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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" (v~ 0.1 < E < ~ 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-
jor. For these reasons, ' 1is review is limited to the effects of fast
flux (E 7 1 Mev) neutron irradiation.

It has been "fairly well" established through electron microscopy
and thermal activation studies(]'s) 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 Tow
fluence (i.e., fast flux x time).

® small, variably sized "planar" vacancy clusters whose density
continues to increase approximately linearly with fluence.

[t is generally supposed(]) that the irradiation "strenghtening"
mechanism in bcc 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



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 veen observed in

post-irradiation-evaluation (PIE) annealing studies on niobium.(])

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 a1(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 1b). Within the strain aging temperature
range, the mechanical behavior tends to pe athermal and somewhat unpre-
dictable.(6) After irradiation to a fluence of about 5E19 nvt or
greater, the oxygen strain aging appears to be effectively suppressed
(see Figure 1c) presumably because the oxygen is trapped at irradiation
"defect clus:ers."(7) In PIE annealing tests, an increase in yield
strength is observed when annealed at temperatures above the irradia-
tion temperatures (see Figure 1d). 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 freguency methodsks’s) (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(g']z) 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

ro



cest material from one data set to the next differed significantly
(anisotropy in particular). For this reason pre-postirradiation
comparisons cannot be made.

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,
(13) been determined from PIE tests. Data
are available from PIE uniaxial tensile tests on coupon bars and tubing

with one notable exception,

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 14 include the effects of cold work.(]4'20’26) heat treat-
(14,15,17,19,20,23,26,27) and PIE test temperature.(]]’16’]9'20'24)
Data for evaluating the effect of the irradiation temperature(2’4’14']8’27)

and strain rate(12'13’28)
(13)

ment

are limited. Data relating to in-flux

tonsile behavior are very lTimited.

Based on PIE data, the generai effects of fast flux (E 2 1 Mev)
neutron irradiation on the tensile properties of Ir and dilute Zr
alloys are:

® a very substantial increase in yield strength and which tends to
approach a saturation value

® 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.

the reduction in area, accompanying a tensile failure is essen-
tially unchanged. The reduction in the total tensile elongation
essentially reflects only the reduction in uniform strain.

L



The increase in yield and ultimate strength, as determined from
PIE tests, is dependent upon the prior metallurgical condition. Ir
and dilute Zr alloys, which have been recrystallization annealed prior
to irradiation tend to sustain significantly greater increases in

(3) which had been cold worked prior to

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

yield and ultimate strength tend to approach a pseudo-saturation

strength at relatively high fluences ( st 2 1£21 n/cmz) and which is
essentially independent of the prior metallurgical condition. Althcugh

the effects of irradiation temperature have not been systematically
studied, there is experimental evidence(2'4’14’17'27) (see also

Tables 2, 12 and 14) that the pseudo-saturation strength diminishes

with increasing irradiation temperatuice. PIE anrealing experiments(]4)
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

Ir-2 showed(]4) 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 ~375°C < T 5 475°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.(]]']6’]8’]9’23’24’25’27’28)
As suggested by Makin,(]) interstitital impurity atoms may diffuse to
irradiation produced "defect clusters" and strengthen and stabilize
them as obstacles to dislocation motion either during and/or after irra-
diation. As shown in Figure 1d, 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



normalization factor - f(YS)/f(st)*- with testing temperature. These
differences in the nommalization 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 Ir-4 plate.
A1l of the in-flux tests wer2 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 matarial 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 ts:i results are
variable, the apparent irradiation strengthening effect tends to be
significantly less as compared with results from PIE tests. From
these data, it cannot be detzrmined whether the differences in irradia-
tion strenthening may be attributable to fast flux and/or fluence dif-
ferences or to thermal/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 4.4E2] nvt.(z)
rate effects on non-irradiated Zr-2(6) show that the strain rate effect
on yield and ultimate strength is comparable. In contrast, nowever,

Comparisons with strain

-

£(YS) = AYS/YS where 2YS is the difference in the irradiated and non-
irradiated yield strength only.
f(st) = 4v‘1 - exp(=-2st) where 3t = fluence.

wn



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 smail 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-
(14) Based on these observations, the strain hardenability,
strain rate sensitivity, strength and ductility should approach the
values for comparab.: non-irradiated material.

ing".

*The strain local*zation generally observed in PIE tensile tests have
been referred to by some 1nvestigators(3’]2)
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”.

as "dislocation channelling."



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.(s’lz’]s)

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 iaterstitial loops or
any accentuation of the anisotropy in the mechanical properties arising from
the irradiation produced strengthening effect. Considering Makins'(]) 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 Lee(]z)
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

Jnder-

(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, shcwn 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 beha’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:

o0 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
estimated to be in the range of E21 to E22 n/cm2 or perhaps even

greater.



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
Ir and dilute Zr alloys results in anisotropy accentuation in either
the formation of or strengthening effects from irradiation produced
"olanar" vanancy clusters and/or interstitial loops.

e 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 2 1 Mev) neutron irradiation on the creep
behavior of Zr and dilute Zr alloys, has, in contrast with PIE tensile data,
been deternined, 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.(38'40'49-5]) 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 Ir and the dilute Zr alloys were obtained at temperatures ranging



from about 250°C to 500°¢. (29-51)

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

Most of these data, however, were obtained

water cooled nuclear power reactors. At cemperatures below about 350°C, the
creep behavior tends to be athermal for both irradiation and non-irradiation
environments. [n a non-irradiation environment and in about the 250°C to
325°C temperature range the creep rates ~ay diminish markedly due to strain
(30,32) (see also Figure 1b). In contrast, the in-flux creep
(30) As temperatures
increase, the effect of irradiation tends to diminish. At temperatures

above about 325°C to 350°C, creep tends to be essentially thermally activated
with 1ittle or no further activation by irradiation. The thermally activated,

aging effects
rates always increase with increasing temperatures.

high temperature creep can be readily modelled by the Arrhenius type function

- ¢ = exp(-Q/RT) - where O 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 < 1 Mev) irrediation 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 - 88" - 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 Ir-2 and Zr-4(4]) (see Figure 20). The constitutive eguations employed

to model the thermally high temperature activated and the low temperature

fast flux activated creep are:

e High temperature creep:

iy = STEI + ak exp(-kt)] exp(-OT/RT)-sinh(S,:)

e LOw temperature, irradiation activated creep:

5{ = 8;[1 + ak exp(-kt}] :O‘ss'exp(-OI/RT)-sinh(SIg}



wnere:
= 5.96 £14

3, = 1.62 E-14

2 = 3300

k = 4.4 E-3
QT = £3600 cal/mole °K
OI = (9500 - 0.038c) cal/mole °K
ST = §.25 E-4
S, = 1.0 E-5 - psi’
= fast flux - nvt (E 21 Mev)
= applied stress - psi

1

i

The effect of stress on the in-flux creep and stress-relaxation behavior
of Ir and the dilute Zr alloys has been systematically evaluated over rela-
tively small ranges of temperature and fast neutron f1ux(29'33’ 42-46, 49-51)
(see also Figure 11). As shown in Figure 11, the out-of-flux and thermal
fFlux (E <% 1 Mev) creep rate-stress dependency tends to be roughly linear.
At low stresses, the in-flux creep rates tend to be significantly greater
than for out-of-flux creep at otherwise comparable test conditions. With
increasingly larger stress, the creep rate enhancement tends to diminish.

At temperatures above about 350°C, any effect of irradiation on the creep
rate-stress dependency may be expected to essentiaily disappear. In ana-
lytically modelling the effect of stress on the in-flux creep rate, power
functions - - and a hyperbolic sine - sirh(ks) - function have generally
been used. The hyperbolic sine function, in effect, models a power function
with a continuously changing exponent and therefore appears 0 provide a
slightly better overall representation of the in-flux creep rate-stress

dependency.

The effect of the intensity of the fast flux neutron irradiation on the
creep behavior ¢f 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 - 2a" - has generally been employed. In these modelling efforts,

ol
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the fast flux exponent ranged from 1.3‘30 3,58-40,42)

o
0.5 ) when the effective creep rate was corrected for thermally acti-

to as low as

/ated creep as determined from out-of-/jux creep tests. Considering the
uncertainties in reported fast flux intensity and the variation in fast
flux intensity over the peric’ 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

(
0.630) ¢4 g.35.(41,45) general, fidleris %) reports shat:

® in annealed Zr and dilute Ir alloys, the primary creep strains tend
to decrease with increasing fast “lux intensity whereas in cold
worked materials, the fast flux intensity has l1ttle or no effect.

® creep rates tend to become constant after fluences ranging from
about 1.0 to 5.0 20n/cm>.

Ibrahim,{3c) 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 comparabla cut-of-flux conditions.

There are only a few in-flux creep tests which were done %o avaluate
the effect of pre-irradia:ion.(3o’3]) In general, pre-irradiation appearad
to nave little or no effect on material in the cold-worked condition whiie
for material in the annealed condition, pre-irradiation, to fluences of
about 1.0E 19 n/cm2 or greater, tended to diminish the primary Creep
strains. At greater fluences (e.g. ~ 3E20 n/cmz)
also diminish the primary strains for material in the cold-worked condi-
tion. Wnen irradiated in a very high intensity fast neutron flux environ-

5 % E14 nv) the subsequent in-flux (E12 £ ® £ £14 nv) creep strains

pre-irradiation tended to

—~

ment
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

% (6,30,32,33,35,40,41,48)

behavior of Ir and the dilute Zr alloys. There

nave, however, been no specific and systematic aeffort tu determine whether



or not there is anisotropy in the formation of ir-adiation produced "planar"
/acancy clusters and interstitial Toops or any aczentuation of the anisotropy
‘n Creep properties arising from irradiation activation and/or enhancement

of creep mechanisms. Any effects, 1¥ such exist, are inseparably included in
1]1 of the reported creep data.

In summary, the effect of fast flux neutron irradiation on the in-flux
tensile creep behavior of Ir and dilute Ir 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 35Q°C:

o Cr .s %0 Dbe irradiation activated and enhanced over and
above that for thermal activation at otherwise comparable
conditions.

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

0 At fluences greater than about 1 to 5 E20 n/cmz, secondary creep
rates tend to become constant or at Teast diminish at a much
slower rate as comparsd with thermally activatsa creep at other-
wise comparable conditions.

-

0 Pre-irradiation appears to have little, if any, effect on material
in a coid-worked condition wnereas for annealed matarial, ore-

: S . o -
irradiation to fluences of about 1 E19 n/cm”™ or greater tends to
diminisn primary creep strains.

O
T

tr31 Ir-2 and Ir-4 tend %0 be somewhat

t creep

v

rates
,41,47

0\3

ot

uperplas ic.

