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ABSTRACT

A literature search covering all available technology on Zircaloy
was conducted with specific emphasis on environmental conditions similar
to those present in the reactor core of the N.S. SAVANNAH. Information
on mechanical properties, corrosion properties, radiation effects, and
other pertinent subjects was collected.

Out-of-pile data relevant to Zircaloy-2 structural components in the
N.3. SAVANNAH core show a yield strength of ~20 000 psi for annealed ma-
terial, a creep rate of <lO’5%/hr at 15 000 psi, and corrosion of only a
few mils in 20 years. The principal effects of radiation exposure are
increased mechanical strength and decreased uniform elongation. Brittle
fracture does not occur, however, because reductions in area permit local
plastic deformation. The corrosion rate is increased by radiation expo-
sure (less than a factor of 5), but even at the increased rate metal loss
is insignificant. The possibility of a violent metal-water reaction, al-
though remote, can be significant and must be evaluated for specific cases.

Except for hydrogen pickup, Zircaloy-4 exhibits essentially the same
properties as Zircaloy-2, as anticipated from the composition similarity.
Excessive hydrogen content, with resulting precipitation of ZrH,, causes
embrittlement of Zircaloy-2. The pickup of hydrogen by Zircaloy-2 is
about three times that of Zircaloy-4.

On the basis of the available information, Zircaloy-4 appears to be
adequate for use as the material of construction for the fuel element con-
tainers in the advanced core for the N.S. SAVANNAH. Zircaloy-4 is recom-
mended over Zircaloy-2 because of 1its lower hydrogen pickup. Recommenda-
tions for 20-year service 1life cannot be made with complete confidence,
however, because of the necessary extrapolations of data. Creep, corrosion,
and irradiation data must all be extrapolated by factors of 10 to 15 to
obtain 20-year performance predictions. Existing data give no indication,
however, that any insurmountable problems will be encountered in these
areas for the application of interest.

The possibility of hairline cracks in Zircaloy-2 being propagated to
major defects by long-term radiation exposure deserves special mention.

Hairline cracks sometimes occur during fabrication of the metal that are
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not always detected by present inspection methods. Effects of radiation
on these cracks are unknown, but the possibility of propagation to fail-
ure has caused some designers to change from Zircaloy-2 to stainless steel
for fuel element cladding.

Zircaloy-2 is presently being used in various reactors as part of
the fuel matrix, fuel element cladding, and structural components.
Zircaloy-4, although not yet in use as a reactor material because of its
newness, has been recommended as the pressure-tube material in the de-
sign of' the CANDU reactor. Considerable experimental work pertinent to
reactor applications 1s being performed at various locations on zirconium-

base alloys.
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REVIEW OF ZIRCALOY-2 AND ZIRCALQOY-4 PROPERTIES
RELEVANT TO N.S. SAVANNAH REACTOR DESIGN

C. L. Whitmarsh
1. INTRODUCTION

Preliminary considerations for reducing fuel-cycle costs in reactors
of the N.S. SAVANNAH typel have indicated the feasibility of replacing
the stainless steel fuel element container with a container of a lower-
neutron-absorption material in order to reduce the required enrichment
or to increase the core life or both. Since neutron economy is one of
the more limiting design features, the list of applicable container ma-
terials was quickly reduced to magnesium, aluminum, beryllium, and zir-
conium or their alloys. Other criteria, such as mechanical strength,
corrosion resistance, fabricability, and available technology, further
reduced the list to Zircaloy-2 or Zircaloy-4. A literature search was
then conducted to collect the available information on the Zircaloys
pertinent to reactor design. The information thus collected is presented
in this report. Although most of the data reported here were obtained
from tests of Zircaloy-2, it is generally believed that the results, other
than those for hydrogen pickup, pertain equally well to Zircaloy-4 be-
cause of the strong composition similarity between these alloys.

Existing reactors that use Zircaloy as fuel cladding or structural
components include the HRE-2, Dresden, Shippingport, submarine thermal
and advanced types, PRTR, NRU, and NRX. Those in advanced design or con-
struction stages include the HWCTR, CVIR, NPD, and CANDU. Experimental
work on Zircaloy 1s being done primarily at Westinghouse'!s Bettis Plant,
Chalk River, Savannah River, Hanford, and Knolls Atomic Power Laboratory.

The standard reference for zirconium technology is the book, The

Metallurgy of Zirconium, which was published in 1955.% Zircaloy-2 pro-

perties were reviewed with respect to reactor technology and were pre-
sented in a Hanford report in 1959.° Additional data are scattered through-

out the classified and unclassifiied literature.




2. DESIGN CONSIDERATIONS
Environment

A principal function of the fuel element container in the N.S.
SAVANNAH reactor is to channel cooling water through the core. The con-
tainer, or can, also provides passageways for cruciform control rods, as
shown in Fig. 1. Mechanical and thermal stresses are of concern because
deflection of the container walls might interfere with control-rod move-
ment. Deflection of the container walls is also dependent on the pres-
sure differential of the cooling water between the second- and third-pass
channels and the modulus of elasticity of the material. Since the con-
tainer is a structural component of the reactor, long-term usage is speci-
fied. In this case, 20 years is the expected lifetime. Long-term use
enhances the importance of such factors as corrosion resistance and the
influence of radiation exposure on mechanical properties. The peak ex-
posure to neutrons of energies greater than 1 Mev during a 20-year period

will be ~1023 neutrons/cm?.
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A 1ist of pertinent operating conditions 1is presented below:

Primary loop

Pressure, psig 1750
Water temperature, °F
Core inlet 496
Core outlet 520
Maximum 546

Water velocity, first pass, ft/sec 9.66

Water chemistry

pH range 7.5 to 8.5
Hydrogen content, ppm 3.6

Total maximum allowable solids, ppm 5

Maximum oxygen content 0.05
Maximum chlorine content, ppm 0.1

Zircaloy-2 Composition

Zircaloy-2 1s a complex alloy of sponge zirconium with the follow-

ing major components and impurities specified for reactor-grade material:?

Welight
Element (%)
Major Components
on 1.2~-1.7
Fe 0.07-0.20
Cr 0.05-0.15
Ni 0.03-0.08
Impurity Maxima
Al 0.0075
B 0.00005
C 0.0270
Cad 0.00005
Co 0.0020
Cu 0.0050
H 0.0025
Ht 0.0200
Pb 0.0130
Mg 0.0020
Mn 0.0050
N 0.0080
Shi 0.0120
Na 0.0020




Ti 0.0050

W 0.0100
U (total) 0.00035
U-235 0.0000025

It was developed specifically for nuclear reactor applications in a high-
temperature water environment. The alloying agents — tin, iron, chro-
mium, and nickel — were added to sponge zirconium to neutralize the detri-
mental effect on corrosion resistance of the impurities — nitrogen, alu-
minum, and carbon — and for their strengthening effect. The low neutron-
absorption cross section of pure zirconium was not increased significantly

by these alloying materials.

Zircaloy-4 Composition

Zircaloy-4 was developed from Zircaloy-2 with the principal aim of
reducing the tendency to pick up hydrogen. Thus, the same composition
specifiications are applicable, except for nickel, which is limited to
a maximum of 0.007%, and iron, the range of which is reduced to 0.12 to
0.18%.

