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Abstract

With the Zircaloy-4 tube oxidized in high temperature (1323 K) steam for 5, 10, 30 and 60

minutes, the expanding copper mandrel test was carried out over a temperature range of

673-1173K at € =3.0X10 °S ' The oxidation parameters (K) in the present study were
linearly proportional to square root of time (K.= & «t'} and their rate constants (& «) are 0.281.
2.82, and 2.313 for weight gain and thickness of Zr02 and @ (0) layer, respectively.

Activation energy for high temperature (873-1073K) plastic deformation of Zircaloy-4 in-

creases from 251 Kd/mol to 323 Kd/mol with increase in oxidation time from 5 minutes to

60 minutes due to the high strengthened Zr02. With the oxide layer thickness (K : expressed

in “Equivalent Cladding Reacted”(ECR, %))} and the vield stress obtained from the mandrel
test, an empirical relation was derived as (¢ /C)"=K"exp (Q/RT) with n=6.9, m=5.7, C=
0.155, 0.138, 0.051, and 0.046 MPa for Q=251, 258, 316, 323 Kd/mol, respectively.
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1. Introduction

Since zirconium-based alloys generally have a
low thermal neutron cross-section and good high
temperature mechanical and corrosion resistance
properties,” much study has been continued to
develop proper materials for pressure tube and
cladding material on thermal neutron nuclear reac-
tor system. Zircaloy-4, which is now commonly
used as cladding material of nuclear fuel, is one of
them.

Uncer the conditions of a loss-of-coolant acci-
dent in a watercooled reactor, the cladding
temperéture will be elevated in a steam atmos-
phere. During this period, an oxide film on the
cladding surface and gradient of oxygen concen-
tration into the cladding matrix are formed by
reaction of Zircaloy with high temperature steam.”

As time goes, the oxide film develop to thicker
oxide layer. Such a formation of oxide layer
causes ‘embrittlement and increases the probability
of failure of cladding materials when certain condi-
tions are reached.”

In the currerit acceptance criteria® for an
emergency core cooling system (ECCS) in the
licensing of light water reactors, the steam oxida-
tion of the cladding is limited to not more than
17% (permissible equivalent cladding reacted,
ECR) of the wall thickness in order to avoid severe
embrittlement of the oxidized cladding.

Increase in applied hoop stress, which produces
a specified amount of yield, due to increase in the

thickness of oxide layer has very important rela-

tion with failure of cladding tube.

Thus, the purpose of the present study is to
obtain an empirical relation between applied hoop
stress and thickness of oxide layer (expressed in
ECR, %) through expanding copper mandrel

test. 4
2. Theory

2.1 Oxidation

Steam oxidation is primarily a reaction of the
outer surface of the fuel rod cladding. Under acci-
dent conditions, simultaneous oxidation of the in-
ner cladding tube surface can take place caused
by cladding rupture and steam inward diffusion.
Steam oxidation appears, according to the
reaction,”

Zr+2H:0—ZrO:+2H: : AH=—586KJ/mol (1)

However, the basic mechanism is much more
complex. At temperatures above the @ — (3 transi-
tion, the oxidation of Zircaloy involves the forma-
tion of layers of oxide (nominally Zr02) and ox-
ygen stabilized alpha (2 (0)). The growth of the
oxide and alpha layer into the beta region is gov-
erned by diffusion processes,” that is, diffusion of
oxygen ions and anionic vacancies (represented by
the symbol [1?*).

The reaction at the interface between steam and
the oxide can be given by equaion.”