(5]

® [f there is anisotropy in the activation and/or enhancement of creep

Jeformation mechanisms by irradiation, any such affect is inseparabiy

- - -

included in all of the reported creep data.
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FATIGUE AND FRACTURE

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 Ir-2
and Ir-4 alloys. PIE fatigue data at temperatures to 400%C have been
reported for low cycie fatigue in both the axial and bending mode (52,53)
(See Figures 21 through 23) and moderate cycle (20 cpm), low stress
1oedin? in a tension mode on compact tension specimens from Zr-4 rolled
plate. 54) (See Table 17). PIE fatigue crack growth data has been
reported for Zr-4 rolled plate in moderate cycle (20 cpm) fatiguing in
a tension-tension mode.(sa) (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 diame“er unirradiated tubing.(ss’ss’se) PIE fracture
data have been reported for Zr-4 rolled plate(54) and Zr-2 and Zr-2.5Nb
alloy tubingss'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 Ir-4 alloys in the cold-ro’'2d, recrystallization annealed and
the as-welded conditions show no significant effect of either anisotropy
or cold-workad substructure.(sz) (See Figures 21 and 22). There appears,
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
soften so that there was no essential difference in the cyclic stress-
(53) The only significant effect of irradiation on ductility
(52) when fatigue

strain behavior.
appears to reduce the allowable stress/strain amplitude.
tested in the bending mode, the number of cyclies to failure appear to be
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:

A n =
“ep Nf constant

13



where: licg = inelastic strain amplitude
Ne = cycles to failure
n = exponent

In the bending mode, irradiation appears tc decrease the aliowable
stress/strain amplitude at 20°C but had no significant effect at 300°C.
Heat treatment 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 fatiguing in a tension-tension mode
on compact tension specimen from Zr-4 rolled p]ate.(54) (See Figure 24).
The compact tension specimens were machined frm rolled plate with the
following orientations:

T™ = crack plane normal to plate thickness and crack
propagation parallel to plate width

RW = crack plane nomal to rolling direction and crack
propagation parallel to plate width

Pre-and-post irradiation fatigue crack growth was determired at
20°C for the Ir-4 alloy in both the hydrided and non-hydrided conditions
and fluence to about Z2.08 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, specimen 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 neutren irradiation on the fracture behavior
has been determined for only the Zr-2, Zr-4 and Ir-2.5Nb alloys at tempera-
tures ranging from about -70°C to 315°C in both the hydrided and non-hydrided
conditions.(54’57'63) (See Tables 17b-2% and Figures 24-27). In PIE

14




fracture tests, Doth cohoact tension specimens and internally pressurized
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
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
(See Figure 25).

(55-57)

In PIE tests employing compact tension specimens from rolled Zr-4
plate, the fracture toughness—KIc- for both the hydrided and non-hydrided
conditions tended to increase with increasing temperature.(sa) (See Table 17b).

The fracture toughness-Kc-as determined in PlE fracture tests on
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
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 100ppm
%0 300ppm respective1y.(55‘57'6]’63) There appears to be little or no effect
of temperature on the fracture toughness of Zr-2 cor Ir-2.3Nb alloy tubing
in the non-hydrided condition as determined from PIE fracture tests on
through-wall detected tubular specimen.(57°63) (See Tables 20,22,

23 and Figure 26).

There appears to be considerable variance in the observation of the
affects of fluence on the fracture toughness of the Zr-2, Ir-4 and [- -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

b
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tests on tubing with machined through-wall defects, there appears to be
sssentially no effect of fast flux neutron irradiation over the entire
range of fluence 1nvestfgated.(57'6°'62) (See Figure 26). As determined
from PIE fracture tests on tubiny, pre-cracked by fatigue, the fracture
toughness tends %o be generally less than for tubing with machined through-
wall defects and fracture toughness also tends to decrease with increasing

fluence.(57‘58) {See Fiqure 27).

In summary, the effect of fast flux neutron irradiation on che PIE
fatigue crack growth and fracture behavior of several dilute Zr alloys
appears to be generally characterized by the following:

e 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,

e There are conflicting observacions 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 tc approach
asymptotically a psuedo-saturation fracture tcughness analogous to
the psuedo-saturation in PIE yield strength.

IRRADIATION GROWTH

A1l Zr and dilute Zr alloys undergo <mall changes in dimensions
during fast (E % 1 Mev) neutren 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
in density. In general, irradiation growth, in Ir and the dilute Zr alloys,
is anisotropic and dependent upon both the crystallographic texture and the

(
deformation substructure.‘30)
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There are anomalies in the observed irradiation growth of annealed
Zirconium single Crystals.(ao) In one experiment, expansion occurred along
the "a" axis of the ncp Ir, and contracted along the "c" axis with no net
volume change. In another experiment, expansion occurred predominantly along
the "a" axis and with also a slight expansion along the "c" axis after irradia-
tion to a fluence of about 7 E20 n/cmz. In stil]l another experiment,
Fidleris(3o) observed expansion predominantly along the “c" axis. After
irradiation to a fluence of about 6 E19 n/cmz. contraction along the "c"
axis was observed to begin although there was still a net “c" axis growth
after irradiation to a fluence of about 8 E19 n/cmz. [rradiation 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). ATl data show
that the direction of irradiation growth tends to coincide with the principal
direction of plastic deformation during cold working. Post-irradiation,
recrystallization annealing experiments(3o) stiow that irradiation growth
strain recovery occurs and that the fractional strain recovery is inversely
proportional to the degree of cald work. The maximum strain recovery, Fowever,
was insensitive to the degree of cold work. These observations and the anom-
alies observed in the arowth of Zr single crystals, suggest that irradiation
growth is as much or perhaps more dependent upon the cold work suLstructure as
upon the crystallographic texture. In considering the crystallographic
textures in cold-worked or cold-worked and recrystailization 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
formation associated with the irradiation growth phencmena.
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The effect of fast neutron flux intensity or flux spectrum on growth nhas
not been systematically investigated. Based on limited data(30) the irradia-
tion growth rate appears to be d1r°ct1y proportional to the flux intensity in
the range of 1 to 20 E13 n/cm2 ec. (30) In general irradiation growth is

analytically .iodeled by a power function:

€ growth = constant x (»t)"

where:
s = fast flux (E % 1 Mev) n/cm2 sec
t = time - hours
n= exponent,

Figures 28 and 29 show the range of exponent determined for the more
common Zr alloy. Figure 30 shows the average for Ir-2 and Zr-4. [nasmuch
as the growth rate appears to be directly proportional to the flux intensity,
it may be more appropriate to model growth as follows:

(30)

tq = constant x 3 X "

Measurements of dimensional changes due to irradiation have been obtained
from irradiations at temperatures ranging from about 78°K (- 195°C)( 5) to as
high as about 350°C.(68) (See also Figures 28 through 30.) Based on these
data, and his own unpublished data, Fid1eris(30) suggests a small irradiation
growth-temperature dependence which may be represented by the Arrhenius
function:

M -Q_ /R
9 expl Qg T)

The activation z2nergy - Qq - was estimated .o be about 4 kcal/mole’K in

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

in Figures 28 *hrough 30, and the observation that irradiation growth appears
to be significantly greater in material in the cold worked condition than in
1 stress relieved or the recrystallization annealed condition, there appears
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to be some uncartainty as to any irradiation growth-temperature dependence.
Considering that the in-flux creep behavior. and to a lesser extent, the PIE
tansile 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
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,

e At irradiation temperatures below about 3i1°C to 375°C.

0

Irradiation tends to produce dimensional changes in the absence of
any applied loading.

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

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.

The direction of irradiation growth tends to coincide with the direction
of plastic flow during prior cold working.

Irradiation growth, within at least a limited range of fast flux
intensity, appears to be directly proportional to the fast flux intensity.

Post-irradiation annealing appears to produce some recovery

of irradiation produced growth strains. The magnitude of

recoverable growth strains ippears to be independent of the condition
(e.q., 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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Differential Growth Strain as a Function of Dose at Four Different
Irradiation Temperature The 280YC Data are Derived from Instantaneous
Growth Rate Measurements Obtained by a Transducer Technique (From
Reference 65)
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LENGTH CHANGES, PERCENT
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Dependence of Irradiation Growth of 40 Cold-Work
Longitudinal Slab Specimens of Zr-2.5 wt® ND on
Duration of Stress-Relieving at 400°¢C. Specimens
Irradiated at About 3200C to a total Dose of

2 x £E20 n/cmé (E>1 Ael From Reference 606

B STRESS RELIEVING STRAINS

IRRADIATION GROWTH STRAINS
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Table 1. Elastic Constants (from Ref. 8)
Measur n? Elastic Constant in psi (Top) Temperature Range of
Material  Method(a GN/m2 (Bottom) (T = °K) Measurement - °C

Ir-2 D&S E = 14.402E6 - 9.195E3 (T - 273) in 106 psi 20-540
= 99.3 - 0.0634 (T - 273) in GN/mé

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 - 8.39763 (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 @ 20°C
to 0.330 @ 500°C
ir-4 S v = Decrease from 0.296 @ 20°C 20-400
to 0.243 @ 400°C
Zr-2.5 Nb D E = 14.112E6 - 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 - Decrease from 0.341 @ 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 4a. TENSILE PROPERTIES OF NPR ZIRCALOY-2 TUBES
(From Reference 17)

Yield Ultimate )
Working  Material Test Strength Strength Percent Strain Reduction of Plastic Wora
 Material i Direction Condition Temp. °C  ksi ksi_ Uniform Necking(i) Area, % £1-1b
() (1) Zircaloy-2 W (cT-19)(®) L P L 57.0 79.5 10.5 12.1 3.8 58.3
(2) Zircaloy-2 NPR (CT-19) T As-fab. RT 60.9  83.3  10.9 5.8 3.2 43.5
(2) Zircaloy-2 NPR (AT-50) N As-fab. RT 701 9.5 9.0 10.1 42.6 58.3
(2) Zircaloy-2 NPR (AT-50) T As-fab. RT 62.1 9.4 8.9 9.0 39.1 53.4
(2) Zircaloy-2 NPR (HT-37) N As-fab. RT 6.7 855  10.4 7.3 38.6 9.8
(2) Zircaloy-2 NPR (HT-37) 1 As-fab. RT 63.3 853 8.5 2.9 3.7 3.4
(3) Zircaloy-2 NPR (AT-50) 1 Etched'®) RT 66.9  89.3 9.5 7.0 8.9 4.3
(3) Zircaloy-2 NPR (CT-19) T Etched RT 5.0  80.3 10.7 7.4 7.1 85.7
(3) Zircaloy-2 NPR (HT-37) 1 Etched RT 64.2 87.8 7.4 2.1 2.5 27.1
(3) Zircaloy-2 NPR (AT-50] 1 Auto. {f) RT 66.6  86.6 9.6 7.1 39.3 8.7
(3) Zircaloy-2 NPR (CT-19) T Auto. () RT 56.8  76.0 9.1 5.1 3.3 37.8
(3) Zircaloy-2 NPR (HT-37) T auto. F) RT - 63.3  84.6  B.3 3.1 3.5 29.6
(3) Zircaloy-2 NPR (HT-1598) N gtched'd) RT 8.2  89.9 1.3 6.8 8.9 26.9
(4) Zircaloy-2 NPR (HT-1598) N Auto. (M) RT 5.7 80.8 1.2 10.2 34.5 52.6

(")H\e twiber in parenthesis denotes the number of tests performed at each condition,
{)rube designation: CT = Chase Tube; AT = Allegheny Tube; HT = Harvey Tube.

