted c, 4 9 % or 08' t.

.d i f '.LI S , 8 f 5. UYi sfiere LI5 a ,1teeg*g geree.;tg gng .g $ e gg fferem,e it giting g stre9qth f ar the
g read'a**d ama eca- e rred 'eteJ (Gaei t tin or 's.

e

6

|

80

. _ . _ . _
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Table 14b. 300 C TENSILE DATA FOR Zr ALLOYS
IRRADIATED TO ~4E19 n/cm2
(From Reference 27)

Irradiation field d tima te E longet tog 4 eduction Strain
materigl Testin9 Temperatur e Strength Strergth Un t fore Total of Area wardecae ti t ty CM9 f f'? )I Y f(UT5) yIdeetit y: a1 Qi rer.t l on *C ksi ksi t 1 1 d /d. f(V5!

IDI
C4 L U 7. 3 15.7 85 0.07 -- .- - --

2r 3Ci 20.0 20.7 B5 0.08 1.740 5.59 0.319 1.02

7 u 9.9 15.7 8.5 la 83 0.09 -- -- -- --

300 22.5 22.5 0 10 84 - 1.273 4.09 0.433 1.39
*

CA. L u 8. 6 19.0 29 al 86 0.06 -- -- -- --

2r-0.55n 300 23.4 27.0 0 14 83 -- 1.720 5.53 0.421 f . 35

T U 14.9 21.0 10 22 86 0.08 -- -- -- --

300 30.5 30.9 0 11 88 - 1.047 3.37 0.471 1.52

82. L U 6.8 16.7 27 41 87 0.06 -- -- -- --

2r-0.144e 300 27.7 31.2 2 11 86 0.27 3.37 9.88 0.868 2.79.

Y u 10.7 17.5 13 25 90 0.07 -- -- -- --

300 31 .1 31 .6 0.5 10 88 0.14 1.906 6.13 0.805 2.59

Bf. L u 9. 3 20.6 25 34 80 0.07 - -- -- --

2r-0.6'en 30 0 42.1 49.2 3 10 76 0.03 3.527 11.3 1 . 388 4.46

i U 16.1 21.5 7 16 78 0.10 - - -- --

300 42.5 46.2 6 14 80 0.50 T . 640 5.27 1.149 3.69

Bn , L U 14.8 31. 8 20 17 90 0.13 .- -- -- --

7r-2. 354n 300 35.1 64.5 3.5 9 15 0. 31 1. 372 4.41 1.028 3.30

T 0 19.9 32.5 7 16 87 0.20 - -- -- -

300 61.5 66.4 2 9 18 0.29 2.090 6.72 1.043 ;.35

85 L U 5.1 14.2 29 44 89 0.05 -- - -- --

2r 300 13.6 15.1 11 28 86 0.03 1.667 5.36 0.063 0.20

f U 8.8 14.9 11.5 26 89 0.07 -- -- - --

300 18.9 20.3 0 15 92 -- 1.148 3.69 0.362 1.16

su L U 17.4 30. 3 21 42 71 0.10 -- - -- -

2r 2 300 30.0 36.1 4 27 65 0.20 0.724 2.33 0.1 91 0.62

T U 27.6 32.1 16 30 71 0.07 -- -- -- --

300 36.8 36.8 0 20 13 0.39 0.333 1.07 0.145 0.47

BT, L U 29.3 42.2 19 33 69 0.11 -- -- -- --

2r-2 543 300 60.6 75.7 5 14 57 0.39 1.141 3.67 0.794 2.55

T U 33.6 43 0 5.5 17 69 0.16 -- -- - --

300 72.2 75.4 3 9 59 0.19 1.141 3.69 0.885 2.95

(al m tectal Iden t i t y .a

Alloy On y gen

Locusltion Concen t ration
Alloy Atnmic neight 4tamic meight Aanee l iP 2 T rea tmea t Grain Slie

des tPa t ton Pe rt ee t Perr. eat Emp , he Tsurporata e w mr

85 aircon t e 0.021 0.1 700 40
C4 z irconis 0. G14 I 600 21

CA 2 r- 0. 55n 0.049 I 6M 18
82 2r-0.14MB 0. 34 A I 600 23
Bf 2r 'l. bhb 0 091 24 800 19

81 2r-2. 35Nb 0.065 24 800 ;4

80 corrercial 0.60 1 800 15
2 t rc a loy-2

ST correet t al 3.51 l 800 4

2r-2. 5ND

(t) 0 = UnteraJtated
(c) f(f 5) = avitv5 =#iere T5 = 0.2% of fset yteld strengtw and av5 = dif ference in yield stree9t%

f ar tne t readlated and non-teraJiated condition only.
(31 f p3TS) = LTS/UT5 w ere UT5 = eltirate stren9th and NUTS = differens e in 41ttmate stren9tha

'or tne treedtated and non-teradtated conditloe only.