3. CORROSION

Iodide-grade zirconium has excellent corrosion resistance in high-
temperature, high-pressure water; however, small amounts of impurities,
such as those present in commercially available sponge zirconium, reduce
the corrosion resistance drastically. Since ilodide-grade zirconium is
both difficult and expensive to produce and fabricate, Zircaloy with
sponge zirconium as its major constituent represents a practical approach

to the problem.

Water and Steam Corrosion

Corrosion in water or steam produces a protective oxide film on the

surface of Zircaloy-2 by the reaction

Zr + 2Hp0 — Zr0y + 2Hp




Two distinct corrosion periods have been observed, pretransition and post-
transition. The pretransition period is characterized by a decreasing
corrosion rate and an adherent, protective film with a shiny black ap-
pearance. The posttransition period is characterized by a constant but
greater corrosion rate and a less protective film that has a white flaky
appearance. The time regquired to reach transition is both temperature

and time dependent.

Kinetics

Pretransition film formation may be represented on a log-log plot

by a straight line:

log W= log k + n log t ,

where W is the weight gain per unit area, log k 1s the ordinate inter-
cept, n is the slope, and t 1s the exposure time. The corrosion rate

during this period is thus seen to be time dependent:

After transition, the corrosion reduces to a linear function; and, conse-
quently, the corrosion rate is constant. Data?s,%,° on Zircaloy-2 cor-
rosion in water and steam at various temperatures are summarized in
Table 1 and Fig. 2. (The tests were made in static, neutral water and
in steam.) Additional data® on the temperature dependence of the time
to transition are presented in Fig. 3. Rate-constant data for the post-
transition period (linear corrosion rate) are presented in Fig. 4.

In the extrapolation of these data to examine long-term effects,
corrosion during the pretransition period was found to be negligible,
except at the lower temperatures. For long-term corrosion prediction,
linear corrosion data were extrapolated as shown in Fig. 5. Both sets

of equations given in Table 1 were plotted for 750, 680, and 600°F; data



Table 1. Corrosion of Zircaloy-2 in Water and in Steam

2,4,5

Pretransition Period Trans?tion Posttransition Period
Period
Temperature
(°F) : )
Corrosion® Corrosion Rate® We}ggt Time Corrosion® Corrosgon
Gain Rate
550 log W = 0.50 +0.30 log t S = 0.95 4707
dw -0,74 aw
600 log W= 0.7 + 0.26 log t Fr 1.4 t7°- 34 1150 — 34 = 0.065(t — 1150) = .065
_ aw _ -0.62 _ aw
680 log W =0.76 + 0.38 log t T 2.2 t 34 112 — 34 = 0.37(t - 112) T .37
750P log W= 1.10 + 0.32 log t SH = 4.0 £-0+5¢ 41 41 W41 = 1.27(t — 41) %-wg .27
dw
600 =0.02 t+ 11 I .02
aw
680 =0.03 t + 15 = .3
aw
750 = 1.4t + 15 I i
aw _ c dw
572 T 0.02 40 2000 I .03

%W is in mg/dmz; t in days.
bSteam at 1500 psig.

cAverage rate during pretransition period.



UNCLASSIFIED
ORNL-LR-DWG 56352
1000 i ——— y
I | R .4 UNCLASSIFIED
1 T ORNL-LR-DWG 56353
|
|
|

— REF 2 4 TEMPERATURE (°F)
500 — 750 680 600 550 540
REF 4 /;/' 5000 ] ‘ T I
./ )
i /1 /
Vi A
200 ? 2000 ol
i /
/’
& 1 ]
£ 100 — __ 1000 Y4
E / 7 B /
£ // p4 =
2 50 Y4 // & s00 /‘/
© ! 02 S 4 Z /
= 0 T - ] Z
@ of SXEB e /'// -l =
ES 15817 pred el sl 2 200
* | = P L "
— W T ol =
a0 ] ,/ = e
o W& LT
10 —T 60T P ol 100 - -
T Wi —
el "o
— ] 50 /
5 \J
— &
"]
yd
2 g 85 3 95 (x10%)
1 B 5 10 20 50 100 200 500 1000
TIME (days) YriR)
Fig. 2. Corrosion of Zircaloy-2 in Water and Fig. 3. Transition Time for Cor-
Steam.,

rosion of Zircaloy-2 in Water and
Steam.



UNCLASSIFIED

UNCLASSIFIED ORNL—-LR—-DWG 56355

ORNL-LR-DWG 56354 8000
TEMPERATURE (°F)
0o 20 800 680 620 550
T
1T 0 IR
‘ 7000 ‘
10 \ = B ;
N REF: KAPL- 2088, p. 2, Fig.1, ;
\ CLASSIFIED | —10
5 ‘ i -
\ 6000 g
\ ISy —lo
\ STEAM DATA ABOVE ! ~ :
_ 2 750°F ARE AT 4500 psi — : & |
g | S
o | & 5000 | & = 8
E —~ \ -] £ : @
N \ < &
o < = o
£ @ _ \ S ) — 7
- \ = A
xr 0.5 z —
Z < \ i a »
< 2 \ \ & 4000 z
© 3 ZIRCALOY -2 | S e E
= \</ OR z i 'i
| (@] =
© 0.2 + ZIRCALOY -4 | 2 Z
g = =
15 «
3000 % G
o —C ; : =4
\ w
A\ i o
4
0.05 -\ 3 | s
T\ \ ; N
| \ 2000 =
| \ 3
0.02 f——rrr s — |
| ) ik
0.01 1000
7 8 9 10 (x10%) ’ 5367F
Yr eR) 572°F !
Post- Transition Corrosion Rate of Zircaloy -2 and \
Zircoloy—4 in Water and Steam. o . : : 0
0 1000 2000 3000 4000 5000 6000 7000
. . . TIME {days}
Fig. 4. Posttransition Corrosion ’
Rate of Zircaloy-2 and Zircaloy-4 in Fig. 5. Predicted Long-Term Corrosion of Zircaloy-
Water and in Steam. 2 and Zircaloy-4 in Water and in Steam.



for 572 and 536°F are estimates made at Chalk River®:® based on extrapola-
tion of rate-constant data. It should be noted that data from Lustman®
were extrapolated from maximum test times of 1000 days. The assumption
was made that spalling of the corrosion film does not occur. Film thick-

ness can be calculated from weight gain by use of the expression

X = 0.00252 W

where the film thickness Xf is in mils and the weight gain W is in mg/dmZ.
Metal penetration can be calculated from weight gain by use of the ex-

pression
Xm = 0.00158 W ,

where the metal penetration Xm is in mils.

Factors Affecting Corrosion

The effects of various factors related to corrosion resistance are
summarized below.

Chemical Impurities. Impurities such as nitrogen, carbon, and alu-

minium have a pronounced deleterious effect on the corrosion resistance
of Zircaloy-2. Specific effects of various impurities are treated in
detail in ref. 2.

Cold Work. Various studies?®’7? have indicated that the cold work
effects are minor relative to other factors, for example, fabrication
methods, physical and chemical abnormalities, etc.

Heat Treatment. Cooling rates of greater than 90°F/min through the

range 1850 to 1470°F are considered necessary to minimize possible seg-
regation of phases and a resultant corrosion rate increase.®,° Annealing
at 1650 to 1850°F results in 20 to 80% higher corrosion rates in 680°F
water or 750°F steam than annealing at lower temperatures. Work at the
Buresu of Mines® has indicated that corrosion resistance is relatively

insensitive to heat treating temperatures below approximately 1470°F.



