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Abstract

The expanding copper mandrel test performed at three strain rates (3.2 X10E—5 /s, 2.0X
10E—6 /s and 1.2X10E—7 /s) over 553-873 K temperature range by varying the heating
rates (§—10T /s, 1—2TC /s and 0.5C / s} in air and in vacuum (5 X 10E—5 torr). The yield
stress peak, the strain rate sensitivity minimum and the activation volume peaks could be
explained in terms of the dynamic strain aging. The activation energy for dynamic strain aging
obtained from the yield stress peak temperature and strain rate was 196 KJ/mol and this
value was in good agreement with the activation energy for oxygen diffusion in @ —zirconium
and Zircaloy—2 (207 —220 Kd/mol). Therefore, oxygen atoms are responsible for the dyna-
mic strain aging which appeared between 573 K and 673 K. The yield stress increase due te
the oxidation was obtained by comparing the vield stress in air with that in vacuum and
represented by the percentage increase of yield stress (0% — 6+, / 6+). The slower the strain
rate, the greater the percentage increase occurs. In order to estimate the yield stress of PWR
fuel cladding material under the service environment, the yield stress in water was obtained by
comparing the oxidation rate in air that in water assuming the relationship between the
oxygen pick-up amount and the yield stress increase.
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Nomenclature

d : Initial clearance between mandrel outer
radius and zircaloy inner radius at room

temperature
m : Strain rate sensitivity
M : Taylor’s factor
Q : Activation energy for dynamic strain aging

Var  : Apparent activation volume
R : Gas constant : 8.314(J/mol K)
k : Boltzmann's constant ;1.38054 X10~%(J/K)

ko : Oxidation rate constant

Aw. :Weight gain in air test during test time

Aw. :Weight gain in water test during test time

Aw, :Weight gain in vacuum test during test
time

ow' :Aw.— Aw,

dw* :Aw.— Aw.

b : Percentage increase of the yield stress by

comparing ¢, with o
g, :Yield stress in air test
dy :Yield stress in vacuum test
g, :The predicted yield stress in water test

A a yu : 6 yﬂ_ a vu
A o’ yIAJ : o yw_ o’ yll
T : Shear stress

1. Introduction

The high corrosion resistance and low neutron
absorption characteristics of- zirconium make it an
ideal material for thermal nuclear reactor applica-
tions such as fuel cladding and pressure tube. Be-

cause of the highly reactive nature of zirconium, it

is very diffcult to purify, and contains both substi-
tutional and interstitial impurities. The interstitial
impurities, O and N, have a profound effect on
the strength of zirconium alloys and, at higher
temperatures, oxygen has been shown to be large-
ly responsible for the strain aging behaviour.

Strain aging is a well known phenomenon that
occur in many materials. When a specimen is de-
formed beyond the yield point, unloaded, and
then reloaded, sharp vield drop is not observed.
However, if the specimen is aged sufficiently in
the unloaded condition and test again, the yield
point returns. At those temperatures where it is
normally studied, this phenomenon usually occurs
over a finite period of time. However, strain aging
can be explained in terms of dislocation pinning
by diffusing impurity atoms so that the kinetics of
the process should depend largely on the diffusion
rates of the impurity atoms. As a result strain aging
phenomena may occur simultaneously with de-
formation if the temperature is suitably raised.
When this happens, metal is said to undergo dyna-
mic strain aging. The dynamic aspects of strain
aging that have been identified are
(1) the discontinuous plastic flow#**%)

(2} the appearance of plateaus or peaks?3¢” in the
flow stress-temperature diagram,

(3) activation volume peak®,

{(4) low strain rate sensitivity?>*

Many of these phenomena have been related to
some form of dynamic strain aging, and a variety
of mechanisms have been proposed. However,
these phenomena have not yet been adequately
characterized because of the multiplicity of

alloying elements and impurities.
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Strain aging effect causes changes in ductility,
yield point, hardness, and tensile strength. Espe-
cially, ductility reduction is important because it
induces the brittle fracture of clad. The present test
temperature range is 553 to 873 K, and this in-
termediate temperature range covers not only the
range of the Zircaloy-4 normal operating and
abnormal transient condition in PWR, but also the
range inducing strain aging effect of Zircaloy—4.
Therefore, dynamic strain aging was investigated
in order to assess the potential effect on PWR fuel
clad brittle fracture particularly in the ramping and
load following cycle.