*
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Table 15a. THE HEAT TREATMENT, HARDNESS AND TENSILE PROPERTIES OF ZIRCONIUM ALLOYS
TESTED FOR CREEP IN-REACTOR (From Reference 31)

_
Tensile Properties (longitudinal Sc(ttons)

_

Hardness
,

Rom icpgerature 300*f
on Average

Trenav. fa. 21 Total * 0.21 Total * I n-R eac tor Grain
Msterial Sec t ion V.S. UTS lin. R.A. Y.5. UT5 Ein, is . Creep fest 56:e*

h oduno_.] Mate _rti Heat treatment (VHN)_ kst h6 1 1 6sf hst i 1 No. j_
9 larcaloy-2 20% cold worbed 2 30 71.0 H 7. 3 12 30 51.0 53.0 7 $8 R-2 7

Rod stress-relieved
72 h at 400"C

li li rc.aloy -Z 19% cold-worked, 191 67.0 87.0 19 46.9 56.0 ?O R-8, R-9 7

Tube autoclaved ?? h
at 400''C

18 lirtaloy-2 20% cold-wor 6cd, 227 89.0 99.0 18 39 45.3 50.0 20 47 R-4, Ru-20 8
Rod stress-relieved

72 h at 400"C

25 lircaloy-2 16% cold-wor 6ed, 193 71.0 86.0 13 34 44.9 51.0 12 45 R-6, Rn-14, 7

Tube autoclawed 72 h Rn-21
at 400*C

27 Ir-2.5 wt 1 Water querKhe.1 2tJ1 10H.9 I?0.0 14 60 82.0 93.0 15 80 'n-7,Ru-6,
Nb Rod from 850"C aged Ru-7

CD 24 h at 500"C
0 28.0 50 72 11.9 20.5 36 92 R -19 9313 lirconba Annealed t.6 '

Rod

34 Ir-2.5 wt 1 21% cold-worked, 214 /1.9 110.9 14 44 53.0 73.9 14 56 R-II,1t-12

Nb Tube autoclaved ?? h Rn-17
at 400"C

16 Ir-2.5 wt 1 Water quenc hed 247 E6.0 117.0 19 53 67.0 75.4 19 63 R =-13. Ru- 1
Nb Rod f rom 875"C , cold-

drawn 30f aged 24
24 h at 500*C

11 fr-2.5 wt t Wa ter quenc hed 252 H6.0 105.9 23 %4 58.0 14.9 20 61 Re-16
Nb Tube f rom 880"C cold-

drawn 221 aged
24 h at 500"C

39 Ir-2.5 wt t Water quenched 255 96.0 115.0 19 52 60.0 82.0 19 62 Rn-1H
Nt> Tube f rra 880"C, cold-

drawn 5%, aged
24 h a t 500"C

42 Ir t ca lo y-2 191 cold-worknt, 205 d1.0 N1.3 36 45.9 56,0 17 Ru-15 ti
Tube autoclaved 72 h

at 400*C
$0 tr-2.5 wt 1 Water quenched .62 97.0 I?2.0 2 ') 51 73.9 h8.0 17 65 R -22

Nb Tube f rom 870*C cold-
drawn 16%, aged
24 h at 500"C

51 fr-2.5 wt 1 Water quenc hed 261 N8. 0 120.0 18 55 12.0 84.0 17 53 Ra-24
Nh Tube from 870"C cold-

drawn SI, aged
24 h at 500 C

52 Ir-2.5 wt 1 Water quenched 274 97.0 121.0 la 47 16.9 88.0 la 51 R e-23. Ru-5
*1b tube f rom 870"C , c old-

drawn lit aged
24 h at 500*C

* 2.5 cm gauge length,

e e e e

_ _ _ . _
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Table ISb. UNIAXIAL IN-REACTOR CREEP DATA AT 300 C
(From Reference 31)

lest iondltlons
_ , _ _ _ _ , _ , ____

(reep Wate of Un-
Crc,p kate irradlated lest
Near ind After 5ame lime

I test O l r et. t l on Stress flus Duratinn nf lest as In Ne4( t festl/hr*yr
A M a t e t' l a l ut festinj l s l. fil n/ 3 m2_- ) ee hr_ t/ hr-1 _

(. omme n t s

he'In10
It 6 lirt a loy- 7 tube H4 stress t 70 0 f. S/00 *l.S*101 lin-14 sperinen pretrradiated 0.2