Fabrication. Instances of poor corrosion behavior of Zircaloy-2,
manifest by the appearance of "stringer"-type corrosion, have been traced

to improper arc-melting practice and heat treatment .10

Two types of
stringers — gas void and intermetallic — can occur near the metal sur-
face and increase corrosion in that area.

Contamination. Contamination which would affect the water-corrosion

behavior of Zircaloy-2 may result from fabrication and processing, in-
spection and corrosion-evaluation testing, and the reactor service en-
vironment. In particular, fluorides introduced in etching procedures

are know to markedly increase the water-corrosion rate, apparently through
galvanic attack.? Reactor cooling-water impurities could be Important,
but no specific data are available.

Reactor Environment. Although many investigators have reportedll'13

that no significant effects on the corrosion rate of Zircaloy-2 in high-
temperature water have been observed that are atiributable to radiation

flux, more recent datal4 have indicated otherwise. Examination of Zircaloy-2
sheaths on irradiated fuel elements at Chalk River gave some evidence that
corrosion rates under irradiation may be higher by, at most, a factor of

5. later results® for Zircaloy-2 coupons tended to confirm an increased
rate, although the difference was much less than the factor of 5.

Water Velocity. No effect of water velocity in the ranges of in-

terest on the corrosion rate of Zircaloy-2 in water has been observed.?

Fretting

Fretting corrosion has been defined as the attrition of metal be-
tween two contacting surfaces, in the absence of a corrosive environment,
as a result of small-amplitude vibrations under small loads.? Although
Tfew quantitative data are available, several general trends have been
observed,1? Generally, in fretting, the relative velocity and amplitude
of motion are smaller than in normal wear processes; and the product formed
by fretting normally does not escape, since the two surfaces are never
out of contact. However, there is nc sharp dividing line between fretting
and wear. Experiments have indicated the more important variables to

be contact pressure, number of cycles, amplitude of relative motion,

10



frequency, material hardness, temperature, coefficient of friction, and
environment. Most of these variables are interdependent, and care should
be used in treating any one as a separate factor.

Fretting of Zircaloy-2 probably occurs by the removal of metallic
particles which subsequently oxidize to form an abrasive powder. The
abrasive action of the powder is then regarded as being the more severe
cause of wear. Feng and Rightmire16’l7 assumed that fretting begins with
ordinary metal transfer and wear. Later accumulation of trapped wear
particles, which cannot escape because of the small amplitude of relative
motion, shifts the wear action gradually into abrasive action until,
finally, the major portion of the damage is due to abrasion.

Results of fretting tests at Bettist? may be summarized as follows:

1. Fretting weight losses between Zircaloy surfaces were less than
those found between mild steel surfaces. (However, mild steel has poor
resistance to fretting corrosion.)

2. Fretting weight losses were less when tests were made in water
than in oxygen or air, particularly in the tests of Zircaloy against
stainless steel.

3. Fretting weight losses of Zircaloy against stainless steel were
a factor of 10 greater than in the case of Zircaloy-Zircaloy couples.

4. Slip versus fretting weight loss was not a linear function;
welght losses increased rapidly with relative slip of greater than 3 mils.

5. The effect of number of cycles and applied load on fretting was
similar to that found for mild steel; that is, it was nearly linear after
initial periods of greater effect.

Experience at Chalk River in the NRX reactor’ has indicated that
fretting of Zircaloy-2 is of little importance. During three years of
operation, a thick-walled (692 mils) Zircaloy-2 pressure tube was ex-
amined internally eight times. The tube was found in very good condition
despite frequent mechanical damage to the surface film caused by the
movement of fuel charges. At least two reasonably authenticated instances
of fretting have occurred. In all instances the affected regions have
subsequently been found to be covered with a continuous black film. Thin

samples taken from the inner surface of the tube have a measured corrosion

11



of approximately 0.014 mg/dmz/day. (This is somewhat lower than that
predicted in Table 1.)

Hydride Effect

The primary source of hydrogen for the formation of ZrH, is the cor-
rosion reaction between zirconium and water. Absorbed hydrogen at a
concentration of 1000 ppm appears to have no effect on Zircaloy-2 cor-
rosion resistance,18 but 10 to 50 ppm hydrogen is known to affect notch
sensitivity.? Precipitation of the hydride phase in Zircaloy-2 increases
notch sensitivity and reduces ductility to such a degree that reactor
designers are now considering the use of Zircaloy-4 to minimize hydrogen
pickup. Based on information obtained at Chalk River,19 hydriding will
be the limiting factor for Zircaloy-2 pressure-tube service life in the
D,0 moderated NPD and CANDU reactors. Failure of two Zircaloy-2-clad UO;
fuel rods similar to PWR Core 1 blanket fuel elements in a high-pressure
loop in the NRX reactor was attributed to absorption and thermal diffusion
of hydrogen in the Zircaloy-2.20

A comprehensive coverage of the effect of hydrogen on zirconium alloys

is presented in ref. 6.

Hydrogen Solubility

Solubility data® for hydrogen in the alpha-phase of Zircaloy-2 are
plotted in Fig. 6. A least-squares fit of the data is represented by
Co = 8.50 X 10* exp (=7600/RT) ,
where Cy is the terminal solid solubility of hydrogen in ppm by weight,
7600 represents the difference in partial molar heats of solution of
hydrogen in the hydride and alpha phases, R is the universal gas constant

(1.986 cal/mole-°K), and T is the absolute temperature in °K. Solubility

data from other sources are presented graphically in ref. 21.

12
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Fig. 6. Hydrogen Solubility in the Alpha-Phase of Zircaloy-2.

Hydrogen Absorption

In addition to the hydrogen initially contained in Zircaloy-2
(specification, <25 ppm), the principal sources of hydrogen in the re-
actor environment are the radiolytic dissociation of water and the cor-
rosion reaction between Zircaloy-2 and water. Various investigators4Jlo
estimate that approximately 30% of the hydrogen produced in the corrosion
reaction forms ZrH,, whereas others?? have found that up to 100% of the
corrosion hydrogen 1is absorbed. Other studies®2? indicate that a linear
relationship exists between hydrogen pickup and weight gain for a given
alloy (Fig. 7).

Hydrogen absorption in Zircaloy-2 during water corrosion 1s depend-
ent on the hydrogen concentration in the water.® Although the data are
somewhat scattered, a definite increase in the amount of hydrogen picked
up during corrosion occurs as the concentration of dissolved hydrogen is
increased. Some reported data’4 indicate, however, that the increase in
hydrogen absorption is almost negligible at the N.3. SAVANNAH reactor con-
dition of 25 to 35 cm® of hydrogen per kg of water (~3 ppm). Other results

indicate that hydrogen absorption is sensitive to the pH of the water.??
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Ammoniated water showed lower values than neutral or lithiated water
(Table 2). Sensitivity to heat treatment has also been shown, but results
are sufficiently scattered and scarce that predictions cannot be made
reliably.

Alloy composition has a significant effect on hydrogen pickup. As
the result of several investigations,®:22726 nickel was determined to
be the principal hydrogen getter in Zircaloy-2. This led to the develop-
ment of Zircaloy-4 (nickel-free Zircaloy-2), which has essentially the

same properties as Zircaloy-2 but a lower tendency to pick up hydrogen.

Hydrogen Diffusion

The diffusivities of hydrogen in alpha-phase zirconium and Zircaloy-2

have been determined by various investigators?1:27,28 g5nd are presented
g g
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Table 2.