D2+-1;297+H20—'02_+2H+ ...................... 2)
These oxygen ions diffuse in and react with the a
(0) to form oxide, electrons and anionic vacancies
as shown by the following equation” :

Zr 205 —ZrOs+ 20" +8e ™ +oovreeerrairess 3



Effect of High Temperature Steam

These electrons and anionic vacancies diffuse out
to continue the corrosion process. It is to be noted
that for zirconium the oxidation proceeds by the
diffusion of oxygen ions into the oxide and not by
diffusion of the metal out through the oxide.® The
basic kinetic parameters for oxide growth, alpha
layer growth and weight gain can be reasonably
well described by parabolic kinetics represented

by egations of the form :°
K _ ot
d 2K

where Ki=kinetic parameter (oxide layer thickness,

............................................ (4)

#m, and weight gain, mg/cm?) t=time, sec., 0«
=rate constant for K
For ideal isothermal behavior(Ki=0 at t=0)
K=3dxt
At least at oxidation temperature above about
1273 K, oxide layer appear to be represented
satisfactorily in the early stages by the simple para-
bolic kinetics noted in Egs. (4) and (5).

2.2 Mandrel Test

As the power increases rapidly, the different
thermal expansion coefficient between uranium-
dioxide and Zircaloy cladding causes them to con-
tact. If internal pressure which is induced by con-
tact is greater than yield stress of Zircaloy cladding,
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the cldding deform plastically. And if there is a
defect or region with high stress concentration
which is induced mechanically or chemically, the
cladding will fail abruptly.

The expanding mandrel test has been used as a
laboratory technique for simulating fuel rod pellet-
cladding-interaction(PCI)**®

Large difference of thermal expansion coeffi-
cient value between copper as expanding mandrel
and Zircaloy-4 cladding is sufficient to simulate
contact pressure between pellet and cladding. But
copper mandrel test has two limitations. First, the
temperature limitation, that is, the temperature be-
low 673 K is not applicable because induced plas-
tic deformation of oxidized Zircaloy-4 cladding
tube is too small to detect. Strengthening due to
oxidation makes the plastic deformation more diffi-
cult. Secondly, the strain-rate limitation, that is, the
strain-rate above 10 * s™' can not be obtained
with high frequency induction heating rate used in
the present experiment. Thus, this test can not be
used to cause cladding rupture.

2.2.1 Yield Pressure of Oxidized Zircaloy Tube
The yield pressure of oxidized Zircaloy tube is

given as follows*?;

d+(a.a— azb)- AT—d(1+ @A T)+to (mb—,_*T—I)

P= -
a
B0t ES

where
p : Contact

point

pressure of Zircaloy tube at yield

a: Initial mandrel radius at room temperature
Initial (oxidized) Zircaloy inner radius at room
temperature

a’: Changed mandrel radius by thermal expan-
sion at temperature To

b": Changed Zircaloy inner radius by thermal ex-
pansion at temperature To

¢’: Changed Zircaloy outer radius by thermal ex-

2b"%c’
)

pansion at temperature To

d: Initial clearance between mandral outer radius
and Zircaloy inner radius at room temperature

a.’': The expansion or contraction of Zircaloy in-
ner radius by elastic deformation at tempera-
ture To

dy': The expansion of Zircaloy inner radius by
plastic deformation at temperature To

d:® : The plastic expansion of Zircaloy outer radius
after cooling to room temperature

Ei: Youug's modulus of copper mandrel
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E:: Young’s modulus of oxidized Zircaloy-4
clad
AT Tiest— Troom
t.: Thickness of Zircaloy clad at test temperature
@ : Thermal expansion coefficient of copper man-
drel at the reference temperature of 298 K
@ ;: Thermal expansion coefficient of oxidized Zir-
caloy clad at the reference temperature of
308K
v :Poisson’s ratio of copper mandrel
Since E: and @: in Eq.(6) are the Young's mod-
ulus and the thermal expansion coefficient of the
oxidized Zircaloy tube, respectively, they are
calculated as,'
Ez: El T|+E|| T“ ....................................... (7)
dKF/p'+d"K'F'/p"
T KF/ K

where, superscripts [ and 11:Zr02 and @ ~Zr or
oxidized Zircaloy tube, respectively.