.la lI[ n/t mIW a .14 reiteved ?? h at 400*C L 10 0.1 ? t100 *3.0'301 to 0.8

N=-4n (material 1 Table 1) I /0 0.6 IH00 * I 1.Segut at 300't. Its out-et-flus 1,0I

creep rate after 200() h

0.4a10' h''*

ti a - 4 0 t 4 f) 0.H 4000 *4,1*l0!

ilu 2 0 1 40 20 1.t 00 *l4.0'151 40

ps 44 1 6S 0 / 640 17.0't01 spe(imen ruptured because 20

of atttdental overined
*IRu /$ /r 2.$ wf I Nie , tube but. I fa $ 7H 7900 *4%.Oel$1 $ pet. lme n stress relleved 110

stress relieved 3h at 74 h at 400't 15g
W it s - 41, 400't (maternal t. I 40 1.0 1600 *7.7*701 tstimated treep rate in 1,5

part I lable 1) Na-40 flue
1,15al0'#h'I

Re-41 i fS 0.9 ? ! tin * } '9.0=101 Estemetrd treep rate IJI

part Il { total in Na 44 flus

5900) 1.0n10' h"I
k=-4/ f 6S 1 I 1600 *S.O.701 Istimated arcep rate 19

in ka-44 flue

1.7ml0' h'I

st i l le - 2. 5 w t I Nb. tube 411 I /t 0 1 3700 *?.0'15% 0.4
p-I? stress relleved // , at t I f. . $ 06 2n00 *0.1+101 0.1

900 t (mater 6al /.
r a se i e i

If = - l / A. at,nve. t u t.e 41? I 70 0.1 2l00 1.0'401 3.S

Re 41 t 70 0 11 $$0 H.S*101 1. 0

#w lb lirtaloy-? state. as retelved 4 70 7.6 1600 *lo.0tl01 0.4

Nu-14 (material S. lable 1) bl 20 2.5 19%0 *H.0*/0t Iest was at JI6'C; estimated /,0

e.reep rate at 100"C

10'# "Ih6:

ku 1/ 5-I 70 /.I 4100 *5.S*101 0.6

"I Iest still in progress. (reep rate tiredy. I Lonepitudinal (aulal). I Transverse bl Short transverse
*

,
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Table 15c. IN-REACTOR CREEP TESTS ON ZIRCALOY-2
(From Reference 31)

m-, . e, a t - 1.c -,,,m
re,t - 5 Creep rate st

tenoratory r.catrsl
? o.t e r s,t ra i ne, .d Creep *a .e near test e'ter se=ie total

*a tert a; *ever a- uajang 7 41
ea4 of test time s$ ta reattar test

r of testes t 'r o m N , ra e S tres s the s t ra'a test time
Ds e.,ttoa

8%5 nrr

%_ see__ et L1 *: esi (13 end% _L g* n,

44 9 3'l0 30 0 $0 0. t 45 2000 2000 0.605 1 5 = 10'' , 101 0.2 106 , 33
0

02 3 330 30 0 66 3 785 2300 300 . '65 15e 10'' * D -0 2 e 10
4

R- 4 15 300 20 0 %.9 0 220 26 0 260 0 275 6 . If#*W 6 a 10 e 23

0 e a 13' # 10 5 : 9 10 'I e 201
4-4 IS 3C0 20.'l 3 0 150 8AJ 623 3 305 *

8-4 19 EU 20 0 5.9 3 313 1230 400 0 353 3 5 , ifI , }g,, g 4 . ifI , og;

a. 4 13 }co 30 0 0 J 3?Q t t00 620 0 450 40.If': 2c1 4 3 . ifi , 2.

4- 4 18 300 la 3 36 3 46J 32 30 1330 0 623 80a 10' # * In 20a 10' # * 30.
7 # 100;

4- 4 18 300 3C . 3 0 0.5 55 5950 2?? O 640 3 4 . tf * 00 k 03s '0 t

4-4 it 300 30 0 42 0 655 6920 l'4 0 715 ?Oe 17 ' + 201

e-6 25 300 20.0 54 0 213 16 00 %Jo 0 . 36 0 35e 10' # * 13'. 0. 4 a 10'# t .