Pickup During Corrosion of Zircaloy-2 in 680°F Water

Effect of Water Condition and Heat-Treatment on Hydrogen

Heat Treatment

Hydrogen Pickup (% of theoretical)

Method
. of Ammoniated Lithiated
T T T
(;ﬁi em%fé? ure Cooling Wat§r7at Water at Water at
p pH 9.0 pH 10.5
1/2 775 Furnace 32.8 £ 4.13 23.2 £ 5.49 31.2 % 3.62
cooled
24 800 Furnace 18.4 + 3.1 14.4 = 1.24 21.6 + 5.00
cooled
1 850 Furnace 28.8 £ 5,54 23.2 £ 3.92 36.0 £ 5.46
cooled
1 200 Furnace 32.8 £ 3,72 28.0 = 7.93 40.8 £ 6.37
cooled
2 900 Furnace 38.4 £ 2,53 28.0 £7.28 36.0 £ 12.5
cooled
1 950 Furnace 24.8 £ 7.20 37.6 £ 11.98 28.0 £ 8.24
cooled
1 1000 Furnace 32.8 £ 9.26 28.0 6,93 44.0 £ 9.50
cooled
1 850 Mercury 27.2 £ 8.62 18.4 + 3.39 28.0 £ 14.29
quenched
1 300 Mercury 27.2 £ 6.47 20.8 + 4.84 17.6 * 8.46
quenched
1 950 Mercury 21.6 £ 3.65 28.0 = 4.34 17.6 * 4.80
quenched
1 1000 Mercury 21.6 £ 6.57 23.2 +7.14 13.6 £ 4.06
quenched
in Fig. 8. Thermal diffusion occurs when a temperature gradient exists

in a Zircaloy-2 component and hydrogen concentrates in the cooler region.

In situations where large thermal gradients are present, diffusion of

hydrogen in Zircaloy-Z2 becomes a serious problem, as indicated by fuel

rod failures in loop experiments which were attributed to hydrogen em-

brittlement along the outer surface of the rods.

Calculations of con-

centration factors based on thermal diffusion theory have been made and

15
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Mechanical Properties

The primary concern with hydrogen pickup in Zircaloy-2 is its effect
on impact strength, ductility, and, to a lesser degree, tensile strength.
Notched-bar impact properties of zirconium-base alloys are sensitive to
hydrogen content in that the transition temperature can be related to the
amount of hydride precipitate present.® Quenching from above the hydrogen
solubility temperature lowers the transition temperature and increases
the transition range. Experimental data>0 indicating decreased impact
resistance with increased hydride precipitate are presented in Fig. 9.
Correlation between elongation and hydrogen content®! shows a definite
decrease 1n elongation with increasing hydrogen content (Fig. 10). Ten-
sile properties are not so dependent on hydrogen content. Data’? from
Zircaloy-2 specimens with various heat treatments showed the tensile
strength to be essentially independent of hydrogen concentration up to
approximately 500 ppm; beyond this the strength was severely reduced (Fig.
11). Screening studies at KAPL* indicated only small effects of hydrogen

on strain cycling and creep properties, and essentially no effect on
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tensile properties at ©00°F for hydrogen levels up to 500 ppm. Effects
of simultaneous hydrogen pickup and neutron irradiation have not yet been
clearly assessed, although limited data suggest no significant change in
expected behavior.

These data obviously are not extensive enough to reliably predict
tolerable hydrogen levels for long-term reactor operations. It appears,
however, that an upper limit of 500 ppm of hydrogen could be suggested
for wrought Zircaloy-Z.4 Chalk River designers,5’19 taking a very con-
servative approach, established the hydrogen solubility limit in Zircaloy=-2
as a maximum tolerance level for the design of pressure tubes for D;0-
moderated natural-uranium reactors. Their contention was that any pre-
cipitated hydride would have a deleterious effect on the properties of

Zircaloy~2.

Predicted Pickup of Hydrogen During Reactor Service

Data on hydrogen pickup by Zircaloy-2 is generally in an unsatis-
factory state,6 as indicated by the nonreproducibility of experimental

measurements and inadequacy of experimental methods. Investigators still
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do not have a fundamental understanding of the mechanism of hydrogen pickup.

Any prediction can be no more than an extrapolation of available data,

and one must bear this in mind when evaluating the following information.
Calculated hydrogen pickup data* for Zircaloy-2 and Zircaloy-4

plates under design conditions of the N.S. SAVANNAH reactor are plotted

in Fig. 12. The assumption was made that the plates would be corrosion

¥Detailed results are included in the Appendix (Table 2).
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tested prior to use, although this contribution to hydrogen pickup was
almost negligible. The assumed Zircaloy-2 surface temperature of 572°F
was somewhat higher than the design temperature of 546°F but was one for
which data were available. Cool-region concentration of hydrogen was
neglected because of the very small thermal gradients existing in the
reactor. Corrosion rates of 0.02 mg/dmz/day were used for the pretransi-
tion period and 0.03 mg/dmz/day for the posttransition period.5

Corrosion was considered to occur on both sides of the plates which
make up the fuel element container. Hydrogen pickup was estimated to be
30% of the theoretical amount produced in the corrosion reaction during
corrosion testing and 100% during exposure in the reactor. Out-of-pile
corrosion-rate data were used to calculate available hydrogen. This
method gives values in agreement with measured values of hydrogen content
in fuel sheathing.l4 Zircaloy-4 data were calculated on the basis that

its hydrogen pickup’ was one-third that of Zircaloy-2.°
4. PHYSTICAL PROPERTIES

Hot-rolled, vacuum-annealed Zircaloy has a density>? of 6.570 + 0.0006
g/em® at 20°C and a melting point of 3360°F. Data33 on the coefficient of

thermal expansion as a function of temperature are presented in Fig. 13

(see also Table 1 of Appendix). The thermal expansion may be calculated
from the expression

L, = Lo[0.99983 + (5.628 X 109)T + (1.581 x 10-%)7°] ,

and then the coefficient of expansion corresponding to a particular tem-
rerature T can be obtained from the following equation:
AL aL

- _ - -6 -9
® = T/F = Toam (5.62 x 107°) + (3.162 x 10~7)T ,

where T is in °C. The constants in these expressions were obtained for
25% cold-rolled and annealed Zircaloy-2 plate. No anisotropy was de-

tected, although work on zirconium®* had indicated otherwise.
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Data on electrical resistivity are sensitive to specimen history.

The electrical resistivity of Zircaloy-2 at room temperature has been
reported2’4 as 29 X 107° ohm-in. and as 25 X 10-° ohm-in. Temperature,
cold work, and Impurity effects have not been well established.

Data on thermal conductivity are presented in Fig. 14. Considerable

variation exists in the data from the sources cited.?,>»33

No data on the specific heat of Zircaloy-2 were found; however, the

small alloy content would not be expected to effect a large deviation
from the values for zirconium. The data for zirconium are presented in
Fig. 15.