And the oxidation also induces ductility reduc-
tion. The strength properties increase and the duc-
tility decreases as the oxygen content increases.
This strengthening is due to the oxygen diffusion
into the materials and the stable oxide layer
formation.

The purpose of this study is
(1) to identify strain aging behavior by obtaining

temperature sensitive yield pressure, yield
stress, strain rate sensitivity, and apparent
activation volume.

(2) to identify the solute responsible for dynamic
strain aging by obtaining activation energy for
dynamic strain aging from a shift of the yield
stress peak temperature with the change in
strain rate. The activation energy for dynamic
strain aging is equal to that of solute diffusion
responsible for dynamic strain aging.

(3) to obtain the oxidation effect on mechanical
properties of Zircaloy-4 by comparing yield
stress obtained in air with that in vacuum [5—
107° torr] and the quantitative oxidation effect
of the water environment by comparing rela-
tive oxidation rate in air with that in water
assuming the linear relationship between the
oxygen pick-up amount and the vield stress

increase.
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2. Theory

2.1 Yield Pressure and Yield Stress of Zircaloy
Tube

The vyield pressure’® is actually equal to the
equilibrium pressure. This assumption is reasona -
ble since the zircaloy tube used in mandrel test
experiences a little plastic deformation. Under the
present experimental condition, the stress state is
biaxial (¢.=0), and other widely used test is unia-
xial tensile test. Therefore, to compare the present
experimental results, converting the biaxial condi-
tion to uniaxial condition is necessary. For this,
yield pressure is converted to vield stress by max-
imum shear strain energy theory (Von-Mises’ yield

criterion’?),
2.2 Dynamic Strain Aging

2.2.1 Characteristics of Dynamic Strain Aging

In zirconium alloys, the vield stress peak which
is a manifestation of dynamic strain aging appears
in the yield stress versus temperature diagram. In
general, this peak due to dynamic strain aging has
its maximum potential at some intermediate
temperature. At low temperatures, the mobility of
solute atoms is so low that they effectively cannot
keep up with the moving dislocations and, at high-
er temperatures, the mobility of solutes is so high
that they can easily move with the dislocations
and again cannot exert strong drag force. From
these consideration, we can also deduce that this
peak is strain rate and temperature dependent.
Namely, when the strain rate rises, a peak moves
towards high temperature.

2.2.2 Activation Energy for Dynamic Strain
Aging

From the above considerations, we can con-

clude that the activation energy obtained from a

shift of the yield stess peak temperature with the

change in strain rate is equal to that of dynamic

strain aging and in turn to that of solute diffusion.
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A ctivation energy™ for dynamic strain aging is
obtained as follows,

. -Q

€ =A exp [—TJ ................................... (1)
By taking logarithms on both sides of Eq. (1):
1n € =1nA + [;_?] ............................ @)

where Q is the activation energy for dynamic
strain aging, T is the yield stress peak temperature,
A is the material constant and R is the gas con-
stant (8.314 Joule/mole K). By plotting the 1n €
versus 1/T, we can obtain a straight line, and it is
evident that

slope= T ........................................... (3)

therefore, activation energy for dynamic strain
aging, Q, is given by :
Q: —Rxslope ....................................... (4)

2-2-3 Strain Rate Sensitivity

The strain rate sensitvity'’, m, is the increase in
stress needed to cause a certain increase in plastic
strain rate at a given level of plastic strain and a
given temperature. This value can be obtained by
following equations.

_[alna] _
Mm={aine )"

In(e:/ o))
In(€=/ €)

In general, the strain rate sensitivity tends to
increase more or less linearly with temperature in
a number of metals. When it falls below this
straight line dynamic strain aging phenomena are

also observed.