T : fractional thickness

K': bulk modulus

F : fractional weight

£ density

2.2.2 Stress of Oxidized Zircaloy Tube

By thin wall approximation, the hoop stress, @ o
, of Zircaloy tube is:

P-(b"+d'

G :,w.(_i ...................................... ©9)

where, At=change of Zircaloy clad thickness
by contact pressure at test temperature
The radial stress, ar, of Zircaloy tube is:

Gr:_g ............................................ (10)

where outer pressure of Zircaloy tube is negligible
in a vacuum. Since there is no axial deformation,

there is no axial load. That is,
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Substituting Eq.(9), E.(10), and Eq.(11) into
Eq.(12), the result is given by :

ae,,=% [(0 62+ 024+(0 44— 0 )]*

_ 1 [{Pb'+dpj: |P+0.1013):
T2 [l to+ At || 2 |
+

{Plb’'+dp  P+0.1013
[+ At 2 )H

This oeff may be equal to ¢, by maximum
shear strain energy theory(Von-Mises’ yield

criterion),'2!¥

2.3 Mechanical Properties of Composite Mate-
rial

As it is almost impossible to measure the
mechanical properties of the individual compo-
nents of oxidized composite, it is essential to con-
duct tensile test on the composite, that is, direct
measurement of effective yield strength and effec-
tive Young’s modulus of composite to interpret its
mechanical properties. Oxidized Zircaloy-4 in this
experiment is a laminated composite reinforced by
strong second phase of two-dimensional shapes'?.
The fractions of oxide layer (Zr02) and matrix are
obtained from “Equivalent Cladding Reacted
(ECR, %)” calculated by weight gain during
oxidation.? Mechanical properties of composite re-

lated with present work are described as follows.

2.3.1 Young’s Modulus and Thermal Expan-
sion Coefficient

Young’'s modulus (E) is generally dependent
upon temperature and is a unique mechanical
property of a material. The situation is obviously
similar to that for the thermal expansion coefficient
(a). At a moderate temperature, thermal expan-
sion coefficient is inversely proportional to the
square of Young’s modulus®, that is,

1

a(T) o ET(fy ....................................... 14

Crystals with low thermal expansion coefficients

often have high Young’s modulus. In laminar sys-
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tem, the overall modulus is intermediate between
the high-and the low-modulus components.

For the case of present system, the total applied
stress (¢) on the cross-sectional area {A) of clad-
ding is, by definition,

o =% ................................................ (15)

where F= X F : sum of forces applied on cross-
section of each component .
since F=A ¢, and ¢, and ¢ and ¢.=E e,
o= 2,% Ee;
Again since €.= €, that is, the strain (&) is the
same magnitude for all components,
The effective Young’s modulus, Ee, is then given
by

A
Es= % =3 ‘KEi

For the two laminar system,

Al

A_ A A
A Bty B Bt (=3 )Ee (16)

Es=
where % is the fractional area of component i.
This is the rule-of-mixture known as the first
(Voigt) model.™

Thermal expansion coefficient for the composite
can be calculated if we assume that no cracks
develop, the contraction of each component is the
same as the overall contraction, and all micro-
structures are pure hydrostatic (interfacial shear is
negligible). Then the stress on each component is
given by'?

O =K(@,— @ AT wvrerververemiininii (17)
where @r and @, are the average and individual
volume expansion coefficient of a composite, AT
is the temperature change from the stress-free
state, and K is the bulk modulus, (K=—P/(AV /
V)=(E/3(1-2 v ), where P is the hydrostatic press-
ure, V the volume, E the elastic modulus, and V
Poisson’s ratio). If the stress is nowhere large
enough to disrupt the structure, the summation of
stresses over the whole area is zero. Consequent-

ly, if the Vi and V: are the fractional volumes for
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composite,
Ki{a.—a Vi AT+Ks(@:— a )\ AT+ o0 =0
(18)

_Fp.