(C)T and N refer to an orientation 90° apart with respect to the minor axis of the specimen.
(d)ls—fabricated specimens which had previously received a production autoclaving treatment.
(¢)same condition as (d) but with a bright chemical etch

(f)Mter fabrication from an autoclaved tube, specimens were etched and reautoclaved.
(g)lhese specimens were fabricated from a tube which had not been autoclaved previously.
(")Sme condition as (g) but was subsequentiy given the production autoclaving treatment.
“?Necking strain is total strain minus uniform strain,

(J’Plastic work is a measure of the total area under the stress-strain curve.
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Table 4b.
QUT-OF-REACTOR LOOP

(s} Naterial‘d
working Conattion Test

Material :
» {c)

Pretertos-2 woa. (k=801 ' % ar
(AT-50, L] 30 wr
(W17} " 28 L
(H7-37) N 258 &t
1cr-19) b ] r
{€1-19) N 16 Lt

Quedrant 119-A (173.8 days)

Lircatoy-2 WPR (AT-55) 1 0 'h
(AT-50) N 30 w0
(WT-37) T 2% BT
(W1-37} L] % 100°C
(CT-19) 1 L} RY
(CT=19) L] 8 300°C

Bircaton-i won (a0 Tan % a
(AT-50} TaN 30 300°C
(WT.37) TaN 28 RT
(MT.37) TAN 28 300*C
{€r-19) TAN 8 wr
{CT-1%9) TN 8 300°C

Brrcatoy-d wa a0y : M o
(AT-30) % 0 300°C
[HT-37) T 28 L
(MT-37) N 28 300°C
{CT-19) T 18 L
(LT=19) N 18 300*C

Quadrant 126-A (577 days)

Lircaloy-2 R (AT-50) ! 30 Lid
(AT.50) L] 3 et
(WT-37) T L] ar
(MT-37) N 228 /T
(CT-19) T 18 ar
(€1-19) 5 L] &r

Quadrant 1414 (116 8 days)

Zircaloy-2 NPR (AT.50) T 10 Lid
(AT.50) Kl 30 300°C
(WT-17) t 28 ar
(MT37) L] 8 W00*C
(£1.19) T 8 @
(CT-19) N 18 300°C

10411 specimen ases correspond to the tube axes. The designations
of the specimens and are 30 deg apart.

() rne amount of cold reduction prior to any sutoclaving treatme its.

{“luumper of days expoted at greater tnan 280°C.

(From Reference 17)

Yieid

68.9
68.5
65,2
2
56.7
58.8

68.0
a2

63.8
43.8
53.4
3.0

66.8
440
64.7
4.6
61.1
8.0

68.8
4.1
63.8
2.0
60.3
6.9

69.5
67.2
648
644
62.)
5.4

69.5
2.2
67.0
Q.2
61.3
.2

yitimate
Strength Strengtn
Temp. "C kst kst uniform

88.4
89.5
8.2
854
6.9
19.7

884
$2.0
86.7
§3.2
73.%
5.6

9.4
53.4
9.9
54.6
L1 ]
6.8

88 ¢
$2.7
7.1
52.)
LIPS
6.3

9.2
88.3
84,8
ar.s
76.90
8.1

89.8
$1.2
9.1
83.2
81.9
4.4

Percent Strain

8.9
.9
9.5
9.3
19.7
1.9

9.3
4.8
L)
3.6
9.0
4.0

8.0
4.2
a8.3
3.0
9.0
4.0

8.9
4.7
8.1
4.8
9.1
a0

9.7
9.8
12.3
2.5
8.4
10.2

9.6
4.3
8.3
47
9.5
44

“ -

S L R ®o e o e e
o RO N W w

o N W

E I T
e

(L .

R R
> O e

Necking

- e o D

O R

Reduction of Plastic work
Area, 1 fe-1b

4“0
.2
s
3.2
8.8
8.9

5.4
52.0
33.5
.
36.0
52.0

ans
47.%
L
40.8
43.2
%.5

na
53.4
.
45.9
7.3
$1.0

3.3
9.6
36.6
5.9
15,6
42.0

3.8
83.7
.2
9.9
8.7
4.3

TENSILE PROPERTIES OF NPR ZIRCALOY-2 EXPOSED IN THE

51.3
50.9
Q.0
Q.7
9.5
50.%

45.2
4.6
n2
0.1
0.5
10.3

45.2
143
.6

9.7
3.7
2.4

.
6.6
36.7
5.4
3.2
4.2

66.2
4.8
5).8
k.6
4.6
8.2

8.3
5.6
3.4
15.%
..
15.0

“E" and N refer Lo the arientation of the width and thickiess
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Table 4d.

,) M rayt
work iag Lomds! lun

Mater gl Dirpct tgn

(c)

(uadrant 863 () .J
Lircoloy-7 WFR (AT.56)

(AT <n0)

dsadrant t6d (1 _ued2d)

Tiecalag-2 N9 (W1-17) “
-3 ]

Neadrant oh (6 MEH)

itreaing.2 W (L0 19) »
{ray

(headrant S66 (% 20k 19)

firgalay-2 W (W1 15W) "
(WY, 1598) ~

FRIR11 specimen dxes coreespond to Tube sses
radial drepctron of the Luley

W

)

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

Tield  Witimate
Test Strengtn Ltrength Fercent Mirein Hodw tion of Plaatic Sors  mumter
Tomp “C (% Gi)_ | Gpifurw  Meching Ares, 3 10 tests tla)™' el
w .l Wi s 4.4 ¥ - KN é U Uoan
" 9 LA L ) 2.2 $0.1 LN < R D ) RN R
[ 14 .t o L] L ] by B 253 2 UL Y U
JosC e 6 .2 o LN | o L 4 48 U o
®1 s .0 L L ®%.0 s 2 0o 0 a7
e @5 sLa 1.2 e *w. 4 2 ? 9.4 bRy
LAl LN e R ) a0 e LA 4
£/ L 570 8.7 1.0 in LR 62 e

Tie “N° refers W spectmens which have The width $irection Corresponding (o the

v°'w of (old reduction prior to any suboklawing treatments
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3 'In’,n,una gt s ba nvt ol Mey
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Table 5a.
Batch
Number Alloy
1 Zircaloy 2
2 Zircaloy 2
7 Zircaloy 2
8 Zircaloy 2
9 Zircaloy 2
1 Zircaloy 2
16 Zircaloy 4
17 Ir-2.5Ch
18 r-2.5Cb

BATCH IDENTIFICATION AND FABRICATION DETAILS

Vendor

~

~ X N < >Xx > N =<

(From Reference 19, 20)

Method and Amount of
Final Cold Reduction

15 to 20% cold drawn
~15% cold drawn

60% tube reduced

62% tube reduced

70% tube reduced

10% cold drawn(a)

60 to 70% tube reduced

42% tube reduced
40% tube reduced

Final Stress Relief
Heat Treatment

Ncne
None

2 h at 495°C

2 h at 427°C

2.5 h at 454°C
None

Done, but unknown
None
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.

A1l 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.
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Table 5b.

Batch

FABRICATION ROUTE AND TEXTURE CHARACTERISTICS OF THE T
UBIN
(From Reference 19, 20) BING BATCHES

RADIAL DIKECTION

TANGENTIAL

AXIAL A B
DIRECTION

THE | DEALISED ORIENTATIONS

Number Method and Amount <00026Po}$iTgx::re

and of Final Cold Final Heat I L1411 L E———

Condition  _Alloy Vendor Reduction __ Treatment A AB_ L8 [ 0
7C Zircaloy-2 l 60. tube reduced 2 hat 495 C 1.1 1.0 3.7 5.0 0.1
7A Zircaloy-2 z 60% tube reduced as above plus 1 h at 800 C 0.7 0.9 3.0 5.2 0
9C Zircaloy-c X 70% tube reduced 2.5 h at 454 C 2.6 1.1 3.0 4.5 0.2
e Zircaloy-2 vV ~10% cold drawn(?) none 3.0 1.4 1.4 2.5 0.4
16C Zircaloy-4 z 60 to 70% tube reduced done, but unknown 3.8 1.1 2.4 2.6 0.1

k")Batch 11 was impact-extruded at 800 C (1472 F) 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 anneal ing operations to finished size.
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Table 5e. AXIAL TUBE TENSILE PROPERTIES (VALUES REPRESENT THE AVERAGE OF TWO OR THREE RESULTS)
(From Reference 19, 20)

Pretrradiation Proper Uies

:‘a‘;:r Test Yield Ultmate Yield Ul tmate
and lenperature  Strength  Strength £ longat von mn?m Strength £longation Fluenc . o)
Condition dey C kst (1 tnitorm Total _hsd kst uni torm Total €20 afem” (g1}’
yocla 20 3.2 9.9 5.3 10.5 102.6 7.7 2.3 53 2.7 0 497
24 20 6.1 w97 49 14.3 95.2 99.8 2.5 66 2.2 0 497
s » 9.1 9.9 1.5 16.5 13,4 1091 2.8 9.8 2.1 0.437
- 20 4l 8 1083 5.6 63 108 5 ns.2 2.5 2. 2.1 0.997
3-L 20 HE. 9 112.7 6.3 12.1 1143 121.5 EN 9.0 B O a9
H-C 20 59,7 7. 8.7 19.4 a4 8 #9.9 2 9.5 2.7 0.497
s 20 80 9 106.0 8.2 16.7 076 ne.4 14 ) 2.9 0506
n-cte 20 8.5 1085 9.3 2.0 130.9 148.0 10 5.7 2.9 0.506
1o-ct® 20 9.1 103,0 9.4 185 125.9 136.0 0.6 0.8 2.9 0.506
1A 20 52.3 7.8 8 39 8.3 817 5.3 151 2.0 0 a6z
7-A 20 53.9 7.8 15.4 25.1 3.0 5.6 I8 12,2 2.0 0 2
11-A 20 6.6 7.9 12.9 V7.6 8.7 .7 as 1.0 2.0 0 462
16-& 0 9.1 2.0 1.4 2.3 .9 1.9 I8 15.1 2.0 0 a2
1-8 2 51k %5 0.4 6.5 8.1 9.0 2.0 7 2.0 0462
’B 20 51.2 7.7 12.4 T 82.5 892 2.0 5.3 2.0 0 462
- -8 20 54.6 7.4 106 15.8 H0.9 8.6 1.6 5.0 2.0 0 462
(=) 16-8 20 54.5 7.1 9.9 1.8 811 8.7 1.8 A0 2.0 0 462
10 00 4.0 54.2 2.7 7.0 671 67,1 0.7 2.2 2.9 049
€ 0o 4.1 4.7 .3 1.4 534 53.8 0.9 5.0 2.9 0 a8
‘. 1€ 300 517 62,4 ' "8 .8 8.2 13 1. 2.9 0 297
#-C 100 503 63,3 ' 54 6.4 o8 1.1 1.4 2.9 0.497
| [ 00 61.1 7.3 30 74 4.3 80 2 2.7 1.1 2.9 0 497
13-C 300 8.3 9.8 6.7 15.3 51,3 1.3 0.3 a8 2.9 0.497
16-€ 0o 547 6.5 5.6 "na n.e " L6 6.2 2.9 0,506
1-¢le 300 53,5 3.3 1.4 10.6 9.0 9.2 1.9 14 29 o506
ALl 300 49.0 62.0 6.2 1.2 B8 Wl 0.6 0.4 2.9 0.506
| -A 300 .5 R».7 15.3 25.3 466 4.0 0.4 1.3 2.0 0.462
A 300 18.0 0.3 8 .2 9.2 49.2 0.2 15.5 2.0 0. 462
-4 300 154 296 .0 219 w6 4.6 0 64 2.0 0 462
1A 300 8.6 2.3 193 3.5 W ars 0.2 EN0 2.0 0. 462
-8 00 2%.0 3.9 10.2 16.7 8.3 5.6 1.0 LI 2.0 0.2
-8 300 2.5 8.0 V2.2 9 5.7 5.0 1.2 6.3 2.0 0,462
s 300 25.5 %7 8.9 TN 52,2 52.1 0.1 as 2.0 0 62
16-8 300 244 5.6 8.3 1 53.2 541 0.9 5.0 2.0 0,462
| {a) Metallurgical condition code (see Tables 5a, 5b)