U6 25 100 20 0 0 0 210 3833 250 1 161 0 5 = 10' # 10' O4 If ' 20-

a-6 15 (3 to 0 6.0 c . .'I O $? 35 1485 3 405 2 3 5 . If ' o 2 rff , 50:

86 25 23 20 0 60 0 470 57s1 sa 3.405 .

t f' * O
-

8-6 25 E 20 3 60 0 400 5482 93 0 423 1. 3 a 0-0 t ?00: 1 1e
5

6-6 JS 3?5 20 3 60 0 4t0 1930 44 0 455 1 0 i 175: 10< 64i *f - a
n 5

s-6 25 90 20.3 60 3 453 59ss 55 0 56 20e ly 2n i 6a 10 ,y

I

e-8 tl 100 16 5 0 3.149 35.040 35,040 3 240 5 = IY
# ' %1

a-e :1 3c0 15. ' 63 3.228 35.440 400 0 255 4 . If t sa

10'' , 75 k
09 11 NC 19 0 0 3.173 50.000 10.030 0 241 3 a

8
tf t 60;

49 11 3C0 11 0 6.1 0 105 '2.140 2.14J 1117 5 e

e3 11 30J 14 0 5. 5 3 179 13,620 1.480 0 245 1 17 e 20;

e 14 25 30 20 0 1. 3 0.205 853 850 0 230 5 = 70 201 14 e tG"I r in

%.te 25 3w 20 J 64 3 205 2,000 1.150 0 310 3 e T' 3Gi 0 $ = 17 '?
P

, N
,

83 14 25 12 0 23 0 6.9 0. 310 2.2 70 ??G 0 32 ' 6 = 10' ' C

N 25 35 0 20 0 65 0 335 2.4RO 210 0 360 1. 4 m f t? hev test 8-6 contesi)

S a 14 25 375 23.3 6.8 0. 36 ? 2.513 13 0 403 10a 10 * * ,'see test a-6 cactrot t
5

8 14 4% 20 0 68 0 424 2,543 30 0 Scs 1. T = ff t 7g;

e. . i s 25 4Jo 20 3 0 ; 508 2.5 '6 13 0 553 11**G ' 10*
I 3

e. - 15 4' 220 10.0 96 3.272 2.1 10 2 .1 10 3 M5 15 = 1T ' 3M *ta 17
'f' e Xi

6'$ 4.' . S1 30 0 9. 3 3 3a4 3,')! O 880 0 423 53a 0 t 4M 4 s,

f 10'E10' e 30s? 305 7 s

! es M 4/ 30 ' 13 0 94 0 4|'0 4,10C t ,290 J 500 4 s

w e- M 41 MO 10 0 44 0 500 4, B26 526 0 66 32a f f' * PM i 5 176 , ,y,

as th 4J 350 30 0 0 J S00 4,430 90 0 530 14a 1C' * 221 -

ff6 , 73
d. !S di 175 M3 C 0.70 4.380 54 3 76 I 3 = IJ + th 8 e

ei 1$ 42 30C 30 g 94 0 76 4.948 64 0.11 -

50'0

-

2010* t t G*. d a r* *
5 42 j ?h 30 0 94 3 82 4.1*7 29 0 B'

if t
"

ff s f 01 a

en ti 42 40G 30 3 94 0.90 4,9R5 9 0 95 7 m

8 20 '8 15 3 45 0 11 6 0 5A 44 44 2.37 5 0 = 103- Fai es on leasingtc

0

8 a - 20 13 350 10 0 11 6 2.13 IN 2 t40 2 54 6 0 i 17 t tot

I I

8=4' 25 NC 45 0 06 3 43 30 5 3v5 0 at 10e 17 e 20 9 = f f * t ruct4res a ter enrm.r

M ** *** d ?"'" 4't0

'' 41 25 300 45 0 84 0 M6 1. ? CS ?M i in 12a 10-5 e 103
I

W i - 21 25 300 45 0 0 0 84 663 100 1 19 33e if t tot

i a. ' 25 i t).1 MJ 45 0 4. 4 3. a6 1.250 160 1.55 0 14 e ifI + Els
=

$

8. i' 29 300 45 0 84 1 52 ! .5 +1 290 t 93 f2e 'T t 70t

* NC 40 .0 a4 1 Bl 1.655 65 t 95 35e to-6 * 6M
'

* = - 21

e

|
|

|
L
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Ta bl e 17a. FATIGUE CRACK PROPAGATION DATA FOR IRRADIATED AND
UNIRRADIATED ZIRCALOY-2 TUBING AT 20 C

(From References 52, 53 & 54)

Ultimate Strengths 020'C = 110 ksi unirradiated
= 130 ksi irradiated

.