Vl—— pi

Where Fi is the weight fraction of component i,
and P:and P, are the mean and individual densi-
ties of a composite. Substituting Eq.(19) in Eq.(18)
and eliminating AT, and £, an expression for
the coefficient of volume expansion of the compo-
site is the same as Eq.(8), that is

o = a1KiFi/ o1+ aKoFz/ P24 --1-et
T KF/ P +Re B/ pagern

2.3.2 Yield Strength and Plasticity

Yielding under uniaxial tension can occur in the
components where the stress exceeds their yield
strength. As an average, it is convenient to consid-
er a so-called “critical yield strain criterion”.'* For a
component of the yield strength({ ¢ y:) and Young’s
modulus(Ei), the strain for yielding is

A criterion for the yield of a composite will be
decided by this experimental condition ;

EyC> €y, Eyg, woeee E YN s e (21)
where € yc is called as the critical yield strain. This
criteria can be re-written in terms of stress as,

oyc/Ec> o yi/Ei, 0ya/Eeeeee , oyn/En (22)
The predicited yield strength of such a composite
is thus given by

ogyc=oy* Ec/E*=(oy*/E¥*)(E. Vi+E: Vo+---

+En Vn) ............................................... (23)
where oy* and E* are the yield strength and
Young’s modulus of the component laminar hav-
ing the highest ¢ y/E. ratio, and V1, Vz,-**, V. are
the volume fractions of the individual component
of a composite. Thus, Young’s modulus of a com-
posite can be obtained from the summation of
multiplication the individual modulus of each com-
ponent by their fractional volume or area or thick-
ness according to the type of a composite.
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3. Experiment

3.1 Speciment Preparation

The Zircaloy-4 tube specimens used in this ex-
periment have average dimension of 25mm length
with 10.744mm outer diameter and 0.629mm wall

dJ. Korean Nuclear Society, Vol. 21, No. 2, June, 1989

of Zircaloy-4 cladding and mechanical properties
of the cladding, Zr02, *'"® and copper mandrel®
are presented in table 1 and Table 2, respectively.

Table 1. Chemical Composition of Zircaloy-4
Cladding

thickness and were supplied by Sandvik, Sweden.
) ) . Alloying Elements Contents
All the specimens are cleaned in a ultrasonic T
cleaner with alcohol and acetone. After cleaning, n 120—1.70 wt%
L , Iron 0.18—0.24 wt%
inany of them are oxidized and some are heat-
) . Chromium 0.07—0.13 wt%
treated in a vacuum to use as control specimens. Tot. FetC
. t. + .28—0. %
Copper mandrel is commercially provided 99% CO . e 0.28-0.37 wt%
copper rod and it is machined 40mm length and Oar on 80~300 ppm
various diameter size to 0.005mm accuracy to give rvaen 9001400 ppm
. Lo . " Zr+Impurities Balance
various initial clearance. The chemical composition
Table 2. Mechanical Properties of Zircaloy-4, Zr02, and Copper
Material Copper
Zircaloy—4 Zr02
Property
Thermal (6.72X107°T—2.07X107%)/T—308 7X107¢ [0.342.167X1073(T—500}]
Expansion /100(T—298)
coeff.
a, 1/K) :
Young's [9.9%10%—5.669(T—273)] X9.81 (138—0.024 i) T/Tm<0.5: [117.24—21
Modulus (T—273)] x10° (T/Tm—0.22)] X10°
(E, MPa) i) T/Tm<0.5: [111.4—21
(T/Tm—0.5)] X10
Poisson’s 0.3303+8.376 X107%(T—273) 0.30 0.33
Ratio{ v )
Density 6.6 5.80 8.94
(P, gr/cmd

3.2 Apparatus

3.2.1 Oxidation and Heat-Treatment

Steam is produced by heating the distilled water
in a flask and introduced into a quartz tube which
has been externally heated by a resistance fur-
nace. Control specimens are heat-treated in the
induction furnace with a vacuum of 5X107°
TORR.

3.2.2 Mandrel Test

The specimen set is composed of copper man-
drel, Zircaloy—4 tube and temperature measure-
ment equipment. Temperature of specimen is me-
asured with chromel-alumel type thermocouple.
To ensure a tight contact between the copper
mandrel and the inner wall of Zircaloy tube, liquid
nitrogen is used for reducing the mandrel dia-
meter.