Two allotropic forms occur in Zircaloy-2: an alpha phase (close-

packed hexagonal) up to approximately 1480°F and a beta phase (body-
centered cubic) which is stable above approximately 1770°F to the melt-
ing point, 3360°F. These transition temperatures are sensitive to heat-
ing and cooling rates, and thus may vary as much as 50 to 100°F. Although
data are meager, there are reports of dimensional instability resulting

from thermal cycling through the transition range.2’35
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5. MECHANICAL PROPERTIES

The mechanical properties of Zircaloy-2 are considered reasonably
good in a high-temperature water enviromment. These properties, are, how-
ever, quite sensitive to specimen history. ILven small variations in the
exact details of the fabrication procedure can affect the preferred ori-

entation and the resulting mechanical properties.36

Impurities — oxygen,
nitrogen, and hydrogen — also significantly affect mechanical properties,
although the mechanism and degree are not always known. Radilation effects

on mechanical properties are discussed in Section 7.

Tensile Properties

Zircaloy-2 shows the typical stress-strain relationship of nonferrous
metals (Fig. 16). Since tensile properties are dependent on specimen
history, a so-called "base-annealed" condition (annealed at 1382°F in
vacuum for approximately 20 hr, and furnace cooled in vacuum) is used here

as a reference condition.
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Averaged data showing the effect of temperature on tensile prop-
erties?®-%2 and elongation are plotted in Figs. 17 and 18. Anisotropy
is clearly shown, with yield strength and ultimate strength generally
being affected in opposite direction.

A statistical study42 was performed on tensile-strength data from
a large number of samples of more than 100 different ingots. The spread
of the data, which was reported as a standard deviation, was attributed
primarily to measurement errors, heat treatment effects, and specimen
heating time. As~welded data were also reported because of their im-

portance in stress analysis., The data from this study are presented in

Table 3.
Table 3. Tensile Strength of Zircaloy-2
Longitudinal Specimen  Transverse Specimen As-Welded Specimen
At Ro?m At 600°F At Room At 600°F At Room At 600°F
Temperature Temperature Temperature
Yield strength at 0.2% 38 900 15 000 56 200 19 800 59 600 24 800
offset, psi
Standard deviation, psi 5 600 1 300 5 400 2 300 5 700 2 600
Ultimate Strength, psi 68 400 33 100 65 400 29 400 78 400 36 000
Standard deviation, psi 4 600 2 100 4 700 1 300 6 000 3 000

The tensile strength of Zircaloy-2 is increased (with consequent
reduction in ductility) when the material is cold worked, as shown in
Figs. 19 and 20. The data39,43-45 were, in general, obtained from speci-
mens with similar histories. Ratios were also calculated?® from averaged
data to show tne trend of tensile and ductility properties as a function
of cold work and temperature (Figs. 21 and 22). One study’’ indicated
that a temperature of approximately 800°F was necessary before any signifi-
cant loss of strength induced by cold work occurred with time (up to
500 hr). Initial cold working tended to reduce anisotropy in Zircaloy-2
plate and tubes.’ Hot-rolled plates were shown to have isotropic tensile

properties at 20% cold work. Further cold working increased anisotropy
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but in the opposite direction; that is, the longitudinal yield strength
became greater than the transverse yileld strength.

Heating of both hot-rolled and annealed Zircaloy-2 in the beta region
(>1770°F) causes roughly a 10% loss in tensile strength, a 20% increase
in yleld strength, a 40% loss in elongation, and a 50% loss in reduction
in area.*® Heating within the alpha-beta range (~1480 to ~1770°F) is
reported to have no effect on strength, although the ductility decreases
with increasing temperature. Quenching from the beta region, which is
typical of welding, provides increased yield strength. There is some
indication that Zircaloy-2 is susceptible to age hardening,3 with re-
sulting strength increase and ductility decrease.

Oxygen, nitrogen, and hydrogen have an influence on tensile properties
of Zircaloy-2. Hydrogen effects were discussed in Sectilon 3. Both oxygen
and nitrogen cause increased strength and decreased ductility47 (Fig. 23).
In fact, variations in tensile test results from several investigators

are often due to oxygen contamination of the test specimens.

Modulus of Elasticity and Poisson's Ratio

Modulus of elasticity data from several sources (refs. 3, 33, 37,
41, 48, 49) are presented in Fig. 24. Reasonably good linearity with
temperature was established; the scatter was attributed to effects of
specimen history. Anisotropy of the elastic properties was evident. The
few data available on Poisson's ratio for Zircaloy-2 are presented in

Table 4.

Table 4. Elastic Properties of Zircaloy-2

Specimen Test Modulus Poisson'ts
Condition  lewperature or Ratio
(°C) Elasticity
x 10°
Annealed 27 13.9-14.3 0.368-0.380
150 13.3-13.8 0.425-0.460
Cold worked 27 14.5 0.382-0.406
150 13.9-14.2 0.392-0.432
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Impact Properties

Twpact properties are of particular importance because of the pos-
sibility of rapid crack propagation similar to that observed in ferritic

steels. Various studies?®

have indicated that catastrophic crack propaga-
tion will not occur in Zircaloy-2 at room temperature or above. TFurther-
more, indications are that the decrease 1n energy to fracture with de-

creasing temperature in impact tests is associated with the nucleation of
small cracks within the material rather than the rapid propagation of one

crack.
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Data on hardness and impact strength4l:5o’5l of Zircaloy-2 are listed

in Table 5 and plotted on Figs. 25 and 26. Beta quenching tends to im-

prove the impact strength of Charpy V-notch specimens of Zircaloy-2.

Table 5. Impact Data on Zircaloy-2

Charpy V-Notch

Temperature Specimen Hardness
o . Impact Energy
x*
(°F) Condition (DPH*) (£-1b)
Room As cast 161
Room Beta quenched  180.4
Room Beta quenched 22.5
392 Beta quenched 51

ko
DPH = Diamond-Pyramid Hardness.
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Both oxygen and nitrogen would be expected to cause embrittlement, al-
though quantitative data are not available. The effect of hydrogen con-

tent was discussed in Section 3.

Fatigue Properties

Fatigue-test data3?:49,527%4 gshow that Zircaloy-2 is notch sensitive.
This effect is illustrated in Fig. 27, which alsc Indicates the similarity
between the fatigue strengths of Zircaloy-2 and Zircaloy-4. DModification
of notch geometry in the range Kp = 3 to 9 does not affect fatigue strength
for lifetimes less than 10° cycles as shown in Fig. 28; KT is the theo-
retical stress concentration factor. The strain-fatigue properties of
Zircaloy-2 are relatively insensitive to temperature, orientation, and
stress concentration magnitude, as shown in Fig. 29.
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Effects of heat treatment on fatigue properties are indicated in
Table 6. The strain-fatigue properties of welded Zircaloy-2 are unaf-
fected by base annealing in comparison with as-welded unnotched speci-
mens at 600°F; however, stress-fatigue data for the same specimens show

53

somewhat better properties for the as-welded specimens. Room-tempera-

ture tests indicate no difference between as-welded and base-annealed

specimens.
Table 6. Fatigue Properties of Zircaloy-2 at 600°F
Fnd it . _ e
Specimen ndurance Limit (psi) Patigue Notch-Sensitivity
Condition Ratio? ladex At
Unnotched Notched 108 Cycles?
x 103 X 10°
Beta quenched and 27.5 11.0 0.80 0.60
alpha annealed
Base annealed 28.0 9.0 0.87 0.85

aFatigue ratio is the ratio of the unnotched fatigue strength to
the tensile strength.

bNotch-sensitivity index = (K¢ ~— 1)/(Kt — 1), where Kp = ratio of
unnotched fatigue strength to notched fatigue strength and Kty = ratio of
theoretical maximum stress at notch to nominal stress.