(<)

W)

tlory » AW

£(¥S) = avssvs

fLUTS) = aUTS/UTS

Postirradiation Froperties

where § = 2.356-22 reciprocal fluence and ¢t = fluence (nv) n/ce’

where YS » 0.2% offset yleld strength and aYs = difference fn yield strength for the frradiated and
non-irradiated condition only. .

where UTS = yltimate strength and AUTS = difference tn {rradiated ultimate strength and non-irradiated
ultimate strength, )

e(rs) !
6.233
0.247
0,307
029
0.28%
0 .47
0.330
0.626
0579
0.4%
0.5
044
0.5
0. 460
0.442
0.481
0 488
0397
0y
aer
0,320
6.2
0.453
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0. 082
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0.%18
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0531
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Satch
et Test
and femper ature,
Comgition  deq i
‘_(h) 2
Fald 20
¢ 20
8- 20
*{ 0
LS 20
16-( “
178 ]
18-£ 20
1-4 &
A 0
H-A 2
61 20
1-# 20
B b
1-8 20
16-8 0
F-L o
2L 300
L o
B-C w0
ER LY
H-L 0
16-C LY
11-¢ Ly
- ELT
i-A S
Ten Wi
1A w
Io-A 00
1-8 06
18 e
-8 300
16-8 00

fa)

in)

{a)

RING TENSILE PROPERTIES (VALUES REPRESENT THE AVERAGE OF TWO OR FOUR RESULTS)
(From Reference 19, 20)

Tield
Strength
-
8.1
EAR |
w2
8.7
&8
6.4
.
0.5
L
64,5
80.0
€2.0
W6
58,0
662
6.2
o9
4
"
50.3
50.6
9.3
9.0
530
638
LT N
28.%
28.3
4.5
24%.0
.8
"
n.z2
30.6

Unirradiated Properties

Ultimate

Strength

(L
103.0
92.2
9.0
19,2
wr.s
8.2
104, 3
1019
82
6.4
n.e
3.9
.
73,0
8.5
%8
6.4
538
LA
6.6
5.5
8.8
7.4
S8
.6
65.4
.2
..
no
noo
™.
1.
M
3.7

Elongation
Uniform
3

bt
9.7
9.1
Ha
6.8
9.2
3.7
L6
3.u
1.9
9.5
9.4
8.2
.o
8.1
0.7
8.8
3.7
4.1
4.8
5.1
4.9
1.6
1.9
1.2
2.0
1%.2
2.8
s
12.4
3.5
8.5
a
4.

Mo tallurgical condition code (see Tables Sa, 5)

tipt)

b, S

FLYS) « avs/ys

sy -

AUTLAUTS

where & « Z.35E-22 reciproce] fluence ond 4t = fluence (nv) n/c-?

Tatal
o .
.1
208
2L
.2
1.4
2.9
9.6
.0
a8
0.}
6.2
2.5
2.4
12,9
1.
133
2.2
13.3
.7
9.0
e
0.4
41.0
10.0
.o
9
2.3
43,7
0.5
9.8
.o
s
1.2
12.7

Vield

Strength

—
(A5 R
0. Y
112.%
.2
"na.s
B6.5
1.9
1365
wm.2
87.9
820
80 4
Hi.0
6.8
4.0
.7
a8
€34
EURY
62.2
©3.7
6.2
L1
0
.5
EUN )
LA
0.0
3.0
¥
L )
4.6
4310
.5

T ———————— R —

fustirradistion Properties

Ul imate
Strength
kst
185
109.0
6.5
19,5
24.3
RN
132,0
119,06
106.9
9.0
.9
w.a
#6.0
.
43.0
B4
4.1
L
9.0
9.5
62.5
81.0
s
6).2
B
LR
4.0
LI
9.
40.9%
4.6
4.9
5.2
M

tlongation
Unttorm

e
10
11
L
1.4
4.9
0.9
0.9
i
L
[
2.0
1.7
e
Ly
.4
2.1
.0
2.6
2.7
40
32
2.3
0.7
1.1
0.4
0.7
0.7
2.2
1.0
1.2
1S
e
1.4

Total
2.
8.1

13.9
10.%
1.9
.2
16.8
1.0
2.8
4.5
9.2
7.3
n.e
159
6.1
6.7
6.9
L
10.4
161
149
10.9
9.5
2.0
6.4
3.3
2.8
23.0
4.5
1.3
2.8
5.3
4.0
6.8
6.3

e e

P luence
€20 njcu’
2.7
2.7
.7
2.7
2.7
2.7
2.9
2.9
2.9
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.7
2.7
2.0
2.7
2.2
2.1
9
29
2.9
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2,0

where V5 « 0,77 affset yreld strength wnd 475 = difference in yield steength for the trradiated and

non- teradiated condition only.

where UTS

wltimate s tremgth,

©ultimate steength and sUT¢

Cdifference in srcadiated ol timate streagth and non- i readiated

ot o)) rpsircon  rgrs) sy rin)

0.4
0 497
0.&%
o
0.497
0.9
0.506
0. 506
0.506
'R L5
[
o&2
0.4
0 5
0 462
0.462
0 a6
0 497
U
0.4979
0409
0.4979
0.4979%
@. 5060
0. 5060
0. 5060
. 4629
B [V
0. 4629
0.4629
0.4629
0 4629
0 4629
0. 8629

0.9s
oen
0.43
G.283
0.9
v.aw
0,351
0. %08
G196
0. 358
0. 6
0. 298
0. 392
0.20%
0.193
G.323
0.343
V.28
.28\
0.3
0.2%
0.28%
0.182
0.1
LU
0.538
0.542
0,696
o 526
0. 560
0.2
0. Aot
0. i
0. 454

0633
0 946
0880
0.50%
U.641
0 867
0o
1.00

9.390
0.m
0.9
0.644
0.838
0.439
0.4
0699
o.M
0.5%9
0.564
0.674
0.520
o s
SR
0.6
0.5
L
.10
1, 9%
116

0 981

0.5
0.182
0 188
0.094
0.1%
0rm
0.218
0 e
0.100
0164
0.18%
0115
0,192

0,302
035
0379
0 189
oWy
0.952
0.aw
o.ns
0199
0. 35
b.am
0.2a8
0.4

0.2
0.2
0.462
0w
0457
0.210
0.6
0. 789
0.098
0,461
0852
0,684
a0
0,585
0.68%
0.9
0,986
0.8
0.2
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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)

VIR jmen
ientation Fedun thon Reduc tton
wel Sievp tent Yield Ultimate Friasture of Wiath of Thickness Kediu tion
yliimg Tong Fluence deength  Strength  Strensth £ hongat ron (Row} (Rot ) fow of Ares
Direct von & £2) njew’ ) [ Vb peitorm  Total o 3 o1 it g™ '
20 628 1.8 S8 CN %0 7 14,1 )8 % 8
20 [T ”2: 30 10.n 2.4 W 1.7 i el 0.6
0 0.9 Hu s e %0 ] 58 199 .2 o M0 il L
0 0.9 Vs e 3 B7 .4 0o 64 S 0.7 rw LURY tor *
A 4.1 T ) e [L 0.4 0 non 5 .y
IR .4 0.0 LR} . .0 (N NR} 2 K6 ”a
& Gransver e 8B . 28.2 SN 184 LR} LU .7 A .M 7
o 44 wa (L 138 51.5 LU Ay o8 1.3
RN 4% &6 6 2.7 . 0.4 14 4 518 (L) ie LU L% 1,467
kLl 0.4 i ns - .64 e 515 (LI L] (] S 1608
748 09 {78 ™. - .60 1.4 LN 4 5.9 49 661 1,473
hy 09 (ST %0 e 0. LI " 7 L 28 S8 ) 1500
268 Ls w2 .3 M ou [N ne (L] w7 “n aan e 1 BsH
Y (Y (SN %.4 “4.0 0.2% aH (LN | .6 LR E) w08 1w 1007
20 . .9 &2 6 @ 22 n.2 LU . iZn 5.3
ko - PUR 9.4 "2 1.8 L1 6.7 a9 7.85 .8
~J 2H8 .8 n2 .6 ah w 00 9.1 2. ma
w A Lomgite Hn () (T 1.2 e 0.4 L X .o 1.6 L 417 661 z4
dinad 288 P &7 1.6 . o8 = ) - — - b 20
a0 1.5 6 3 ie 0.83 L) 130 e a8 26 6 Iy b
A wela 0 .5 B3 14,7 19 2 .S 2.5 an @
feglon o e 5.0 9.6 A 15,9 w0 a“wz? 0. 5.1
JHK 0ns LA LV " 1.92 1.6 w7 1.4 0. a5 an {4
e 09 #31.6 947 .0 L b (I8} 2.3 o.M " ) 91s
i (8 7 a8y Wi 8.2 a 6.0 e w2 0w 5.9 e "
6 trameerie wr 7.5 24 6 4 .6 % e 7.9 LR
27 1.5 7B M8 0.3 5.9 (L 2.2 5.0 @a L ] ' 84
50 L Az.0 azs 0.2% 50 i & s s @0
50 2.2 LY H99 0.3 5.0 .0 10.0 1.2 9.0
B Iramverie 750 2 LY s 0.40 60 FUR LN | 25 .0
(90 pom caggenl oy IR 8. 4 e - 0,50 69 248 1 L LR LES] 2.51%
W (LY "6 . e e 122 i a1 8
B fets " .0 a0 e 1R %4a i3 0r S0
MhEhos "0 1o &1 1o - 17 = o 617 915
", Ta e e 2 1.2 54 134 44 0.6 "o &l .29
) sty ‘Jl o Where 0 4 SE-2) reciprocal Fluence and ot - flusace (nv) o/
) g(v5) « svsers Where ¥5 ¢ 071 offael yield strength and 'V - @iffurence in yield strength for the irradiated and
won-irradiated condition anly
W pqursy - wrsprs Where UTS © ultimate strength and 15 « @ifferesce in irradiated ultimte strength and won-ireadiated

wlttmate Strengt”

tlysisrist)
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Table 8. TENSILE TEST DATA OF IRRADIATED AND UNIRRADIATED ZIRCONIUM ALLOY SPECIMENS TESTED AT
250°C TC DETERMINE THE EFFECT OF TEXTURE OF STRENGTH AND DUCTILITY (STRAIN RATE 0.05/MIN)
(From Reference 12)
Enjineering Stress-Strain Data
" {a) Ratio,
o Texture Yield Tensile tlongation, 3 Reduction (H'Io)
mnog Pule Fluence  Strength Strength Lenyth Width  Thick of Area -
Wi ferw  deg  E2lmjcel kst kst Uniform Total Total Total  x ) sg® rpye pspeey reis)® eisyegy
C5-6 I 60-70 No 32.0 6.2 7.9 .14 -63.4 -12.4 10.8 0.4z < 3 = = -
i-20-6 1 60-70 No 2.4 5.0 8.9 286 -62.9 -3.9 74.0 0.54 - - - - "
£-38-6 16 60-70 No 4.7 s0.5  <29.8®) 12,5 <144 258 1.0 e wd s = -
J-8-6 1 10 No 28.4 3.5 1.0 25.0 -63.4 -30.7 77.6 0.53 - - - as -
Co1s1 T 60-70 VA7 713.0 9.0 0.8) 5.6 -32.0 -17.3 440 0.82 700 1.453 2.07% 1.219 14
e-11-7 16 60-70 0.64 5.0 9.0 Tl - e . s 110 61 0.716 1,0 0. 802 1.312
£-29-7 1 60-10 1.90 3.0 #3.0 0.86 5.6 -36.5 ~10.3 225 an 74 1.577 2,036 1,331 1,28
£-43-7 16 60-70 e 9.4 9.4 assle) 9.7  -4.8 115 0.95 173 1114 ).94) 0.948 1.227
JNg-1 1 30 0.43 9.0 19.2 0.83 4B -48.8 -154 520 0.6 648 1,782 2.746 1.514 2,33
J-le-? 1 30 133 4.8 4.8 0.4 4.9 -36.0 -17.1 476 0.77 720 1.631 2.269 1.374 1,909
315-7 16 30 0.83 8.6 891 a8 L oe oea 212 105 648 1.767 2.7 1,828 2.618
J16-T 16 10 1.33 69.0 748 <29.8'®)  _. 8 0 25.% 0.92 720 1.429 1. 986 1.474 1,909
K-1:7 1 - 147 65.0  66.3 0.93 6.3 -264 -3.8 29.3 0.7 - - . ,s
K-B-T WG 0 142 W08.0  109.0 <132 0 48 124 0.96 . - -
(a)