Failure Critical Crack
Material Fluence Stress Length (2a) 5L-- K

C

Condition E20 n/cm2 ksi inches M k ksi h .,

CW s45% R. A. - 38.0 1.0 10 0.98 67.7
- 28.0 1.5 10 1.47 67.5
- 18.0 2.0 10 1.97 56.4
- 15.0 2.5 10 2.46 61 .0

s1 -4 22.0 1.0 10 0.98 35.3
,

s1-4 20.0 1.12 10 1.10 35.1

CW s45% R.A., - 20.0 1.0 10 0.98 36.6
s300 ppm H

2
- 14.0 1.1 10 1.08 27.6
- 12.0 1.2 10 1.18 30.1
- 14.0 1.25 10 1.23 31.7
- 15.0 1.3 10 1.28 35.6
- 12.0 1.3 10 1.28 28.2

CW s30% R.A. - 30.0 1.5 5 1.17 59.1

- 20.0 1.8 5 1.41 60.6
- 19.0 2.25 5 1.76 72.5

CW $30% R.A., - 21.0 1.25 5 0.98 39.9
S300 ppm H

2 .

- 19.0 1.12 5 0.88 31.8
- 17.0 1.4 5 1.10 33.9

CW s30% R. A. 9.5 27.0 0.97 5 0.76 39.9

10.2 22.0 1.07 5 0.84 34.4

12.0 38.0 0.6 5 0.47 43.3

19.0 22.0 1.0 5 0.78 32.6
.

.

8 ~,



Table 17b. EFFECT OF IRRADIATION ON THE FRACTURE TOUGHNESS OF
IRRADIATED ZIRCALOY-4
(From Reference 54)

Estimated Measured Test A *
gg IC " 2C

Specimen Fluence .laence T mperature secant p lo In mat

120n/as tsi an. kst vin. att /tn.No, Cescr'etton Valid E20 n/cm2 *-

82-5044 FT-1 unhydrided yes 5.6 7.7 20 -- 45.9 45.9
5046 canneated 2r 4 yes 5.6 7.95 30 43.0 ~ 55.0

-5043 Ingot R-59 no 5.3 7.66 315 .il .8 -- 41.6
-5050 Ta orientation no 5.3 7.51 204 31 .2 -- 48.6
-5052 yes 4.9 7 17 20

45.6(C)
-

2 3. 9(C)
-- .

-5053 yes 4.9 7.07 -18 23.9 --

-5688 yet 5.1 -73 -- 34 .2 34.2
56d9 yes 5.1 0 -- 28.5 42.0

-5045 yes 15.3 20 -- 43.2 50.S
5047 yes 15.3 93 53.5 -- 61.0

*
-5042 yes 15.1 20 48.5 -- 48.5
-5049 yes 15.1 20 -- 51.6 51.6

82-5613 FT-2 eydrided to yes 5.1 20 20.1 -- 20.1
-5615 250 ppm yes 5.1 80 33.4 -- 33.4
-5758 a-annesled Zr-4 yes 9.6 10.35 20 23.0 -- 23.0
-5765 Ingo; =C3776710 yes 9.6 9.6 -73 16.7 -- 16.7

22.0(C)
-- 22.0-5617 Te orientation yes 13.5 20

5618 yes 20.8 150 31.4 ( d)
-- 20.0(C)20.0-5620 yes 13.5 30
-- 31 . 4

-5759 yes 20.8 150 -- -- -

-5763 yes 20.8 230 40.7 - 40.7
-5628 yes 20.8 230 41.2 -- 43.0
-5764 yes 20.8 315 42.5 -- 42.5
-5716 yes 20.8 315 45.4 -- 45.4

82-5737 FT-3 hydrided to yes 4.9 20 26.2 -- 26.2
-5738 250 ppm yes 4.9 80 26.0 -- 26.0
-5767 i-annealed 2r-4 yes 9. 2 9.4 30 27.8 -- 27.8
-5746 In9at WC377671Q yes 9.2 10.0 20 25.0 -- 25.0
-5739 WT orientation yes 12.8 20 26.9 -- 26.9
-5740 ves 12.8 150 65.0 -- 65.0
-57 4 yes 20.5 20 24.6 -- 24.6
-5745 no(e) 20.5 230 43.6 -- 47.4

82 5602 FT-4 .anhydrided yes 2.4 20 38.2 (b) (b)
-5606 3-annealed Ir-4 yes .4 -18 (D) 41.5 (b)
-5611 !agot WC3776710 yes 5.0 -18 -- 40.3 40.3
-5614 TW orteatation yes 5.0 20 42.1 (b) (b)
-5761 yes 9.9 9.6 80 46.2 -- 59.2
-5760 ye: 9.8 10.13 -73 27.4 -- 27.4
-t612 yes 9.8 -73 (b) 35.7 (b)
-M19 yes 9. 8 20 -- 40.8 46.5
-5754 yes 18.9 -3 -- 32.8 32 .8'