2-2-4 Apparent Activation Volume
The apparent activation volume associated with
the deformation process has been obtained from

the following classical equations''?,

_ alne_ 1n[€|/é_]
wop=kT 3¢ =kT p—— 6)
where k is a Boltzmann’s constant, € is the

strain rate, 7, and 7 : are the applied shear stres-
ses at the normal strain rates €, and €:and T is

the absolute temperature. The shear stress 7 was
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calculated from the yield stress ¢, using the fol-
lowing relation,

where M is the Taylor factor. According to
Luton et al.’®, M is assumed to be equal to 4. The
peak in activation volume was explained in terms
of dynamic strain aging.

3. Experiment

3.1 Mandrel Test

Generally, cladding failures occur during steep
power increase. That is, as the power increase
rapidly, the different thermal expansion coefficient
between uranium-dioxide and zircaloy cladding
cause contact between them in biaxial stress state.
If internal pressure which is induced by contact is
greater than yield stress of zircaloy cladding, the
clad deform plastically.

This experiment used copper as expanding
mandrel which has about 2.6 times greater ther-
mal expansion coefficient than Zircaloy-4 clad.
This large value of thermal expansion coefficient
difference is sufficient to simulate contact pressure
between pellet and clad in biaxial stress state. But,
the copper mandrel test has two limitations to its
applications. First, the temperature limitation, that
is, the temperature below 553 K is not applicable
because induced plastic deformation of Zircaloy-4
cladding tube is too small to detect. Secondly, the
strain-rate limitation, that is, the strain-rate above
107® s7' is not applicable because the heating rate
above 10 T / s is difficult in the experiments. The
relation between heating-rate and strain-rate is as
shown in fig.2 ; 10-8 C /s becomes to 3.2X107%
1, 1-2 C /s becomes to 2.0X107%7", and 0.5C
/s becomes to 1.2X1077s7". These two limitations

can be varied with sample size(tube and mandrel).

3.2 Materials
Stress-Relieved Zircaloy-4 PWR fuel cladding
tube supplied by Sandvik, Sweden. Test speci-

mens were cut in 25 mm length and its measured
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dimensions are 9.487 mm inner diameter, 10.744
mm outer diameter and 0.629 mm wall thickness
in average.

Copper mandrel is commercially provided 99%
copper rod and it was machined 40 mm length
and various diameter size to 0.005 mm accuracy
to give various initial clearance, d, value.

3.3 Test Apparatus

The specimen set and the test apparatus are as
shown in Fig 1. The specimen set is composed
with copper mandrel, Zircaloy-4 tube and temper-
ature measurement equipment. Temperature of
specimen is measured with chromel-alumel
medium size thermocouple. To reduce the initial
copper mandrel diameter, liquid nitrogen is used.
Therefore, copper mandrel is easily inserted into
zircaloy tube. The induction furnace and supporter
are used for heating the specimen uniformly. Rot-
ary and diffusion pump are used for controlling
the vacuum enviornment. The inner diameter of
tube was measured with cylinder gauge and the

outer diameter was measured with micrometer.
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Fig.1 Test Apparatus
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Fig.2 Heating Rate vs. Strain Rate

3.4 Procedure
The experimental procedures are as follows :

(1) Copper mandrel is inserted into zircaloy tube.

(2) Copper, zircaloy tube and temperature
measurement system are assembled.

(3) Assembled specimen set is put into quartz
tube.

(4) Test is accomplished in air or vacuum[5X10"®
torr] and power is controlled to give constant
test temperature.

(5) Test temperature are 553, 598, 623, 648, 673,

698, 723, 748, 773, 823 and 873 K.

If the temperature is reached to test tempera-

5

ture, after holding temperature for 3 minutes
specimen set was cooled.

(7) After the specimen assembly temperature is
cooled to room temperature, the inner and
outer diameter changes are measured.

4. Resuits and Discussion

Experiments were conducted over temperature
range of 553-673 K at € =1.2X10"s, 573-798
Kat € =2.0X10"% " and 473-823 K at € =3.2
X107%s7". After yield pressure was calculated from
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this experimental results, yield stress, strain-rate
sensitivity, activation volume and percentage in-
crease of yield stress due to oxidation were

obtained.