Specimen form, 1 = tensile specmen, transverse direction,
directiong,

16 or RG = plane

strain grooved specimen with material ia transverse or as-rolled

(v} fot) ‘\. | e"l Where g * 2.35E-22 reciprocal fluence and gt = fluence (nv) n/un?.
() fLyYs) = Avs7vs Where Y5 < 0,27 offset yield strength and 5¥5 = difference 'n yield streng'™ for the irradiated and

9 gurs) = arspurs

(e)

non-irradiated condition only.
Where UTS = ultimate strength and AUTS © difference in trradiated ultimate strength and non-irradiated

ultimate strength.,

Unitorm elongaton values for plane strain specimens estimated from RA values and considered to be excessively high.
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Test
Temperature
“C

357
357
357
357
357
357
357
s
57
3By
%7
357
57
357
357
357
wi
57
57
kLY
in
n

(0)”” . ‘v/‘ R

ren)'®  prs)®

0.850
0.804
0. 548
0.804
0.857
0.804
U.848
0.848
0.848
0.790
0.758
0.783
0.783
0.850
0.783
0.850
0.738
0.766
0.790
0.790
0.848
0.775

“”v(vs) ©OAYSYS where Y5 ¢ 0,21 offset yield strength and 7S = difference in yield strength for the

irradiated and non-irradiated condition only.

(C){uTs) = UTS/UTS where UTS = ultimate strength and 2UTS = difference in irradiated ultimate

strength and non-irradiated ultimate strength.

0.209
0.419
0.361
0.28%
0.267
0.267
0.374
0.350
0.421
0.754
0.050
0.4%0
0.262
0.454
0.393
0.107
0.366
0.264
0.290
0.199
0.423
0.18%

F(rs)/flgt)
0.246
0.493
0.426
0.355
0.312
0.337
0.441
0.414
0.497
0.954
0.066
0.625
0.338
0.570
0.501
0.126
0,497
0.345
0.368
0.252
0.499
0.239

Table 9. TENSILE 7EST RESULTS ON IRRADIATED SAXTON CORE Il CLADDING
(From Reference 25)

0.2% Yield Ultimate Elongation Reduction

Fluer e Strength Strength tniform Total ot Area

E21/0y ol ks BT A N S i S
3.2 46.2 542 36 .3 27
2.3 54.2 61./ §2 9.3 A
31 52.0 59.6 Z2.5 6.0 1
2.3 6.1 5.9 &0 1.3 3
%3 48.4 54.6 26 8.0 53
2.3 4.4 58.1 5 15.1 50
1. 52.% 0.4 4.9 9.8 26
3. 51.6 64.8 5.6 18.4 a6
3.1 54.3 65.3 5.7 14.9 56
2.1 67.0 3.1 2.9 12.2 4
1.7 40.1 459 1.5 13.6 44
2.0 5.9 5.9 6.1 19.5 53
2.0 48.2 58.2 1.2 19.3 37
3.2 5.7 6.8 1.6 1.9 37
2.0 53.2 2.4 ¥ 3 12.5 65
3.2 4.3 62.0 5.5 {98 6/
35 2.2 61.6 4.0 8.9 49
1.8 48.3 52.0 3.3 10.4 6ha
2.1 49.3 63.3 4.5 8.6 37
2.1 45.8 59.2 4.1 10.1 28
- 53.8 5.3 4.3 9.0 36
1.9 43.8 53.8 4.2 18.2 60
:“f where ¢ = 2 358-22 reciprocal fluence and st = fluence (nv) n/emé .

ris)' ers)zen

0,093
0.244
0.202
167
o
AN
218
. 306
317
A7
329
173
367
460
250
242
044
0.276
194
0.169
0.098

sseoeee

e

0.110
0.303
0.238
0.208
0.8
0.213
0.2%7
0.361
0.373
0.979
0.420
0.221
0.432
0,587
0.294
0.328
0.063
0.350
0.245%
0.200
0.126




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

lest Yiecp Uerimare ELONGAT 10N Renuction
Mareniac A FLuENCE  TEMPERATURE  STRENGTH  STRENGTH U 17 Ofm Tora In Anea
logwury . RUaed  CO . Gsu s [ VR @ o™ 'Y pssen  eWID®  eWis/een
le-t, A G Rev = 48 73 15.0 2.9 4l.5
-4, A 1.0 Room 9 90 3.7 1.4 36.6 0.676 0,6% 0.969 0,228 0.357
le=h, A 1.4 Room 30 40 5.6 11.4 52.5 0.728 0.677 0,929 0.228 0.3%7
Ir-2, A 0 Room a5 70 6.7 26.3 $9.9
n-2, A 1.0 Room 82 8s 3.2 12.3 39.1 0,676 0,810 1.198 0,265 0.392
-2, A 1.4 Room 7t 82 3.1 11.8 39.3 0.728 0.678 0,931 0,163 0.224
-4, A 0 1.d 55 56 13.0 239 42,1
-t A 1.0 150 67 70 2.8 12,0 39.1 0,676 0.912 1.348 0.253 0.6/0
n-4, A 1.4 150 69 12 2.2 11.6 39.9 0.728 0,965 1.327 0.278 0,382
-4, A 2.5 150 74 /6 ).} 9.3 37.2 0.816 1.12% 1.379 0. 345 0.423%
-4, A-t 0 150 53 73 9.3 21.4 50.5
In-4, At 1.0 150 82 8/ 1.5 11,2 49,2 0.676 0.56 0.778 0,186 0.275
-4, A-E L4 150 85 88 0.0 9.4 49,7 0.728 3,595 0.817 0. 194 0,267
-4, A-t &% 150 93 95 0.7 8.8 U6, 3 0.816 0,743 0.911 0,289 0,354
Ir-4, A-L&H 'l 150 55 72 6.9 0.7 5.6
-4, AERH 2.5 150 94 R 0.7 % | 47.1 0.816 0,649 0.85/ 0,337 0.41%
Ln-9, AgM 0 150 i S4 11.2 24,6 40,3
iR-4, ARH 2.5 150 71 4 1.5 10,0 9.1 0.816 1.05) 1.288 0.377 0. 462
(w4, A ] 290 21 40 15.7 22.0 48.0
w4, A 1.0 290 49 49 0.6 15.7 50.9 0.676 1.520 1.9% 0.211 0.313
a4, A LG 290 Lt 49 0.6 12.9 05,1 0.728 1.521 1814 0.211 0.513
el A 25 20 59 59 0.2 10,0 42.4 0.816 1.783 2,185 0.453% 0. 555
(A

EXPLANATION OF DESIGNAT LONS
A - AnNEALED
A<t - As ExTRUDED
A-E&H - AS ExTRUDED AND WYDRIDED To ~300 pem
(W) o) = Sy - ¢ WHERE € = 2,356-22 RECIPROCAL FLUENCE AND #7 = FLUENCE (W) W/cae,

€ g(vs) = avssys WiEre Y5 = 0,20 OFFSET CIELD STRENGTH AND AYS = DIFFERENC. IN YIELD STRENGIH FOR THE INRADIATED AND
NON- [RRAD [ATED CONDITION GNLY.

) crsy « aursars Wuere U1S = OLTimATE STRENGTH AND AMUTS = DIFFERENCE IN IRRADIATED ULTIMATE STRENGTH AND NON- IHRADIATED
ULTIMATE STRENGTH,
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IN-FLUX AND POST-IRRADIATION TENSILE DATA FOR ZIRCALOY-4
(From Reference 13)

Table 11.

fans 3 P Yigis duTimare SUONGAT 10N fepuerion
Tesr'® Tempruaryes FLuENcE Bare STRENGTH IrsENsTA Misoee Torac % ApEa
1-3 315 * BE-4 4.2 3.7 s.0 3.8 §3.5
. 1-5 315 - 6€-3 20.3 3.7 e 13.% €3.5
-1 35 5E-2 20.5 133 2.3 153 85.1
=3 315 - 30 e 09 5 32.2 7.0 .2 §7.5
T-3 P v ~ 3E0 34 3.7 13.8 o2 585
" T-A 282 - 4-5 21.8 35.5 7.8 B §0.2
TL-% m - 3£0 18.5 33.8 8.0 23 8.5
138 281 = BE-% 6.8 35.5 10,2 .2 61.2
-3 w2 LE=5 15.4
TL-w 82 - &-5 12,3
TL=102 282 > 4E-5 17,8
=10 @82 §€-5 16.7
Rl .2 - SE-5 16.3 37.5/33.5 6.0 8.3 56,3
TL-a 82 - 7% 8.5 34.2 - 3.8 53.8
IN-FLUR TESTS
=32 82 3.2 SE-8 130 2,687 9.122 0.188
-3 bi. 74 Ly 1E-5 2.7 2.3%¢ 1,874 L5
T-s FEr &0 L 55.2 3547 1.60 295
-% 82 4.0 SE-5 53.5 1.547 1,431 2.518
135 282 1.0 E-5 35.0 0.3%0 3.783 1.305
¥=18 82 3.3 5E-5 8.0 0.8 5.0%% 8.3
T<is 282 8.3 5€-S 8.0 2.3%3 0284 2.334
- 7.1, TESTS
TL-31 82 9.4 5¢-6 5.0 0.672 2.7% 505
TL-58 282 6.0 3-0 B 0.8 1.841 5058
=57 280 &.0 382 4.5 8682 1,818 .02

) CAPLANATION OF DESIGNATIONS:
T w TRANSVERSE DIREITION
TL = moLLiNG SINECTION

| s 4 - 4
AL TR S (R » ELUENCE (v} wige®,

Wwgse ¢ s D 3SE-22 wec(PANCAL FLUENCE AND T
S0 eovsy = avsivs WHERE 1S = 0,08 SFFSET Y1ELD STRENGTH AND (YE = DIFFERENCE IN YIELD STRENGTIW FGR TE [BRADTATED AND
NON= [9RADIATES CONDITIoN oMLY,

* W p TSy = WTSAITS WHeRE UTS & ULTIMATE STEENGTH AND ‘UTS ® DIFEERENCE IN IRRADIATED ULTIMATE STRENSTM ANG NON-[SWADIATED