-5755 yes 18.9 -73 (b) 38.7 --

-5753 yes 19.0 -18 -- 32.5 32.5
-5756 yes 19.0 -18 52.0(C) -- 72.5(c)

5751 yes 19.1 20 52.4 (b) (b)
-5752 yes 19.1 20 54.5 -- 54.5
-5749 yes 19.0 93 55.2 (b) (b)
-5750 yes 19.0 93 54.6 -- 63.5
-5747 no 19.0 93 46.8 -- 59.0
-5748 (a) 19.0 93 (a) -- -- 58.5

82-5741 FT-5 unnydrided yes 9.8 20 -- 37.4 52.8
-5743 7-anneated 2r-4 yes 9.8 30 48.0 -- 55.8

Ingat ' C377671Qa

h* orientation
82-5773 FT 6 unnydrided yes 5.2 -78 -- 32.0 34.6

-5776 i-a,nea ted 2r-4 yes 5.2 80 49.9 -- 49.9
=Ingot aC3776710

RT orientation
82-5772 FT-7 unhydrided yes 10.2 10.35 20 ~ 39. 9 39 . 9

-5782 e-quenched 2r-4 yes 10.2 10.9 80 55.6 -- 58.3
Ingot wC377671Q
W7 orientation ,

82-57?7 FT-8 nydrided to yes 10.1 10.35 20 25.2 -- 25.2

-5779 250 ppm yes 10.1 10.75 60 25.6 -- 25.6 .

20.4 20 24.6 - 24.6-5780 e-oenched Ir-4 yey)noie 20.4 260 47.7 -- 47.7-5781 Ingot =C3776710
e'* orientation

(a) Walidity ivossible to determine dae to strain gage f ailure.
or K for e,ettioning to allow for plastic(b15pecimens unloaded rapidly af ter K gg g gg g

zone site detemination.
(c) Val tdtty highly Questionable dae to escessively lon9 f atigue crack.
(d) 5pecimen twroperir tended.
(e) Thic kness requirM for 45T4 val'd test 'O.6 in.
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Table 18. MILLED SLOT FRACTURE DATA FOR IRRADIATED AND UNIRRADIATED
17% - 23% COLD WORKED ZIRCALOY-2 TUBING

(From Reference 52, 55)

Test Failure Critical K
a cTemperature Fluence Stress Crack Length

C n/cm2 ksi 2a - in. M v/iiT ksi /in.

21300 1.2x10 17.6 3 10 2.78 62.1
2120 1.2x10 28.6 2 10 1.85 106.8
2020 8.0x10 16.3 4 10 3.70 156.9*

21
20 1.2x10 17.2 3 10 2.78 110.4

21300 1.0x10 24.0 2.5 10 2.32 120.1
20

20 8.0x10 21.3 2.5 10 2.32 106.6
20

300 8.0x10 34.2 2 10 1.85 127.7

300 0 24.8 2 10 1.85 92.6

20 0 34.4 2 10 1.85 128.4

300 0 19.0 3 10 2.78 121.9

20 0 20.4 3 10 2.78 130.9

300 0 21.1 2.5 10 2.32 105.6

20 0 23.0 2.5 10 2.32 115.1

300 0 18.7 3 10 2.78 120.0

20300 7.0x10 16.0 3.5 11 3.24 127.4
20300 2.0x10 16.8 3 11 2.78 107.8

300 Out of flux 15.0 3 11 2.78 96.3

20300 2.6x10 44.0 1.5 11 1.39 115.7
20

300 2.6x10 21.9 3 11 2.78 140.5
20

300 2.6x10 38.6 1.5 11 1.39 101.5
20300 2.6x10 18.0 3 11 2.78 115.5

300 Out of flux 39.2 1.5 11 1.39 103.1

300 Out of flux 16.2 3 11 2.78 104.0

20
300 1.6x10 25.2 2.25 14 1.98 69.1

(1) Value uncorrected for plasticity effects where:
*

f1 awedC = cos
P 2 ounflawed

89

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



_ - - _ _ _ _ _ . - _ _ __ __ . .--

Table 19. MILL!D SLOT FRACTURE DATA FOR IRRADIATED AND
UNIRRADIATED 30% COLD WORKED ZIRCALOY-2 TUBING

(From Reference 52, 54)

Fluence Slot length a Ultimate Hoop c
in. Alt Stress - ksi ksi ESample n/cm2

,

1756-1 0 0.81 6.64 83.5 103.3

1756-2 0 3.00 2.36 30.8 98.7 -

'

211756-3 0.82 x 10 0.81 0.64 81.7 105.9
211756-4 0.82 x 10 3.00 2.36 28.6 91.6

1756-5 0 0.81 0.64 83.5 108.1

g 1756-6 0 3.00 2.36 29.7 95.1

212455-1 0.82 x 10 0.35 0.27 135.0 106.7
212455-2 1.10 x 10 3.00 2.36 35.7 114.4 -

212455-3 1.11 x 10 0.81 0.64 86.0 111.4
212455-4 1.01 x 10 1.50 1.18 65.0 125.8

210758-1 1.75 x 10 1.50 1.18 45.0 87.1

. . . .