Combined static and alternating stresses tend to decrease the over-
all life of Zircaloy-2. This effect is shown on a modified Goodman dia-

gram for a notched specimen with Kp = 9 in Fig. 30.

Creep FProperties

The creep characteristics of Zircaloy-2 tend to be sensitive to ther-
mal, mechanical, and chemical factors in the specimen history,36:37:39:55
as shown in Figs. 31 and 32. (In the figures in this section the parameters
high and low oxygen content refer to material derived from atmospheric-
melted ingots and from vacuum-melted ingots, respectively. Typical
atmospheric-melted Zircaloy contains 1100 to 1200 ppm of oxygen.) A

good summary of experimental results is available in ref. 3.
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Primary creep strain in annealed Zircaloy-2 is almost entirely
stress sensitive, whereas secondary creep rates appear to be mainly tem-
perature sensitive. The major mode of deformation in creep is apparently
by slip. In the case of 15% cold-worked Zircaloy-2, the primary creep

strain is both stress and temperature sensitive, as shown in Fig. 33.
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Considerable work on creep testing of cold-worked Zircaloy-2 has been

5 and

performed in conjunction with reactor development at Chalk River
Battelle®? which indicates that, at temperatures less than 650°F, cold
work of up to 25% essentially doubles the creep strength of Zircaloy-2.
Within the range 13 to 25%, the degree of cold working appears to have
very little effect on the creep rate of the cold-worked Zircaloy.

For long-term operation, it is necessary to know the time for onset
of the third stage of creep (¢3). On the basis of present data, this

3 Available information indicates a linear

cannot be confidently done.
relation between log ¢3 and stress for a given stress and test material,

as shown in Fig. 34. Impurity content and temperature are major variables.
Other data’ indicate that third-stage creep in 13 to 25% cold worked
Zircaloy-2 at 300°C and 16 500 psi occurs at approximately 2% total plastic

UNCLASSIFIED strain and that first-stage
ORNL-LR-DWG 56383

(5x10%) ‘ ‘ I 7 creep represents approximately
Ref: HW-60908, p. 84, Fig. 24 — }'—f—
C- e e 0.08% total plastic strain.
© ANNEALED I !
2 ﬁ“mUPAZQSZEﬁEB HIGH OXYGEN CONTENT - 7 Thus, for a secondary creep
V 15% COLD WORK - .
jod [.OROUP By (20” (010 WORK} LOW OXYGEN CONTENT rate of 5 X 107°%/hr (typical
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} o oxven conTenT for N.S. SAVANNAH design con-

ditions), approximately 47 years
would be required to reach

third-stage creep.

Even though not considered

TIME (hr)

completely reliable, long-term
3

creep predictions” have been

made that are based on experi-

mental data (Fig. 35). The

principal uncertainties are

the previously mentioned third-

stage creep and the possibility

of recurrence of primary creep

0 10 20 30 40 50 (x10) under cyclic temperature, stress,
STRESS (psi)
4 s diti £ in-
Fig. 34. Time for Onmset of Third-  °nd Tadlation conditlons of in
Stage Creep in Zircaloy-2. reactor service. Data have

37




UNCLASSIFIED
ORNL-LR-DWG 56384

(x103) ‘ l
Ref: HW-60908, p.85, Fig. 25
O 15% COLD WORK, HIGH OXYGEN CONTENT
50 ® 157 COLD WORK,LOW OXYGEN CONTENT |

¥ ANNEALED, LOW OXYGEN CONTENT

STRESS (psi)
w
(@]

20

0
400 500 600 700 800 900

TEMPERATURE {°F
Fig. 35. Iong-Term Creep Predictions for Zircaloy-2.

been obtained in relaxation tests?® that indicate a 15 to 50% increase in

creep rate at 900°F.

Torsional Properties

Data obtained on the torsional properties56 of Zircaloy-2 are pre-
sented in Table 7. One effect not evident is the lower hydrogen content
of the base-annealed material. (Base-annealing removes hydrogen from

the material; for example, 50 ppm in a hot-rolled specimen would be re-

duced to 10 ppm.)
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Table 7. Torsional Properties of Zircaloy-2

Specimen Torsional Torsional Torsional Yield
andition Elastic Proportional Stress at 0.2%
Modulus Limit (psi) Offset (psi)
x 10
Base annealed 5.24 17 850 29 000
Base annealed 5.29 19 450 32 100
Hot rolled 5.22 13 550 29 500
Hot rolled 5.22 13 700 28 300
Fabricabillity

Zircaloy-2 has been fabricated by almost all the known metal-working
operations, although those operations requiring elevated temperatures
must be performed in an inert atmosphere to prevent oxygen and nitrogen
contamination. Extrusion, drawing, casting, and welding have been suc-
cessfully done with Zircaloy-2. Welding techniques have been developed57
that do not require expensive gas-chamber setups. Obtaining a good weld
between Zircaloy-2 and stainless steel is difficult, however, because
of the large difference between the respective coefficlents of thermal
expansion. Riveting is apparently a feasible joining method, but it has
the possible disadvantage of creating a more susceptible corrosion area.

The principal defect resulting from fabrication is the occlusion of
a gas vold or intermetallic compound near the metal surface; such a region
is susceptible to excessive corrosion. This is usually called a "stringer"
defect. The practice of vacuum-melting ingots has greatly reduced the
incidence of "stringers."

Cracks have been observed in the cladding of newly fabricated fuel
elements, but the exact source of the trouble has not been determined.’®
Occurrence of such defects is not always detected by the eddy-current
method of inspection, and in certain cases the use of the more expensive
ultrasonic inspection procedure is being considered. No completely sat-

isfactory nondestructive inspection method has been developed for detecting

defects less than 5 mils deep. In some cases,”® the cladding material is
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being changed from Zircaloy-2 to stainless steel because of the possi-
bility of major defects propagating from long-term radiation exposure of
these undetected hairline cracks.

During the latter phases of fabrication of the Shippingport reactor
fuel tubes,éo the over-all yield from ingot to finished mill product was

45%, and acceptability of the tubes was 98%.

6. NUCLEAR PROPERTIES

An important feature of Zircaloy-2 is its low thermal-neutron-
absorption microscopic cross section, which is reported to be 0.22 to 0.24
parn.32:%1  Pure zirconium has a 0.18-barn cross section; 0.015 to 0.02
barn is contributed by the alloying agents, and the remainder comes from
impurities in the metal. Cross-section dependence on energy is discussed
in ref. 61.

Natural zirconium has an atomic number of 40 and is composed of five
isotopes, the average atomic weight being 91.22 (Table 8). For neutron
energies less than 2 Mev, all reactions are (n,d) reactions, whereas at

62  Neutron absorption yields

higher energies, (n,p) reactions can occur.
the stable isotopes 7r°! and 7r°? and the unstable isotopes Zr93, Zr95,
and Zr97, which undergo beta decay accompanied by gamma emission (Table

9).93 A few data are available on capture gamma ray564 which indicate

Table 8. Isotopic Com-
position of Natural

Zirconium
Abundance
Isotope
° (%)

7r°0 51.5
7roL 11.2
Zroe 17.1
7 O% 17.4
zr?° 2.80
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Table 9. Decay Data on Zirconium Isotopes63

Decay . Radiation and Energy®
Isotope Mode Half-Life (Mev)
zr93 B,Y 9 X 10° years £7(0.063)
7r?° £, 65 days £~(0.37,0.84),
7(0.72,0.23)
zr?"7 B,Y 17 hours BT(1.91), 7(0.75)

a . \
Beta energies are maximum values; the average energy
is approximately 40% of the maximum energy.

that in approximately 18% of the neutron captures in natural zirconium,

a gamma ray with an energy of 6 to 8 Mev is emitted.