ULTIMATE STRENGTH,

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

Loy Test Yield Strength Ultimate Strength tlongation, % Reduction in
Material Fast Fluence, Tonsp Temy (29 (1] Yntform Total Area. 1
(..'mn-)v.i" €20 n;-«-( C [ Unirr lre Unire Irry nter Ire Unirr frr Unter irr (un‘” LIS ) v(v;u(h;) 1@[5)(‘" ".W?)I'(f‘)
8, A-500 3 250- 32% W "3 153 170 160 ] <1 10 ! 2% 5 0.510 G354 0 69 -
B, A-S00 I 250 00 a5 97 3 102 4.2 133 - 0 W0 DT Y] 0 362 0.097 0 248
08, A-500 3 256~ 525 300 L e 15 126 3 s 12 2 56 <20 0.5 0.7 0 B0
S8, & O 3 250- 325 R 3 15 122 e i | 0 26 0610 0.3%) U 687 0 24 0 48
-8, W0 w 1 250- 328 06 o0 o %0 16 1 1 . L] 28 0.510 0 683 1340 0 289 0 566
8, A-500 ] 250 LA 156 . 14 10.5 -
SL-{A + B) ] 250-325 L3 6 L) 12 150 12 10 - 56 3 0.5 0.754 I 4 013 0 26
A-(A v B) i 250- 325 300 w 80 100 120 8 20 0 n n o0 0.510 1.500 2 wa 0 200 0 e
sC-8 250- 1% LA 3 0o 130 123 9 10 44 13 9.%10 0.370 Qs
SC-8 3 250-32% 300 " (1] w 120 S L] " 9 67 W 0.%10 1 000 1.960 0 304 0.59%
(A + 8) ] 2%0- 3128 w1 109 42 194 20 4 ) . 60 55 0.510 0 303 0 594 0 082 0.182
A- 500 3 250- 0% 300 [ 16 67 15 3 < 2 " 0 65 0510 0. 6% 0.7 0.048 0094
>k ) %0 300 ”n 108 LY 1% s 113 0390 0 403 V03 0.3 0,828
{a) txplanation of designations
A slom conled ) - quenihed

Afi) - from (alpha + betas) phase A-500 - annealed at S00°C
8 frm. beta phase




Table 13. TENSILE PROPERTIES OF THE Zr-2.5 WT% Nb ALLOY IN VARIOUS METALLURGICAL CONDITIONS

(From Reference 23)

6.

(a) Test Yield Ultimate  £long. Reduction
Metallurgical Irradiation Temp Strength Strength  Uniform in Area (b) (¢) fivsl (d) f(uTS
Condition History g ksi ksi i ) i flst) f(ys)' ' 3t f(UTS) st
Slow cooled Unirradiated RT 61 132 12 56 - -~ - - --
from (« + &) Irradiated RT t V7 150 3 37 0.510 0.75 1.476 0.136 0.267
phase Unirradiated 300 52 100 18 12 -- -- - --
Irradiated 300 80 120 2 60 1.500 2.937 0.167 0.326
Slow cooled Unirradiated RT 73 130 9 44 - - -- --
from s-phase irradiated RT 100 123 16 13 0.370 0.724 - -
Unirradiated 300 34 92 5 67 -- -- -- --
Trradiated 300 68 120 4 40 1.000 1.958 0.304 0.596
Quencned Jnirradiated RT 102 194 4 60 -- -- -- -~
from (« + 8) Irradiated T 142 210 1 55 0.303 0.592 0.083 0.161
phase and aged Unirradiated 30 85 167 3 70 -- -- -- --
24 hr at 500°C Irradiated 300 116 175 <] 65 0.365 0.714 0.058 0.114
Quenched Unirradiated RT 113 170 4 »>25 -- .- - -
from g-phase Irradiated RT 153 160 <] <85 0.354 0.693 -- --
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 RY 97 122 1 30 .- -- - -
401 after Irradiated RT 131 152 1 26 0. 351 J.686 0.246 0.481
slow cooling Unirradiated 300 60 90 1 34 -- -- -- --
from (« + &) Irradiated 300 101 116 ! 26 0.6&3 1.338 0.289 0.566

phase

(a) AW Material. Irradiated specimens were at 250° - 325°C during irradiation to 3 x 10?° n/cw’

(b) f(at)= Q/r} - e Mt here 5 = 2.35E-22 reciprocal fluence and ¢t = fluence (nv) n/cm?.

(c) f(YS)= AYS/YS where YS = 0.2% offset yield strength and 2YS = 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.
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Table 14a. ROOM TEMPERATURE TENSILE DATA FOR Zr ALLOYS IRRADIATED
TO ~4E19 n/

lrraatatton vielg  uitisate Llongation Redection Steate
areriyl Testiag  Tespersture Strengin Steemgth U form Tatsl of Area  Wardenant!ity A 51’*54 4 14781
Seorsty'®! Qiesettos T et st . S e eyl Y serg'®)
o, L y'at 12:0 a5 9 i 6 7,78 = - s 23
& 0100 e ®.1 ! L & o018 1,750 5.8 5,25 0.8)
e PO 331 i 1 = at 198 L 0,22 3
T g 0.6 9.9 19 n o4 8.0 - - we .-
30-100 4.5 4.5 L) L] 7 - 1078 5.62 2.431 1.19
0 330 na L 3 L3 0. 0.685 . g8 2.4 -
A, i J ] 30 ;- 4 2 o.la -~ .- . -
Ired. 85n S0-100 35,1 b B i B b2 2.3 1. 356 2.3 9.148 0.48
X0 8’2 a0 2 b2 ] 63 9.15 1,950 L 3.208 .87
T U 0.9 0.2 21 i 1 a e - - .5 =
100 40 8.3 @ 1 n - 2,631 .08 L 3.8
00 2.1 3.1 4 2t 3 g7 c.48) i 2072 .23 -
3. L '] 4.3 2 3% 4 b¢ Q.08 - - .- -
107480 50- 100 42 4. 4 8 58 a0 | 78S 5.67 D.3a7 bR
00 ne 49,9 3 12 ST 0.3 1858 |7 4.391 15
T v 2%.5 %4 1 = " 3.08 - - -~ -
50-100 1.0 ] 3 3 63 .- Q.78 ooas 38 1] oo
o 41,0 .40 il 2 [ o 0587 1.7 2.9 bR
Br, L Y 16.0 7.9 20 2 £ LIRS .o e 2y -
HE R 50-100 ®.0 8.9 3 L3 & 3.0 .18 6.0 2.3%) 1.13
] ¥5 5.8 3.9 4 Kl e 5.40 2.428 1.: 0.1 I8
T 4 3.8 4.7 ] » &9 3.1 - - o -
10 we 7.9 3 ¥ 57 9.17 1.6 2.0% 044 !.40
e 5.8 85.9 5 i i o 3] o417 1.380 380 1.8
L1  § '] FLN a7 ¥4 % &9 308 Fs e . e
irel §3-190 L 2% 5.0 3 9 L 14 Py 1.678 5.0 .43 1.0
» 6.9 85.1 5 9 L G 1.0 5.8 0.520 2.8
¥ g 438 .S 5 w 43 2.23 e = - <
50108 8.0 8.0 a 5 53 - 9.345 .23 3.583 1%
Eo 9.0 5,1 4 3 » 9.25 D804 253 28y 2.9
8s. L Y 12.% 7.4 33 41 (¥4 g.08 - - - -t
g 50-100 2.8 7.8 19 1% .06 a, %4 348 - -
300 231 a8 4 » (1] 7.6 0,548 &M .- =
t v i2d .2 21 a &% .93 - .- . -
§0-100 335 8.9 12 Fi &5 s.08 2.a 5 g 9,39
300 & %o 19 n 3 9,08 0.500 LR 2 o163 2.33
8, L g @4 693 13 2 (3] 5.2% - - e -
2r-2 $0-100 4.5 5 4 % ¥ 9.3 a4 1R 0.1z 1%
¥6 LI 5.4 L] 9 4 on 0.8 0.54 2079 6. %%
T [ 83,7 7.4 3 19 5 L L .- o .- -
S0~ 106 394 $.5 o 8 $a - 0.304 098 0!8 0%
%N 8.2 80,1 Q.5 i i - .18 0.5 2.9% 0.2e
¥ L Y 581 3.9 18 b ] 80 8.3 . . s =
Ir 2 500 - 100 3.0 .5 3 11 1 0.4 9.413 LN 0.3 1.8
00 8¢ e s 1 ® Ny 0.5 1.® 019 1N
' u 763 5.5 1 18 47 8.1% - - - -
50-100 198 ] 148> 0.8 L] 42 - b 1.3 0.8 1.9%
0 181 net & L2 » %18 0.415 1.3 5.5 1.2
8] Marertal ldestity.
ailay Dupgee
Gomposition  (oncentratfon
alley Stomic Werght Atoeic weignt HE Gratn Size
! twccent | Ferges: W Ties, fr, e S
s heconion .00 e 708 &
< tiecontiim 8.0's b & 2
A Ir-0.550 2.%4% i $0G 8
8 Ir-a. 1488 0,048 % 00 23
3 ar-0. SN o 3% 4 ae e
B Ir-2 35N 0.06% a8 ane it
|5 commers fal 3.8 i 300 s
Tircaloy-2
ar commeriia! E R 3] } 200 4
2e-2 S0
814 v unirradiated
(€] FIVE) = YU e ¥Y 5 525 ffget yely strengih gnd LYS ¢ gifference \n yield streegty for the .
SreadTatag and the non- frvadiated toditior oaly
s PLUTS) = OTS/UTS where UTS + sltimgte strecath and TS = difference (k JitiRMte wtrength for the
treadrated ang non-lrradtatad conditton 'y
¥

80




300°C TENSILE DATA FOR Zr ALLOYS
IRRADIATED TO ~4E19 n/cml
(From Reference 27)

Elongation
gniform  Total
L3

8
10

4
4

a2
1

4
3]

25
10
10

18
i

17

18

8

15

a2
27

20

i3
]
17

3

Reduct ton Strain
of Area  Nardenadility
s s,
8% c.0?
85 0.08
83 9.09
ETY N
B6 0.06
83 -
86 0.08
88 e
87 0.06
86 0.27
90 0.07
88 0u.is
80 0.97
7% 0.03
78 0.10
80 0.50
9%° 0.13
5 0.3
87 2.20
" 0.29
89 2.0%
8 0.03
L] .07
92 -
n 610
65 6.20
7 2.07
73 0.39
68 2.1}
57 0.9
53 0.16
59 0.9
aratn Stze
o 2
80
21
3
23
16
i
15
4

Table 14b.
)
irradiation Y¥iels Atimate
Material Testing Temperature Strength Strength
igentity'd) Oirection _ ° O I -
N, t ) 7.3 15.7
Ir X 2.9 20.7
T u 3.3 14 7% 8.5
300 228 2.5 0
“ A, L u 8.6 19.0 2%
Ir+D.55n 06 34 27.0 0
¥ '] 14.9 21.0 0
300 3.5 30.9 0
8. L u 6.8 167 27
- Ir-0. 14Ne 300 217 n.z 4
) 3 v 10.7 17.5 13
300 n. 3.8 0.5
8Y, L ! L 20.6 5
2r-0.6MD 300 a2 4a; k]
r v 16.1 21.§ 7
300 425 46.2 6
Bx, L U} 4.8 3.8 20
Trg ¥5NS 00 8. 6.5 3.%
T U 154 2.5 7
300 61.5% 66.8 2
85 L v 51 8.2 29
ir 300 13.6 151 1"
¥ u 8.8 145 1.8
i 300 18.9 20.3 Q
8 L u 17.4 0.3 A
4 Ire2 006 30.0 3.1 4
¥ '} 27.8 21 15
300 3.8 6.8 0
LAD L 4 9.3 42,2 19
Ir-2 5Nd 300 60.6 5.1 5
r '} 13.8 0 5.8
0 nz 75.4 3
(a) Marerial ldentity.
Alloy Uxygen
omposition Concentration
Altoy Atomic Weignt Atpmi. weight Itng T
Jestgnation  Percent Percent ime, hr. T :
s Ttrcontum 0.083 a.} 700
N zircontum o014 ! 600
A -0, 5% 0.048 i "0
' B 2.0, 1400 G.0ea | 500
1 8y Ir-1. B8N0 0.091 4 800
8 Ir2 J5ND 0.068 A 800
L commercts! 3. 60 ¥ 800
Lircaioy-?
87 compercial 9.51 | 80C
Ir-2. 5%
| (B) U+ Unirradtated
(€} FLYS) » AYL/YS where Y5 » 0.2% offset yield strength and 2¥$ » gifference fn yield strength
for the irradiated and non-irradiated condition only
(4) FLUTS) = sUTS/UTS where UTS = yltimate strength and JUTS « difference in ultimate strength
for the trradiated and non-irradiated condition only.
.
.