The specimens are heated to test temperatures
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in an induction furnace with a vacuum of 5X107%
TORR. The test apparatus is shown in Fig.1.
Strain rate is controlled by varying the heating
rate. Increase in inner and outer diameter are me-
asured with cylinder gauge and micrometer, re-

spectively.
3.3. Experimental Test

3.3.1 Oxidation and Heat-Treatment

Oxidation is performed at high temperature
(1323 K) steam for 5, 10, 30 and 60 minutes. The
amount of oxidation is obtained by measuring the
weight gain, and the thickness of Zr02 layer and of
oxygen stabilized «-phase are measured by a
metallographic observation. The result of oxidation
in terms of temperature and time is presented in
Table 3 and oxidation parameters such as weight
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gain together with ECR and oxide layer thickness
are plotted with respect to oxidation time as

shown in Fig.2 and Fig.3 respectively.

1 1induction furnace (vacuum)

2 Specimen Bet
3 Thermocouple
4 1nduction heating coil

5 specimen holder

Power supply system

X-Y recorder

8§ Vacuum system

* This apparatus was also used for heat-treatment of
control specimen.

Fig.1 Schematic Diagram of Mandrel Test System

Table 3. Experimental Results of Oxidation as a Function of Oxidation time at 1323 K

Oxid.T Oxidation | Wt. gain ( Thinckness (“m) J] Ratio of oxide | o T[ Equivalent cladding
F i Oxygen
Time | induced | oxide layer ‘ layer to ini. vs | Reacted(ECR,%) by,
onc.
strain Z2r02 | a(o) | core | clad th's I J :
r wt. % Hx wt, gain
(min) } (t-to/to) | (mg/cm? (%) ‘
. i | l at.% |
5 | 006106 | 4074 | 415( 35 5925] 1213 2031057 120 7.9
10 ‘ 0.07538 7.718 835 41 1(546 f 19.97 3.78 ] 18.30 / 16.7 15.6
30 0.12177 11.647 1195 96 480 34.76 5632538 293 229
60 0.18569 16.190 | 161.5 152.5J 401.5 50.48 l 7.63J 32.02 ‘ 38.3 31.0
20 r T r r r —40 E 200
weight gain (=0.281 tl/z ) E ° th::LCkneSS of Zroz { = 2.820 t‘1/2)
BCR (=0.562 £ 12 ) g ® thickness of a(0) ( = 2.313 £+1/2)
« 15fF P 5 1sof ° *
5 = el
© 2 e
£ = S ) ol
= 100 H20 - S 100} oot
> g “ e
%,‘ ° g ° //’/
.; .g //
? st 410 £ 504 Prag
° .
i i _ e Y I 0 0 ~ 1 : f 1 i "
o 0 70 30 20 50 60 10 20 30 40 50 60
Timel/z 1sec1/2 ) Time 172 (secl/z)
Fig.2 Variation of Weight Gain and Equivalent Fig.3 Variation of Thickness of Oxidation Layer

Cladding Reacted(ECR) with Oxidation Time

with Oxidation Time



118

3.2.2 Mandrel Test

Since uniaxial tensile test of the oxidized com-
posite tube is practically difficult to perform, ex-
panding copper mandrel test is applied to obtain
the yield stress. The range of test temperature is
from 673K to 1173 K with interval of 50K.

Firstly, ID and OD of specimens and diameter of
copper mandrel rod are measured and then put
assembled specimen set into an induction furnace
with a vacuum of 5X107° TORR. When test
temperature is reached, it is furnace-cooled to
room temperature and then increase in ID and OD
are measured. With the test data and mechanical
properties of oxidized composite, vield stress is
calculated from the analytical method,*® and the
results are shown in Fig.4 and Fig.5.

60 min_oxidation

4007 .