7. RADIATION EFFECTIS

Mechanical property changes have been the principal effects observed
upon neutron irradiation of Zircaloy. Although data are not available
for reliable predictions for a fast-neutron* dose of 10?3 neutrons/cm?,
trends have been indicated by tests at lower exposures. Irradiations to
fast-neutron doses of up to 6 X 101 neutrons/cm® have caused an increase
in strength and a decrease in ductility. The data are scattered, how-
ever, and consequently precise correlations with integrated flux are not
possible. Existing data have indicated saturation effects only on the
properties of hardness and electrical resistivity.

Most of the mechanical property data presented in this section were
obtained in pressurized-water reactors®9,%% with a water temperature of
approximately 475°F and a fast flux of 0.75 to 5.11 X 104 neutrons/cm?-sec.
When available, fast-flux values are reported, because thermal-neutron

effects in metals are insignificant in comparison with those caused by

fast neutrons. Thus far, all in-reactor experience has been with Zircaloy

as fuel cladding.

*In this report, fast neutrons are defined as those having an energy
of 0.65 Mev or greater.
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Mechanical Properties

The stress-strain characteristics of Zircaloy-2 are altered by fast
neutrons in a manner similar to the effect of cold-work (Fig. 36). The
yield strength increases faster than the ultimate strength; the total
elongation is reduced; and the uniform elongation is reduced to almost
zero, as shown in Figs. 37 through 40. At an integrated flux level of
approximately 1021 neutrons/cmz, the yield strength and ultimate strength
are essentially equal. The data show, however, that sizeable reductions
in area (~20 to 40%) can still occur after a dose of 6 X 102! neutrons/cm?
(Fig. 41). Thus, Zircaloy-2 appears to retain the ability to deform
locally in a plastic manner rather than by brittle fracture, in spite of
the reduction in uniform elongation.

Other postirradiation mechanical tests®® have shown hardness to be

dependent on total flux level (Fig. 42). Strain-fatigue tests®? showed
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a reduction of only about 15% in the bending stress of notched and un-
notched 0.100-in.~-thick plates after a fast-neutron exposure of 5.0 x 1021
neutrons/cm2. Data on the fatigue properties of irradiated Zircaloy-2

are presented in Table 10.

Table 10. Fatigue Properties of Irradiated Zircaloy-2

Unirradiated Specimens Irradiated Specimensa
b
Unnotched Notched Unnotched Notched
Kt:3 Kt:3
Failure stress at 10° 24 000 15 500 21 500 13 000
cycles, psi
K¢, strength reduction 1.55 1.60
factor®
g, notch sensitivity 0.275 0.30
factor
fast-neutron exposure of approximately 5.0 X 1021 neutrons/cm2.
bK = theoretical stress-concentration factor.

t
CRatio of unnotched stress to notched stress.

U = (K - 1)/(K¢ — 1).
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Preliminary in-pile creep data® indicate that the creep rate may
be somewhat reduced during neutron exposure. No effect has been observed

02t neutrons/cm2 on the modulus of

up to a fast-neutron exposure of 6 X 1
elasticity.®? Impact properties are apparently dependent on a combina-
tion of hydrogen content and flux exposure, although Charpy V-notch tests
showed no change in the brittle-to-ductile fracture behavior of Zircaloy-2
specimens containing & ppm of hydrogen that were irradiated to a fast-

neutron exposure of 1.9 X 10'° neutrons/cm® in water at 150 to 200°C. A
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transition temperature increase of 54 to 63°F over that for the unirra-
diated control specimen was found for a specimen with 130 ppm of hydro-
gen.66:67 More recent data’ indicate, however, that irradiation to doses
of up to 6 X 10?1 neutrons/cm2 have no significant effect on the impact

properties of Zircaloy-2.
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Work at Chalk River?® has shown that (1) irradiation at temperatures
up to 716°F does not increase the rate of recovery of cold-worked
Zircaloy-2, (2) although the ductility of annealed Zircaloy-2 is consid-
erably greater than that of the cold-worked material prior to irradiation,
there is little difference after irradiation, and (3) irradiation at 716°F
gives a small increase in mechanical properties in comparison with those
of material held at 716°F without irradiation. Additional data suggest
that Zircaloy-2 can be used at temperatures up to 752°F before thermal
softening becomes the dominant factor with respect to mechanical strength.

Postirradiation annealing has indicated that irradiation-induced
effects on hardness and tensile properties can be reduced considerably
by annealing, the annealing temperature and time being dependent on ir-
radiation conditions.®? Recovery of properties by annealing appeared
to be insignificant at temperatures below 536°F, whereas the recovery was
quite pronounced at 716°F. The dependence of strength on exposure tem-
perature3 indicates that nominal effects occur in the temperature range
240 to 450°F at ~3 X 1020 neutrons/cm® (Fig. 43).

Reliable comparison of test data obtained by different investigators
is difficult because of the strong influence of specimen history on
mechanical properties. In addition, flux and energy-spectra data are

hard to obtain, and generally several experimental conditions differ in
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the various studies. A theoretical treatment of radiation-damage models

and considerable experimental information are presented in ref. 68.

Hydrogen Pickup

The effect on hydrogen pickup represents an indirect effect of ir-
radiation exposure on mechanical properties, since the resulting hydrogen
embrittlement decreases the ductility and increases the notch sensitivity
of Zircaloy-2. This was discussed previously in Section 3. Zircaloy-2-
clad UOp fuel rods have shown greater hydrogen pickup during reactor ser-
vice than would be expected from out-of-pile experiments.25 Whether this
is attributable to irradiation, increased corrosion, or dissolved hydro-

gen in the water has not been determined.

Other Effects

In-pile exposure of Zircaloy-2 components in water-moderated reactors
is usually accompanied by the formation of a surface layer consisting
primarily of iron oxide and water, with lesser amounts of other corrosion
products, usually referred to as crud. In-pile corrosion of the Zircaloy-2
and crud formation are definitely interrelated, although most of the iron
comes from corrosion of steel components in the reactor. Crud settles

out in low-velocity regions in the reactor's primary system and causes
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objectionable situations by fouling heat transfer surfaces and creating
high activity levels. Long-lived crud activity is primarily due to Co’8
and Co60, which are formed by activation of Wi%8 and Co59, respectively.
Although these materials are present in the Zircaloys, the principal source
in existing reactors is usually stainless steel, Stellite, or Haynes No.

25 alloy components in the reactor.

The corrosion rate of Zircaloy-2 has not been observed to be signifi-
cantly affected by irradiation by some investigators,11'13J24 but more
recent information®,1% has indicated a one- to fivefold increase in the
corrosion rate (see Sec. 3).

Buildup of fission products will occur in the primary system cool-
ing water of a reactor as the result of uranium impurity in the Zircaloy
(nominal, 1.6 ppm; maximum, 3.5 ppm). Absorption of neutrons by U238
restlts in the formation of fissionable Pu?3? and PuP%l. The activity

levels are not high enough, however, to restrict reactor operation.