4.1 Yield Stress Versus Temperature

From the experimental results, the yield
pressures'” were calculated and are as shown in
Fig.3, and the vield stress versus temperature is as
shown in Fig 4. The trends of yield pressure and
stress versus temperature were the same. The
yield stress behavior from the present investigation
is in close agreement with Derep et al.”, Grade",
Thorpe et al."®, Ramachandran et al.? and Sherby
et al.” Especially considering the strain rate, the
present results are in good agreement with
Ramachandran et al.? and Grade'.

The yield stress peak temperature is a function
of strain rate. From this experiments, the vyield
stress peak temperatures were 576 K at € =12X
107 ', 623 K & 723K at € =2.0X10"%" and
673 K and 798 K at € =3.2X10"%"" in air and
these peaks in vacuum were 576 K at € =1.2X
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Fig.3 Yield Pressure of Zircaloy-4 vs. Temperature
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107s7", 623 K at € =2.0X10°% ', 673 K at € =
3.2X107% ! These results correspond to 693 K {(
€ =3.3X107%7, Zircaloy-4) by Derep et al.”,
690 K (€ =1.33X107%s™", Zircaloy-4) by Hong et
al?, 650 K (€ =1.33X10 %", Zr-Nb) by Thorpe
et al’® 598 K (€ =9.8X107%"", Zircaloy-4) by
Rheem et al.® and 573 K (€ =1.0X107%"", Zy)
by Ramachandran et al.?.
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Fig.4 Yield Stress of Zircaloy—4 vs. Temperature

4.2 Solutes Responsible for Dynamic Strain
Aging

From the above results, the Arrhenius plot of
the strain rate versus the reciprocal of the yield
stress peak temperature as shown in Fig.5 led to
an activation energy of 196 KJ/mol for Zircaloy-4
tube. This value corresponds to the activation
energy for oxygen diffusion in @ -zirconium. (207
KJ/mol, by J.J. Kearns and J.N. Chirigos* and
213 KJ/mol, I.G. Ritchie and A. Atrens®), and in
Zircaloy-2 (220 KJ/mol, R. Choubey and J.d.
Jonas®). The activation energy obtained from

elongation shift with the changes of strain rate was
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205 KJ/mol by S.LHong et al.”®. Therefore, it is
clear that the yield stress peak is closely associated
with the drag force due to oxygen atoms. It is
reasonable to conclude that oxygen atoms are re-
sponsible for dynamic strain aging.

On the other hand, the yield stress peaks were
observed at 723 K and 798 K only in air. With
consideration, Fe could be responsible for strain
aging peak observed in Zircaloy-2 and Zircaloy-4
at 725 K®%. The vield stress peaks at 723 k and
798 K only in air might be due to Fe atoms.

-
(3
I3

o~

3
3

tod s bl

-

o
]
~

-
EN

Fig.5 1n € vs. Reciprocal of Temperature

4.3 Strain Rate Sensitivity

The strain rate sensitivity of Zircaloy-4, obtained
from the vield stress data at two strain rates (2.0X
107%7! and 3.2X107% '), was plotted as a func-
tion of temperature in Fig.6. In general, the strain
rate sensitivity tends to increase linearly with
temperature in a number of metals. When it falls
below this straight line, dynamic strain aging phe-
nomena are also observed. Note the tendency for
the strain rate sensitivity to be low in both the
dynamic strain aging region near 623 K and near
723 K in air. But in vacuum, the strain rate sensi-
tivity minimum near 723 K did not appeared.

95

———=—:Vacuum

—_—Air

300

X 1079

N
o
o

100

I S A I S R B SN B I BN AT AR W T B A T A A}

TTTTTT

Strain—-rate Sensitivity

LA TLELELIL I O A 0 0 2 TTTTTTTTTT T

600 650 700 750 800
Temperature (K)

Fig.6 Strain Rate Sensitivity of Zircaloy—4 vs.

an®
1

Temperature
200+
:
L2} :1
< 3
- 1504
g 3
R
o -
> 100:
g :
L 4
= 3
© ]
> 3
- 1
Q o
<. 504
O e T T e
550 600 650 700 750 800

Temperature (K)

Fig.7 Apparent Activation Volume of Zircaloy—4 vs.
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4.4 Apparent Activation Volume

The calculated apparent activation volume as a
function of temperature varies between 40b° and
190b® in air and vacuum. As shown in Fig.8, in
air, the large peak in apparent activation volume
was observed at 623 K and the small peak
observed at 723 K, but in vacuum the peak at 723
K was not appeared. These trends are identical
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with the strain rate sensitivity as shown in Fig.6.