Table 20 EFFECT OF IRRADIATION ON THE FATIGUE CRACK
PROPAGATION RATE OF ZIRCALOY-4

(From Reference 56)

Test
Specimen Specimen Fluence Temperature K ave aa/an

No. Description E20 n/cm2 F ksiVin. uin./ cycle,

82-5052 FT-1 unhydrided 7.1 RT 20.8 12.0.

-5053 a-annealed, R-59 7.0 RT 22.0 13.0
-5047 TW orientation 15.3 RT 16.4 23.0

82-5758 FT-2 hydrided 10.3 RT 13.0 6.2=

-5765 a-annealed, 71Q 9.5 RT 15.1 8.7
-5613 TW orientation 5.1 RT 17.1 16.7
-5617 13.5 RT 14.7 8.3
-5620 13.5 RT 17.5 16.7
-5628 20.8 RT 15.1 83.0
-5716 20.8 RT 20.9 78.0
-5759 20.8 RT 13.0 11.0

82-5767 FT-3 hydrided 9.2 RT 10.7 none
-5737 a-annealed, 71Q, WT 4.9 RT 13.3 12.5

82-5611 FT-4 unhydrided 5.0 RT 17.4 5.0
-5619 a-annealed 9.8 RT 18.4 38.3
-5761 Zr-4, 71Q. TW 9.8 RT 17.1 60.0
-5754 18.9 RT 13.6 none
-5753 19.0 RT 13.4 none

82-5741 FT-5 unhydrided 9.8 RT 11.6 none
-5743 a-annealed, 71Q, WT 9.8 RT 14.4 none

82-5772 FT-7 unhydrided 10.2 RT 15.5 5.3
S-quenched, 71Q, TW

82-5779 FT-8 hydrided 10.1 RT 18.0 13.6
6-quenched, 71Q,TW

i

9

4

i
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Table 22. MILLED SLOT FRACTURE DATA FOR IRRADIATED AND UNIRRADIATED Zr-Nb PRESSURE TUBES
(From Reference 5, 57)

122 ksiUltimate Strengths - 20*C a
unirradiated80 ksi300*C =

152 ksi20*C =
irradiated300*C 110 ksi=

failure Critical Crack
Material Fluence Test Stress Length (2a) 4- Kc
Condition E20 n/cm2 Temp. ksi inches R[t _k ksi b

CW s20% R.A., - 20*C 54 2.0 21 2.27 181.0
25 ppm 112

- 20*C 37 2.5 21 2.84 164.4

- 20*C 30.5 3.0 21 3.41 172.7

- 300*C 18.5 2.5 21 2.84 82.2

- 300*C 17.0 3.0 21 3.41 96.3

g
- 300*C 34 2.0 21 2.27 114.0

" - 300* C 26 2.75 21 3.12 131.0

- 300*C 21 3.25 21 3.69 132.6

CW s20% R. A. , - 20*C 31 2.0 21 2.27 103.9

300 ppm 112
- 300*C 31 2.0 21 2.27 103.9

CW s20% R. A. , $1.5-8 300*C 27 2.0 21 2.27 90.5
25 ppm 112

s1.5-8 300*C 26 2.5 21 2.84 115.5

sl . 5-8 300*C 26 3.0 21 3.41 147.3

s1.5-8 300*C 19 4.0 21 4.54 151.8

- 300*C 25.0 3.0 21 3.41 141.7

- 300 C 24.0 3.0 21 3.41 136.0

- 300*C 23.0 3.0 21 3.41 130.0

CW s30% R.A., sl.5-8 20*C 40.0 2.0 11 1.96 121.5
50 ppm H

2
SI.5-8 300*C 20.0 3.0 11 2.95 100.5

- 300*C 27.0 3.25 11 3.20 85.1

.i.5-8 20*C 39.0 2.0 11 1.96 118.5

s1.5-8 300*C 22.0 3.5 11 3.45 76.6



Table 23. D0STIRRADIATION BURST TESTS OF ZIRCALOY-2 PRTR PRESSURE TUBES
(From Reference 63)

Temperature Hoop Hoop

g Syecimen Microstructure *C Fluence nvt Strength. ksi Elongation, % Remarks

16
6103 IB Annealed 20 1.6 - 3. 3 x 10 86.2 9 No apparent cause for low strength.