0 Vel
|-_;.°
1on
V0
1,047
30

1908
1,527

1.640
1.3972

2,09
1,667
™
5,728

2

114

1.14%

&&i rurs)t®
58 ons
€09 04n
58 04
L3 04n
388 0868
513 0,805
N 1me
527 1ae
o 1w
€72 108
$.%  0.063
180 038
23 0.9
] -67 0?;‘5
)‘.;7 0?;9.
169 0888

yp

1.02

1.39

1.8
270
258
‘s
169
3.3
138

0.20
Vs
0.62

.47
2.56

2.9
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Table 15a.

Material
no. ) _Material

(¢ onde
9

S0

Jircalay-2
Rod

Zircaloy-2
Tube

Zircaloy-2
Wod

Zircaloy-2
Tube

le-2.5 wt
NL Rod

Zirconium
Rod
ir-2.% wt
Nb Tube

Iricaloy-?
Tube

lr-2.% wt
Nb Tube

Ir-2.5 wt
Nb Tube

Ir-2.% wt
b tube

OB Om gauge length

1

i

Heat Irestment
200 cold-worked

stress-relteved
12 h at 300°C

197 cold-worked,
autoc laved 77 h
at 400°C

20% cold-worked,
stress-relieved
72 h at 400°C

163 cald-worked
autoclaved 72 h
at 4007(

Water quenched
from 850°C aged
24 hoat S00°¢

Annealed

211 cold-worked
autoc laved 72 h
at 4007«

Water quendhed
from B75°C, cold-
drawn 30T aqged 24
28 h oat S007C

Water quenched
from 880°C cold-
drawn 771 aged
24 hoat S00°C
Water quenched
from BAO"C, cold-
drawn 51, aged
24 h at 500°C

197 cold-worked,
autoc laved 72 b
at 400°C

Water quenched
from 870°C cold-
drawn 167, aged
24 h at S00°C

Waler quendhed
from #70°C, cold-
drawn 531, owvd
24 h at 500°C

Water quenched
from 870°C, cold-
drawn 117 aged
24 hoat 500°C

Hardness
on
Tranyv,
Section

UL
230

191

e

193

268

L1

247

25%

208

62

261

274

(From Reference 31)

Tensile Propecties (Longitudinal Sections)

... Room Temperature

G, 2%

€

kst

7

6/

9,

o8

fie

RS

dl.

9.

9.

0

9

urs
kst

87,

#r

86

120,

1o,

"7,

1ns.

87,

122.

120,

2,

L

4]

i

Total®
Elin,

&9

KA

0

"

1?2

1

53

5

51

55

4

LLS

44,

82,

53,

67

60.

5.

13,

12,

16

0

urs
kst
53.0

5.0

1.0

931.0

0.5

73,4

15.9

784

82.0

54,0

88,0

300°C

Totat *
tin,
3

!

20

20

20

19

17

V7

Jau

a7

44

(3]

65

53

5

THE HEAT TREATMENT, HARDNESS AND TENSILE PROPERTIES OF ZIRCONIUM ALLOYS
TESTED FOR CREEP IN-REACTOR

in-Reac tor
Creep Test

R-2

R-8, R-9

R-4, Rx-20

R-b, Rx-14,

Rx-21

n-71,Ru-6,
Ru-7

Re- 19

R-11, R-D2
Rx-17

Ra-13, Ru-1

Ru-16

Ra-18

R 15

Rx-27

R-24

Rx-23, Ru-S

Average
Gratn
Size
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Table 15b. UNIAXIAL IN-REACTOR CREEP DATA AT 300°C

(From Reference 31)

€8

fest Canditions

(reep Kate

Creep Rate of Un
frradiated lest

Near Ind After Same Time
Test ivec tion Hlress H«-' Durat fon of les as In-Reac t?r Test
Mo Materbal af _Testing kst PV nfome s hy L/ he Comment s N L7 hr
ne” Yuro’
ek Zircaloy-2, tube B4 stress | 20 L w100 *3. 5102 Ha 14 specimen pretrradiated 0.2
e it celteved 72 h oat 400°C ] on 0.’ 2000 “3 0 ron ta Sx1o?0 n/«q" 0.n
Ty (waterial 1, Table 1) i 70 0.6 oo *) I %80 at J00°C.  Fts Gut-af-flus e
creep vale atter J00O0 K
<o axto !
LR 1) ' a0 0.8 anto “q4 7101
Wy 70 | 4 2.0 Vi ‘18 000151 a0
a4 ' 64 n ! 6AG 12 neins Specimen captured becaouse 20
of accidental overload
Ry 7% e 2. % wt 1 Nb, tube KO3, 1 6h 2.8 .'wm“l 45 0+1%1 Specimen stress relloyed 130
atress relreved 1 h ot 24 h oar Q00T 1%
LEEE A007C (material 3, L a0 U] Hwun *) 1201 Eatimated creep vate in 1.8
part Table 1) Ha 80 1 hus
7, isure” Tt
Ra 41, 1 6 09 s100') 9 nrigr  Latimated croep rate s
part {total in Kx 44 tilux
5900 ) TR
Wa-§2 1 nh L | 1600 L. 0202 Fotimated creep rate 19
i K43 flue
L2ure’ T
| B Jvo2 % wt L NG, tube 41) ] 23 ] 1200 “2.0015% .8
w12 wlress reltaved 172 a0 at 1 .. L R 0. 7+10% 0
100t (matecial 2,
Tat e |
We- 12 Ay sbave, tube 412 1 0 0.7 J1on | I RR ITRY 1.5
He A1 I 0 [T ) hho K. 5101 a
LT Y Jircatoy-2 slab, as recelyed | 6 P hon S0 010t a.a
Ru 14 {material %, lable 1) 91 N 2 19450 *H.O20% Test was at 11670, estimated 2.0
creep rate at Jootl
oo 'n!
Wy )/ 5~ ¥ S0 e 4100 "5 %l 0 &
“’!n.’ StELE in progress (reep rate steady L tongitudinal (axial} 1 Transverse Lol Short transverse
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IN-REACTOR CREEP TESTS ON ZIRCALOY-2
(From Reference 31)
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Table 17a. FATIGUE CRACK PROPAGATION DATA FOR IRRADIATED AND
UNIRRADIATED ZIRCALOY-2 TUBING AT 20°C
(From References 52, 53 & 54)

Ultimate Strengths @20°C = 110 ksi unirradiated
= 130 ksi irradiated

Failure Critical Crack "
Material Fluence Stress Length (2a) -
Condition £20 n/cm? ksi inches R/t VRt
10

CW 45% R.A. 38.0 T
28,
18.
15.
22,
20.

CW ~45% R.A., 20.
+300 ppm H2

K
2
ksi Yin.
0.98 67.

10 1.47 67.
10 ) 56.
10 .46 61.
10 .98 as.
10 .10 39,
10 .98 36.

o O O O o o
— — o ) ) e
o —~ O N —~

(o T S T = T

14.
12.
14.
15.

1
A

30.
20.
19,
4

10
10
10
10
10

5

.08 .
.18 30.
o 3.
.28 35.
.28 28.
o ¥ 59.
.41 60.
.76 72.
.98 39.

o 0O 0O 0 O o o o o
it P\) et ol e it ed wd b
(D) =t ot ot ek d ek
W U N N N - Oy

5
5
5

19.
17.
27.
22.
38.
22.

.88 31.
.10 33
.76 39.
.84 34,
.47 43.
.78 32.

o O O O © O
DO 0 0O - O
o W s w




Table 17b. EFFECT OF IRRAD(ATION ON THE FRACTURE TOUGHNESS OF
IRRADIATED ZIRCALOY-4
(From Reference 54)

Estimated Measured Test K C . t K Ic

Spec imen Fluence luence  Tomperature | sacant S in 'F.
. Qascription ¥alid E20 njcm £330 a/an- o ! kst pin. ksd o in ksl in.
82-5084  FT-1 unhydrided yes 5.6 7.2 29 % 459 5.3
-5046 ,-annealed Ir-4  yes 5.6 1.95 a0 43.0 . 55.0
<5048 Ingot R-59 no 5.3 .66 315 .8 .. 4.6
-5050 Tw arientation no s.3 7.51 204 n.2 - 8.6
-5082 yes 4.3 12 20 5.6 -— -
-5053 yes 4.9 1.07 -18 23.9(c) se 23,9(¢)
5688 yoe £ 1 «13 - u.2 M2
-568% yes 5.1 0 . 28.5 42.0
~50458 yes 15.3 20 .- 43.2 50.8
-5047 yes 15.3 93 83.5 - 61.0
-5042 yes 15.1 20 48.5 . 48.5
-5049 yes 152 20 . 51.6 1.6
82-5613 FT-2 nydrided to yes $.1 20 20.1 .- 20.1
-5615 250 pom yes 5. 80 1.4 - 334
-5758 ~annealed Ir-d4  ves 9.6 10.38 20 23.0 = 23.0
-5765 Ingo. WCITTE71G  ves 9.6 2.6 -7 16.7 -- 16.7
-5617  TW orfentation ves 13.8 20 2. - 22.0
-5620 ves 13.5 80 20.0f¢) .- 20.0(=)
-5618 ves 20.8 150 3 .4ld) .- N
-5759 yes 20.8 150 -~ .- -
-5763 ves 0.8 230 $0.7 - 40.7
~5628 yes 20.8 230 4.2 - 430
-5784 yes 20.8 15 2.5 -~ 42.5
-58718 yes 20.8 s 5.4 - 451
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  s-annealed Ir-4  yes 9.2 9.4 30 27.8 .- 278
<5746  [ngot WCI77671Q  yes 9.2 10.0 P 25.0 - 25.0
«5739 W7 urtentation yas 12.8 20 26.9 .- 26.9
-5740 yes 12.8 150 65.0 - 65.0
-37a4 yes 20.5 20 24.6 - 4.6
-574% nolel  20.5 230 418 - 47.4
82.5602 FT-d4 unhydrided yes 2.4 20 38.2 (b} (b}
-5606 c-annealed Ir-4  yes 4 -18 ») 4.5 (&)
<5611 Imgot WC377671G yes 5.0 =18 . 40.13 40.3
-5614  TW ortentation yes 5.0 20 2.1 {»} (b}
5781 yes 9.5 & 80 6.0 . 9.2
-5760 yer 9.8 10.13 =73 22.4 . e7.
5612 yes 9.8 -7 (&) 35.7 ()
“h61e yes 9.8 20 . 40.8 45.5
=5754 yes 18.9 «"3 .- R.8 2.8
-5755 yes 14.9 =73 (») 8.7 .=
-£753 yes 19.0 -18 . 2.5 32.5
5758 o5 19.0 -18 52,0lc) .- 12.5(c)
-57%) ves 19.1 20 2.4 {b) (b}
-§752 ves 19.1 2 54.5 .- 54.5
-5749 yes 19.0 LX) 55.2 {») (b)
-57%0 yes 19.0 £ 546 -~ 61.5
-5747 no 19.0 3 46.8 - 59.0
-5748 (a) 19.0 93 (a} .- - 58.%
82-5781 FT-5 unhydrided yes 9.8 0 - 7.4 52.8
-5743  ccannealed Ir-d3  yes 9.8 a0 48.0 . 5.8
Ingot WC3T7671Q
w7 orfentation
B2-577) FT-5 unhydrided yes §.2 -8 . R0 48
<5776  s-annealed Ir-4  yes §.2 30 9.9 . 3.9
Ingot WC3I?76710Q
RT orientation
82-5772  FT-7 unhydrided  ves 10.2 16.35 20 e 9.9 ]
-§782  :-quenched Ir-4  yes 10.2 10.9 80 55.6 - 58.3
Ingot WC377671Q
WT arientation
82877  FT-8 nydrided to yes 10.1 10.3% 20 25.2 .- 5.2
<5779 250 ppm ves 0.1 10,75 50 5.6 -- 25.6
<5780 c-quenched Ir-4  yes 20.4 20 4.6 . 4.8
-5781  lagot WC3I7671G nole) 204 260 a7 & 47.7