Pe3.0 x 107

w
o
=3
w

~
>
o
1

s

N N
V3.2 x 1078 N
in a vacuum "y
S
100 Yo
As-received ~

Yield siress {mpa)

600 800 1000 1200
Temperature ( K )
Fig.4 Temperature Dependence of Yield Stress at
Various Oxidation Conditions

o 673 Kk

i=3.0 x 10 s 723 K

4004 gzg K

873

- 923 K
-1
x

~ 3004

2]

o 973 K
~
pri
0
o

3 200+ 1023 K
Pl
>

1073 K

100
1123 g
1173 K
0 20 40 60

Oxidation time (min)

Fig.5 Oxidation Time Dependence of Yield Stress
at Various Temperatures
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4. Results and Discussion

4.1 Characteristics of Oxidized Zircaloy Tube

4.1.1 Microstructure

Exposure to a high temperature (1323K) steam
environment causes change in the microstructure
of the Zircaloy tube due to diffusion of oxygen
into the matrix. This structure of the exposed
material consists of layers of Zr0Z2, oxygen-
stabilized @-Zr, and a widmanstatten £ trans-
formed phase as shown clearly in Fig.6(a)-(b). It is
also shown that grain growth occurs as oxidation
time increases.

@ — Zirconium has the hexagonal close-packed
structure below 1103K, and zirconium alloys ex-
hibit anisotropic mechanical properties in different
direction. This is because only few deformation
system operates in the hexagonal crystal structure

of @ —zirconium.®

4.1.2 Kinetics of Oxidation

A relationship between oxidation (kinetic) para-
meter and time for the present work can be ex-
pressed as Eq.(5)

, or Ki= & «t?
Values of rate constant for Ki {6 «) are obtained by
linear regression fitting of data.?” Fig.2 shows a
plot in terms of weight gain and ECR vs. square
root of time {t!), simulataneously and their rela-
tions are Ki=0.281t* and K:=0.562t*, respective-
ly. 17% of ECR as a ECCS criteria¥ can be
obtained after oxidation at 1323K for about
12.5min. and is equivalent with total oxide layer
thickness of 155 #m and 8.5 mg/cm® wt. gain.

Also, thickness of Zr02 and «(0) are plogted
with respect to t* in Fig.3 with relations of Ks=
2.82 t*, Ke=2.313t% respectively.
From these results, oxidation parameter (K is
linearly proportional to square root of time very

+

well.
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¢) 30min.
Fig.6 Microstructure of Zircaloy—4/Oxide Composite Specimen Oxidized at 1323K <1000

4.2 Yield Stress of Oxidized Zircaloy Tube

From the Fig.4 and Fig.5, it is to be noted that
yield stress is increased as oxidation time is longer
due to the increase in thickness of high streng-
thened Zr02, however, the extent of increase is
larger at lower temperature than at higher one.

At high temperature of all oxidation conditions,
recovery on the cold-worked state makes strain-
hardened material ductile, and lowers the yield
stress. Also increase in grain size(D) and/or de-
crease in dislocation density(#) at high tempera-
ture in Hall-Petch Eq.”®
that is,

gy=o0,+k D2

= 0K P2 (24)

d) 60min.

where oy :vyield stress
o .. friction stress
k! : unpinning constant
D : grain diameter
£ : dislocation density

decrease the yield stress

4.3 Activation Energy for Plastic Deformation
of Oxidized Zircaloy Tube

If the plastic deformation of Zircaloy-4 is ther-

mally activated, the activation energy can be

obtained by following procedures. Strain rate can

be represented by Arrhenius type equation,” as

follows
€ =A o "exp(—Q/RT)
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,or on= € /A exp(Q/RT) ....................... 625)
Taking common logarithms on both sides of
Eq.(25):

Q 1
23nR T
where Q is the activation energy for plastic de-
formation and R is the gas constant (8.314J/mole
K). Plotting the data in terms of log ¢ wvs. 1/T,
the data show alomost straight lines in the temper-
ature range 873-1073 K as shown in Fig.7 with
the various slopes.

1 .
log ] =—n—-|og( E/A) 5o m e (26)

600}

400

200k

100

80|

60)

heat-treatment in a vacuum

1 L
0.9 1.0 1.1 1.2
1/T x 10 {K™")

Fig.7 Variation of Yield Stress with Temperature at
Various Oxidation conditions

From Eq.(26), slope=—2%§

Therefore, activation energy, Q, is given by:

Q=2.3nr - slope

Assuming that n equals 6.9%, activation energies
for high temperature (873K—1073K) deformation
are about 251, 258, 316, and 323 Kd/mol at
oxidation conditions of 1323 K-5, 10, 30 and 60
minutes in steam, respectively. Also activation
energy of non-oxidized specimen heat-treated
(1323 K-10min.) in a vacuum of 5X107® TORR is
about 244 KJ/mol. .