0
1C Annealed 20 1.25 - 1.35 x 10 86.1 0 Burst started at 0.002 in. deep crack in

0.002 in, deep hydride layer over a fret
mark.

II 18
6061 2C Annealed 20 5.2 x 10 - 1.1 x 10 106.2 20 -

2D Annealed 300 4.7 - 5.4 x 10 " 58.2 Not Measured -

II IO
5529 32 Annealed 20 6.8 x 10 - 1.35 x In 97.0 17 -

0
33 Annealed 20 3.6 - 6. 3 x 10 111.0 15 -

IO
5679 4B Annealed 288 1.3 - 2.4 x 10 47.2 36 -

U
4C Annealed 282 3.8 - 7 x 10 61.2 48 -

D N
4F Cold Worked 296 6.2 x 10 - 1.2 x IO 70.5 Not Measured -

I0
5702 58 Annealed 20 3.3 - 6.2 x 10 107.0 Not Measured Test Specimen continued 0.009 - 0.011 in.

deep f ret marks which had no apparent ef fect
on burst.

to
D

5C Annealed 96 1.35 - 1.8 x 10 111.0 Not Measured -

20
5E Cold Workel 20 2.1 - 2.25 x 10 130.0 3. 3 Burst started at 0.017 in, deep fret mark.

g 18 0
- 5G Cold Worked 290 6.8 x 10 - 1.7 x 10 74.0 Not Measured -

%80 68 Annealed 295 1.4 - 2.8 x 10 " 56.9 Not Measured Test was stopped before burst.

6C Annealed 277 2.9 - 3.2 x 10 78.1 16 " Pinhole" failure.
20

6E Cold Worked 20 1. 3 - 2.2 x 10 120.0 0 Burst started at 0.014 in, deep f ret mark.
0

6C Second Test 20 2.9 - 3.2 x 10 125.8 0 Elongation of zero probably due to first
burst test.

20
6D Undetermined 288 4.2 x 10 78.4 20 " Pinhole" failure.

16
0720 88 Annealed 97 1 x 10 75.0 Not Measured -

II
8C Annealed 210 3.2 - 6.2 x 10 $8.0 Not Measured -

18
8F Cold Worked 210 1.2 - 1.7 x 10 84.5 Not Measured -

5683 9B Annealed 20 3.5 - 6.5 x 10 " 104.8 7.5 -I

0
9 il Cold Worked 20 1.6 - 2.6 x 10 134.2 7 -

20
5682 10 0 Annealed 20 2.7 - 3.5 x 10 129.0 15 -

20
10 G Cold Worked 20 3.2 - 4.1 x 10 134.8 9 -

6115 11 C Annealed 20 1.45 - 2.0 x 10 97.5* Less than * Based on average ID and wall; no allowance
0.2% for stress concentration. Burst started

by 0.016 - 0.020 in. deep mark at the onset
of uniform plastic strain.

6079 12 A Annealtd 20 1.9 x 10 112.8 12

20
12 E Cold Worked 20 3.3 x 10 123.7 7

21
6084 14 D Undertermined 20 1.8 x 10 142.6 6

* C w a

]
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Table 24. IRRADIATION GROWTil MEASUREMENTS ON ZIRCALOY-2
(From Reference 64)

Growth Coefficient

Instan- Number
Irradiation Measured taneous Average ofuenceTemper- Differential G - t t - t

G Speci-
t

ature n/cm Growth Strain p j 2 1 mens Reactor

18 -4-195*C 4.9x10 1.2 0.2x10 8.0 1.0 18.0 4.0 3 Herald

9.7 1.5 0.3 5.0 1.0 11.6 2.3 4

I91.9x10 2.3 0.3 3.5 0.5 9.5 1.1 3

5.0 3.5 0.5 2.0 0.3 5.2 0.7 3

9.8 3.0 0.1 1.5 0.2 2.3 0.1 4

1840 C 8.2x10 2.1 0.2 8.0 1.0 19.0 1.0 7

I9* 2.9x10 4.0 0.2 3.6 0.3 10.2 0.4 7

201.0x10 5.6 0.4 1.7 0.2 4.0 0.3 7

2080 C 1.3x10 3.1 0.4 0.6 0.1 1.7 0.2 4 Pluto

5.4 4.7 0.4 0.30 0.03 0.7 0.1 7

7.7 6.3 1.0 0.20 0.02 0.6 0.1 4

17280*C 2.2x10 9 1 Herald
181.0x10 5 1

l91.0x10 3 1

3.0 1.5 1

- _ _ ____ _ _ _ -