" orientation

[aY VaTidity impossibie to determine due to strain gage failure. ‘ 1

(b) Specimens unloaded rapidly after X . ar X for sectioning to allow for plastic
zone <ize determination IC secant IC popin

(¢} validity highly guesticnable due to excessively Tong fatigue crack.

(4) Specimen improperly Tcaded

{ Thickness required for ASTM valtid test 0.8 'n

-
—



Table 18. MILLED SLOT FRACTURE DATA FOR IRRADIATED AND UNIRRADIATED
17% - 23% COLD WORKEC ZIRCALQY-2 TUBING
(From Reference 5., 55)

Test Failure Critical K (M
Temperature Fluence Stress Crack Length . - "
o n/cm ksi 2a - in, R/t VRT ksi_An.
300 1.2x10%] 17.6 3 10 2.78 62.1
20 1.2x10°%! 28.6 2 10 1.85 106.8
20 8.0x10%0 16.3 4 10 3.70 156.9
20 1.2x10%1 17.2 3 10 2.78 110.4
300 1 ox10%! 24.0 2.5 10 2.32 120.1
20 8.0x10%0 21.3 2.5 10 2.32 106.6
300 8. 0x10%0 3.2 2 10 1.85 127.7
300 0 24.8 2 10 1.85 92.6
20 0 4.4 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 2.3 105.6
20 0 23.0 2.5 10 2.32 115.1
300 0 18.7 3 10 2.78 120.0
300 7.0x10%° 16.0 3.5 n 3.24 127.4
300 2.0x10%0 16.8 3 I 2.78 107.8
300 Out of flux 15.0 3 " 2.78 96.3
300 2.6x10%0 44.0 1.5 n 1.39 115.7
300 2.6x10%0 21.9 3 " 2.78 140.5
300 2.6x10%0 38.6 1.5 n 1.39 101.5
300 2.6x10%0 18.0 3 n 2.78 115.5
300 Out of flux 19.2 1.5 n 1.39 103.1
300 Out of flux 16.2 3 " 2.78 104.0
300 1.6x10%0 5.2 2.25 14 1.98 69.1

(1) Value uncorrected for plasticity effects where:

g
C. = cos o5 ,—fl—“—"-w—)
P “unflawed

89
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Table 19. MILL"D SLOT FRACTURE DATA FOR IRRADIATED AND
UNIRRADIATED 30% COLD WORKED ZIRCALOY-2 TUBING
(From Reference 52, 54)

Fluence Slot Lenqgth a Ultimate Hoop C
Sample __ n/em? __dn. ARt Stress - ksi ksi Vin.
1756-1 0 0.81 6.64 83.5 103.3
1756-2 0 3.00 2.36 30.8 98.7
1756-3  0.82 x 10° 0.8 0.64 81.7 105.9
1756-4  0.82 x 10°! 3.00 2.36 28.6 91.6
1756-5 0 0.81 0.64 83.5 108. 1
1756-6 0 3.00 2.36 29.7 95.1
2455-1  0.82 x 10°! 0.35 0.27 135.0 106.7
2455-2  1.10 x 10° 3.00 2.36 35.7 114.4
2455-3  1.11 x 10°! 0.8 0.64 86.0 111.4
2455-4  1.01 x 10°] 1.50 1.18 65.0 125.8

0758-1 1.75 x 10°!



Table 20. EFFECT OF IRRADIATION ON THE FATIGUE CRACK

PROPAGATION RATE OF ZIRCALOY-4
(From Reference 56)

Test
Specimen Specimen Fluence  Temperature K ave ra/en
No. Description E20 n/cm’ °F ksivin. wuin./cycle
82-5052 FT-1 unhydrided 7.1 RT 20.8 12.0
-5053 1-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 1-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 sr=annealed, 71Q, WT 4.9 RT 13.3 12.5
82-5611 FT-4 unhydrided 5.0 RT 17.4 5.0
-5619 w=annealed 9.8 RT 18.4 38.3
-5761 Ir-4, 710, TW 9.8 RT 17:0 60.0
-5754 18.9 RT 13.6 none
-57583 19.0 RT 13.4 none
82-5741 FT-5 unhydrided 9.8 RT 1.8 none
-5743 w=annealed, 71Q, WT 9.8 RT 14.4 none
82-5772 FT-7 unhydrided 10.2 RT 15.5 5.3
#=quenched, 710Q, TW
82-5779 FT-8 hydrided 10.1 RT 18.0 13.6

g-quenched, 71Q,TW

9
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Table 22. MILLED SLOT FRACTURE DATA FOR IRRADIATED AND UNIRRADIATED Zr-Nb PRESSURE TUBES
(From Reference 5, 57)

Ultimate Strengths - 20°C = 122 kst
300°C = HBO ksi
20°C = 152 ksi
300°C « 110 ksi

unirradiated

irradiated

failure Critical Crack
Material Fluence Test Stress Length(Za)
_Condition €20 n/cme Temp. ksi __inches

CW ~20% R.A., - 20°C 54 2.0
25 ppm Hy
20°C 37
20°C 30.%
300°C
300°C 17.0
300°C 34
300°C 26
300°C 21
CW ~20% R.A., 20°C 3l
300 ppm H2

300°C 31

CW w20% R.A., = 300°C 27
25 ppm i,

300°C 26
300°C 26
3007C 19
300°C 25.
300°C 4.
300°C 5 R

CW 307 R.A., ~l. 20°C
50 ppm N2

v-'c'c\.a:u.u

300°C
300°C
20°C

300°C




5

4o

6100

6061

54529

5679

5102

3040

0120

5683

HoH?

6115

60749

(LR

Table 23. POSTIRRADIATION BURST TESTS OF ZIRCALOY-2 PRTR PRESSURE TUBES
(From Reference 63)

Specimen  Microstructure

18 Annealed
I C Annealed
2C Annealed
20 Annealed
3 2 Annealed
i3 Annealed
L) Annea led
40 Annealed
L Cold Worked
58 Annealed
5C Anneal 2d
5k Cold Worke
56 Cold Worked
6B Annea led
6 C Annealod
6t Lold Worked
6 C Second Teat
6D Undetermined
BB Annea led
8 Annealed
8F Lold Worked
98 Annealed
T H Cold Worked
10 € Annealed
10 G Cold Worked
1 c Annealed
12 A Annealcd
12t Cold Worked
14 b Under termined

Test
Temperature

‘C

20
20

20
300
20
20
288
282
296

20

3 8

290
295
277
20
288
97

210
210

20
20
20
20

20

83

20

.25 - 1.3 2 10

. Fluence, nvt

6 - 3.3 x 10"®
19

5.2 x 10" < 1.1 x 10"
4.7 - 5.4 x 10"

6.8 x lu” - 1.35 x m"’
1.6 - 6.3 « 10"

13- 2.4x 10"

3.8 - 7 x 10"

6.2 x 10" - 1.2 x 070
3.3 - 6.2 » 10"

1.35 - 1.8 x 10°0

2.1 - 2.25 x 10°°

6.8 x 10'8 - 1.7 x 10"
1.4 -2.8x 10"

2.9 - 3.2 x 10%°

13- 2.2 x 1070

2.9 « 3.2 x W00

4.2 x 100

1 x 10'®

3.2 - 6.2 x 10"

1.2 - 1.7 x 10"

3.5 - 6.5 x Iﬂm

1.6 - 2.6 x 10°0

2.7 - 3.5 x 100

1.2 - 4.1 2 10°°

1.45 - 2.0 x 10°°

1.9 x 10"

3.3 » 10°°

1.8 x 10%!

Hoap
Strength, ks

86.2
u6.7

106.2
58,2

97.0
111.0

47.2
61.2
70.5

107.0

110
130.0
74.0

56.9
78.1
120.0
125.8
78.4

75.0

112.8
123.7

142.6

Elongation, 1

Not

Not

Not

Not

<

Not

Le

Hoop

9
0

20
Measured

17
15

36
48
Measured

Measured

Measured
3.3
Measured

Measured
16
0
0

20
Measured

Measured
Measured

1.5
!

15

55 than
0.2

e Remarks

No apparent cause for low strength.

Burst started at 0.002 in. deep crack in
0.002 in. deep hydride layer over a fret
mark.

Test Specimen continued 0,009 - 0.011 i,
deep fret marks which had no apparent effect
on burst,

Burst started at 0.017 in. deep fret mark.

Test was stopped before burst.
“Pinhole” failure.
Burst started at 0.014 in. deep fret mark.

flongation of zero probably due to first
burst test.

“Pinhole” failure.

*Based on average ID and wall; no allowance
for stress concentration, Burst started
by 0.016 - 0.020 in. deep mark at the onset
of uniform plastic strain,
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Table 24.

Fluence

ngcmz

.9x10'8
.7
.9x10"
.0
.8

9

18
19
20

.2x10
.9x10
.0x10

.3x10%0

2x10'7

.0x10

.()xlOl9

G

Measured
Differential

rowth

Strain

S Ww e N W N - -
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o
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(From Reference 64)

Growth Coefficient

IRRADIATION GROWTH MEASUREMENTS ON ZIRCALOY-2

- W - W v, @

N OO

o o o

Instan-
taneous

G -~
t, 4

p

DO O O O
OO0 O = =

(=]
o o O S O -

N oW O N W O O

.03
.02

18.
1.

19.
10.

Average
G -
ta &y
0 +4.
6 2.
5 |
2 0.
3 0.
0 1.
2 0.
0 0.
. 0.
7 0.
6 0.

-y - W O

- e N WA O

Number

of
Speci-

mens

3

4
3
3
4

NN

SN S

— ot

Reactor

Herald

Pluto

Herald