The fact that activation energies for plastic de-
formation of oxidized material are higher than that
(~200 KJ/mol) of as-received one®**% may be

due to the structural change and increase in ox-
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ygen contents during oxidation, that is, futher ox-
idation results in increase in activation energy.
However since the mechanism for plastic deforma-
tion of the oxidized composite is very complex, it
is difficult to clarify the reason cleatly. Also very
little work was performed with respect to activa-
tion energy of the oxidized composite.

4.4 Empirical Relation between Oxide Layer
Thickness and Yield Stress

Since the objective of the present work is to
obtain a correlation between oxide layer thickness
and vyield stress, an empirical relation can be de-
rived as follows :

as in Eq.(25), 0"= € /A exp(Q/RT)

The structure constant, A, should be dependent
upon parameters related with structure of lamin-
ate. In present case, we are going to try the oxide
layer thickness (expressed in ECR, %) as a para-
meter, so € /A can be replaced with CK™.

where K : oxide layer thickness(ECR, %)
Thus, Eq.(25) can be expressed as follows,

bed nchm exp(Q/RT) .............................. (27)
By taking logarithms on both sides of Eq.(27)

1
log =—log[C exp(Q/RT] +—Hogk -+ (28)

200k

873 K

Yield stress (MPa)

100 923 X

80 973 K

sok 1023 K

1073 X
40 1 1 ;. -
5 10 20 30 40 B

Equivalent Cladding Reacted(K : ECR, %])

Fig.8 Variation of Yield Stress with Oxide Layer
Thickness (expressed in ECR) at Various
Temperatures



Effect of High Temperature Steam

When relation in terms of log ¢ vs. log K is
plotted to get the values of m and C as shown in
Fig.8,

the slope (%) is obtained to be approximately
0.827, therefore m=5.7(:' n=6.9} and the values
of C are calculated as 2.6X107%, 1.15X107°¢, 1.19
X107% and 5.79X 107" at oxidation conditions of
1323 K—5, 10, 30, and 60 minutes in steam, re-
spectively.

Thus, empirical relation between ECR (K, %) and
applied stress (0) can be as follows,

o7=CK" exp(Q/RT) [or (-==K" exp(Q/
RT)]

with

n=6.9

m=5.7

C=2.62X10"% 1.15X107% 1.19X10°° and
5.79X107" (or 0.155, 0.138, 0.051, and
0.046 MPa)

for Q=251, 258, 316, and 323 KJ/mol,

respectively

5. Conclusions

Expanding copper mandrel test is used to study
the effect of oxidation on the yield stress and
activation energy for high temperature‘plastic de-
formation of Zircaloy—4 cladding tube. The follow-
ing conclusions are- obtained ;

{1) Weight gain and oxide layer thickness during
high temperature (1323 K) steam oxidation are

linearly proportional to square root of time,
that is,

K= & «t*

their proportional constant, & «, are

0.281 for weight gain[mg - cm? - sec™]

, 2.82 for thickness of Zr02 layer[ #m - sec™
%1 and

, 2.313 for thickness of @ {0) layer [m - sec”
]

(2) The empirical relation between oxide layer
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thickness(ECR, %) and vyield stress can be ex-
pressed as,

(Er=K" explr)

with

n=6.9, m=5.7,

C=0.155, 0.138, 0.051, and 0.046 [MPa] for

Q=251, 258, 316, and 323 KJ/mol, respec-
tively.

(3) Activation energy for high temperature (873—
1073 K) plastic deformation increases from
251 KJ/mol to 323 KJ/mol with increase in
oxidation time from 5 minutes to 60 minutes.

)

Yield stress (¢ yozx) of Zircaloy-4 increases
with increase in oxidation time due to high
strengthened Zr02.
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