In-reactor Failure

Fuel elements consisting of U0, pellets clad with Zircaloy-2 have
been observed to have defects in the cladding after irradiation. Three
failures occurred in 1000 fuel segments irradiated in the VBWR and GETR
as part of a test program. The segments that failed had longitudinal
cracks along the high heat-flux portion of the cladding. Postirradiation
examination revealed severe hydride formation in the vicinity of the
cracks and heavy oxidation of the cladding internal surface. The possi-
bility exists that defects of this type might rapidly self-propagate and
eventually lead to disintegration of the fuel element.

Several explanations for these failures have been proposed; for ex-
ample, undetected fabrication defects, such as stringers, fission-product

damage, stress-corrosion cracking, hydrogen embrittlement, etc.

8. HAZARDS OF METAL-WATER REACTIONS

Although the probability of occurrence is very remote during re-

actor operation, under certain conditions zirconium can react with water
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(or steam) with explosive violence. Such conditions could occur if the
core overheated as the result of a loss-of-coolant accident. The rate

of heat generation from the Zr-H,0 reaction is dependent on the heat of
reaction, rate of reaction, specific area of metal, mixing reactants,
total quantity of metal, and subsidiary heat, such as from combustion of
product hydrogen. From the standpoint of reactor environment, the most
important variable is the metal-particle size. Heat release from massive
metal reaction (ordinary corrosion in water) is insignificant, whereas
vaporized metal can react explosively. Core meltdown could produce par-
ticles of sizes in the dangerous range, and, depending on core geometry
and heat transfer characteristics, the reaction could be self-propagating.
The problem has been studied by several investigators69‘7l and all seem
to agree that, although the possibility of g Zr-Hp0 reaction is very re-
mote, the extent of possible damage resulting therefrom warrants a care-
ful study of each reactor.

Thermodynamic data’? on the reaction
Zr(liquid) + 2H,0(steam) — Zr0O, + 2H,
are given in Table 11 and Fig. 44. This reaction can be represented by73
M =X%k(T) t s

k(T) = A exp (-Q/RT) ,

AW = oxygen weight gain, g/ch,

k(T) = rate constant,

t = time,
n(T) = temperature dependent exponent,
A = constant,
Q = activation energy, cal/mole,
R = gas constant, cal/°K-mole,

T = absolute temperature, °K.

Calculated values of corrosion are presented in Fig. 45.
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Table 11. Thermodynamic Data of the Liquid Zirconium-
Steam Reaction®?,72

Temperature

o k(T) x 10% n(T)

°K °C °F cal/mole cal/g of Zr

1400 6.31 0.462
1500 1227 2241 =144 320 —1582
1600 1327 2421 =143 970 -1578 9.6° 0.552
1700 1424 2601 —143 660 —1575
1800 1527 2781 =143 280 -1571 15.2 0.66
1900 1627 2961 =142 990 —1568
20008 1727 3141 =142 680 —1564 25.0 0.784
2100 1827 3321 =142 352 —1561
2200 1927 3501 —142 024 —1557 43.6 0.945

fgor temperatures above 2000°K, the data are extrapolated on the
basis that AHT decreases uniformly by 3.28 cal/mole-°K.
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For precise evaluation of hazards associated with Zr-H;O reaction,
the present state of knowledge is inadequate. The principal deficiencies
are in the determination of the metal particle size and the understanding

69

of the heat transfer mechanism, However, calculations based on assumed

models for pressurized-water reactor accidents have been performed.m:71

In no case did the added heat of the metal-water reaction significantly
alter the over-all situation. Even if core meltdown occurred, the prob-
ability of an extensive Zr-H,0 reaction would be very low because heat trans-
fer out of the core would be sufficient to inhibit the reaction. In a test

at Chalk River”

~

a Zircaloy-2-clad UO,; fuel element was intentionally melted

in a pressurized-water loop and only a limited reaction was observed.
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9. OTHER ZIRCONIUM-BASE ALLOYS

Development work on zirconium-base alloys is being performed by
many investigators.19:5l:75 The primary aim of most work to date has
been to increase mechanical strength while maintaining corrosion resist-
ance and low-neutron-absorption properties. Although still in the devel-
opment stage, the binary zirconium-niobium and the ternary zirconium-tin-
niobium alloys appear to be the most promising. For the application con-
sidered here, however, the limited technology available on these alloys
prohibits their use.

Zircaloy-4 was developed to provide an alloy with greater resistance
to hydride formation and its resulting embrittlement. Information pre-
sently available®s40 indicates no significant differences between the
properties of Zircaloy-4 and Zircaloy-2 at temperatures up to 572°F, ex-
cept with respect to hydride pickup. The hydrogen pickup of Zircaloy-4
is substantially lower than that of Zircaloy-2 (Fig. 6). Kass and

k23,26, 76 report only 10 to 15% corrosion hydrogen pickup by Zircaloy-4

Kir
as compared with 40 to 55% by Zircaloy-2. Elimination of nickel (deter-
mined to be a hydrogen getter) from Zircaloy-2 produced the desired ef-
fects. Thus, Zircaloy-4 contains 1.2 to 1.7% Sn, 0.12 to 0.18% Fe, 0.05
to 0.15% Cr, and the balance Zr, with a maximum of 0.007% Ni. Since
nickel is insoluble in alpha zirconium, this change would be expected to
cause no effect on mechanical properties; and this has been found to be

true.
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APPENDTX

Table 1. Coefficient of Thermal Expansion
for Zircaloy-228

Average Coefficient

Instantaneous of Expansion from
Temperature Coefficient of o .
o . 80°F to Indicated
(°F) Expansion
(in-/in./°F) remperatyre
(in./in./°F)
X 106 X 1076
212 3.30 3.24
392 3.48 3.33
572 3.65 3.42
752 3.82 3.50
932 4 .00 3.59
1112 4,18 3.67

aFrom ref. 34.
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Table 2.

Predicted Hydrogen Pickup by Zircaloy-2 Plates?®

Hydrogen from

Hydrogen Pickup

Plate Zircaloy-2 . Total Total Hydrogen
Thickness Surface Co%zzilon Initial 10 yr 20 vr 30 vr (ppm)
Density Hydrogen s v v
2
mils cm (mg/an?) mg,/dm? pm (ppm) Mg/dm® ppm Mg,/dm® pom  Mg/dm? ppm 10 yr 20 yr 30 yr
x 108
75 0.919 0.126 0.375 3 28 22.3 177 49.8 395 77 611 205 423 639
100 0.254 0.167 0.375 2 27 22.3 134 49.8 298 77 461 161 325 488
125 0.318 0.209 0.375 2 27 22.3 107 49.8 238 77 368 134 265 395
140 0.356 0.234 0.375 2 27 22.3 95 49.8 213 77 329 122 240 356
150 0.382 0.251 0.375 1 26 22.3 89 49.8 198 77 307 115 224 333
163 0.415 0.273 0.375 1 26 22.3 82 49.8 182 77 282 108 208 308

aBoth surfaces of plate are exposed to water; Zircaloy-2 surface temperature

corrosion transition time = 2000 days; initial hydrogen content of 25 ppm; water pH of 6.5~7.5 and hydrogen content of

3.6 ppm.

572°F; Zircaloy-2 corrosion rate
(per surface) = 0.02 mg/dm?/day (pretransition); Zircaloy-2 corrosion rate (per surface = 0.03 mg/dm?/day (posttransition);
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