The temperature range where the peak in appa-
rent activation volume occurs coincides with the
strain rate sensitivity minimum temperature range
obtained by above section (4.3), which means
that the peak can be related to the dynamic strain

aging.

4.5 Strengthening Due to Oxidation

The strength increases and the ductility decreases
as the oxygen content increases. The strengthen-
ing is due to oxygen diffusion into the materials
and stable oxide layer”. In other words, the slow-
er strain rate, the more strengthening occurs. This
effect is shown in Fig.8. The percentage increase
of yield stress is obtained by comparing the yield
stress in air with that in vacuum. Its equation is
shown as follows,

P.:[ d\"—a\‘] é‘

g

These results, shown in Fig 8, are also identical

with above estimation.
It is very important to obtain the vield stress

increase in water. For this purpose, the oxidation
rate in air and water must be considered in order
to compare the weight gain{A w) of oxygen in air
with that in water. The oxidation rate?® is as fol-
lows,

AU - forrerenrnmmmren e e e )
Although n value in Eq.(9) is varied with the en-
vironment, the oxygen partial pressure and the
specimen geometry and preparation, this value is
really equal to 1/2 (the parabolic rate law) in air
and 1/3 (the cubic rate law) in water. If the yield
stress increase in air (A 0.'= ¢ #— 0 ) is linearly
proportional to the weight gain difference (6 w*=
Aw.— Aw.), the yield stress increase in water (A
6,*=0,"— 0 ) can have the same relation with
the weight gain difference (J w*= Aw.— Aw.).
These relations are as follws,

Sw”
0w’

A G = AN o e e (10)

Therefore.
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G P G A G et (11)
The resuits are given in Fig.9. In case of the two
strain rates (3.2X107%7!, 2.0X107%™Y), the calcu-
lated yield stress in water (o,*) is equal to o,
because of the short test time. However, at e =
1.2X107%s7!, the yield stress in air test at 573,
598, 623, 648 and 673 K were 1595, 154.5,
1185, 82.5 and 54.5 MPa, respectively, and the
calculated yield stress in water at these temperan-
tures were 157.8, 1514, 116.5, 80.9 and 52.5
MPa, respectively.
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5. Conclusions

The vield stress peaks in air were observed at
576 K (;? =12X107"s7"), 623 K & 73 K (é'? =
2.0X107%s7) and 673 K & 798 K (& =32X
107%s7"), and these peaks in vacuum were
observed at 576 K (€ =1.2X107s"%), 623 K (
€ =2.0X107%) and 673 K (¢ =3.2X10"%"
). The yield stress peaks in air and vacuum
are considered to be due to dynamic strain
aging. These peaks observed at 576 K, 623 K
and 673 K in air as well as vacuum should be
due to the oxygen atoms, and those at 723 K
and 798 K only in air might be due to the iron
atoms.

An activation energy for dynamic strain aging
was 196 (kd/mol). This value is in good agree-
ment with the activation energy for oxygen
diffusion in @ -zirconium and zircaloy-2. There-
fore, oxygen atoms are responsible for dyna-
mic strain aging which appeared at 573-673
K.

In air, the strain rate sensitivity minimum as
well as the activation volume peaks appeared
at 623 K and 723 K, but in vacuum, such
phenomena at 723 K did not appeared. The
strain rate sensitivity minimum and the activa-
tion volume peaks could be explained in terms
of the dynamic strain aging.

Comparing the yield stress in air with that in
vacuum (5X107° torr), the former was a little
greater than the latter. And the slower strain
rate, the greater percentage increase occurred.
The calculated yield stress value in the water
environment lies between experimental yield
stress value in air and that in vacuum because
the oxidation rate in air is faster than that in
water at the same temperature. As a result, the
calculated vield stresses in water (@ ,*) at 573,
598, 623, 648 and 673 K were 157.8, 1514,
116.5, 80.9 and 52.5 MPa, respectively.
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