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Abstract

Strain rate dependence of the flow stress of cold-worked and annealed
Zircaloy-4 was studied by stress relaxation test in temperature range of
200°C to 450°C. The In o-ln ¢ curves for various temperatures were straight
in the ¢ range of 10-° to 10-® sec™!. From the slope of a curve strain rate
sensitivity m was obtained. The m in cold-worked Zircaloy-4 had a minimum
value at 300°C, while m in annealed Zircaloy-4 had two minimum values,
one at 300°C and the other at 450°C. It was found that the temperatures of
the mirimum m are consistent with the temperatures of strain ageing peaks.
The minimum m at 300°C is considered to be due to strain ageing owing to
the pinning of glide dislocations by oxygen atoms, while the minimum m at

450°C for annealed specimen is attributed to iron atoms.
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can be determined from direct measurement

1. Introduction of dislocation velocities but these exper-
iments are restricted to very few metals.

A study on the plastic deformation of a Considerable effort has been devoted to
metal with dislocation dynamics requires an development of techniques for indirect me-
explicit knowledge of the stress dependence asurement of the stress dependence. The
of the dislocation mobility. This dependence two most common indjrect techniques are
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the strain rate change and stress relaxation
experiments. A recent comparison of various
indirect tests that the stress
relaxation experiment provides the “best”
value of strain rate sensitivity?.

indicates

The principal advantage of the stress
relaxation experiment is that it covers a
wide range of strain rate while straining
the specimen by a very small amount. This
type of test is generally conducted by load-
ing the specimen in tension until a predeter-
mined load is reached. The machine is
then switched off and the applied load is
allowed to be relaxed. The same operation is
repeated for different loads. Recently, Lee
has carried out both the strain rate change®
and stress relaxation experiments® on
Zircaloy-2. He found that there was litte
differnce between both of the experimental
results. In those experiments he found that
strain rate sensitivity of the flow stress
was sharply lowered in the temperature
range of 300°C in Zircaloy-2. This charac-
teristic was attributed to a strain ageing
phenomenon which was explained by the
role of oxygen on the plastic flow behavior
in terms of dislocation-impurity interaction
mechanisms.

The strain ageing behavior of dnnealed
Zircaloy-4 was, however, found to be quite
different from that of cold-worked Zircaloy-
4.

2. Theory

The fundamental relationships concerning
the loading of a plastic specimen in a tensile
testing machine have been described by
several authors.#% %7 We follow here the
treatment given by Hart™. The instantan-
egous “plastic length” of a specimen, i. e.,
the length of the real gage section, is

denoted by L. The load exerted is P. We
denote by L, the distance between the
crosshead and a fixed fiducial point, chosen
in such a way that, when P=0, L,=L.
Then, L is obtained from the equation of
P=K(L,—L)
where K is the elastic constant of the
machine and specimen. If we differentiate
above equation with respect to time £, and
designate the time derivative by dots over
the respective symbols, we obtain
L=L1_P/ K
From any experimental record of P as a
funcion of £ and the value of crosshead
speed, we can derive appropriate formulas.
If the initial and current specmen cross
sections are respectively denoted by A, and
A,
A,/A=L/L,
then
o=P/A=PL/A,L,
and
é=1L/L
where L, is the initial specimen gage length,
o is the flow stress, ¢ is the accumulated

natural plastic strain and ¢ the natural
strain rate. Specialization to the case of the
load relaxation test is accomplished simply

by setting L, equal to zero.

3. Experimental

The Zircaloy-4 was supplied by SANDVIK
AB Sweden, in tube of usual PWR size 10.7
mm outer diameter, 0.6mm wall thickness.
The average composition was:

Sn; 1.37% Fe; 0.22% Cr; 0.09%
0:0.1143% Zr; balance

The as-received material was used as a
cold-worked specimen and one group of
specimens were annealed in vacuum of 4X
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10~* torr for one hour at 750°C and furnace-
cooled to room temperature.

The gage length was taken as the distance
between both ends of fitting plugs inserted
into the tube for tight gripping.

Tests were carried out with a universal
Autograph 1S-5000 Shimadgu. The
crosshead speed during the interval of load-
ing was 10mm/min. For elevaleted temper-
ature tests, the specimen was heated in a
heating chamber, through which helium gas
was flowed during the entire heating and

tester,

testing period and the temperature was
controlled to within 4-0.2°C through each
test.
loading a specimen to some predetermined
load level, then stopping the crosshead
motion, and subsequently recording the load

The load relaxation test consists in

as a function of time at fixed crosshead
position,

A typical load-time curve for a specimen
is shown in Fig. 1. The loading portion of
the curve yields a measure of the elastic

LOAD (KG)

TIME  (SECD

Fig. 1. Schematic Drawing of Load v8 Time
Relationship.
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constant X, while the remainder of the
curve is the relaxation history at fixed
crosshead position.

4. Results and Discussion

The results of the stress vs strain rate
relationship obtained from the stress rela-
xation tests are shown in Fig. 2 and Fig. 3
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Fig. 2. Stress vs Strain Rate Relationship for
Cold-worked Zircaloy-4.
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Fig. 3. Stress vs Strain rate Relationship for
Annealed Zircaloy-4.

The lno-In€é curves for both cold-worked
and annealed specimens were straight. The
strain rate sensitivity, m, which was calcu-
lated from the slope of the straight line, is
plotted as a function of temperature -as
shown in Fig. 4.
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Fig. 4 The Temperature Dependence of Stran
Rate Sensitivity in Cold-worked and
Annealed Zirealoy-4,

Keeler® reported that annealed zirconium
shows little change in rate sensitivity with
increased temperature, severely

cold-reduced material shows considerable

whereas

increase in rate sensitivity with increased
temperature. The cold-worked Zircaloy-4
had similar temperature dependence. Ho-
wever, annealed Zircaloy-4 showed large
decrease of rate sensitivity with the increase
of temperature.

Furthermore, some minimum values of
rate sensitivity were detected in Zircaloy-4.
The value of m for cold-worked specimen
is lowest at 300°C, while annealed specimen
shows two minimum values of m at 300°C
and 450°C. These results show the strain
rate dependence of flow stress over the
temperature range of 300°C to 450°C; the
flow stress increases with the increase of
the strain rate. The strain rate sensitivity
shows an anomalous temperature depen-
dence, i.e., there are two transition points
at 300°C and 450°C.

It is of interest that the minimum value
of m is found at 300°C in cold-worked

Zircaloy-4 and at 300°C and 450°C  in a

annealed specimen. These temperatures are
consistent with strain ageing peak temper-
atures which were confirmed by Rheem and
Park® 19 Luban and Pugh!'» 1213 sugge-
sted that a reduced strain rate sensitivity
is associated with strain ageing behavior.
During stress relaxation, the total strain is
constant and the elastic strain ¢, is con-
tinually replaced by the plastic strain e,
It is considered that at the vicinity of
minumum m the replacement of elastic
strain to plastic strain is inhibited due to
the dislocation-impurity interactions and
thus stress relaxation is suppressed.

It is suggested that the minimum value
of m at 300°C is due to the segregation of
interstitial oxygen atoms into cell walls
which were produced during straining. These
oxygen atoms will make glide dislocations
pinned, thus immobilizing the glide disloca-
tion and reducing the stress relaxation.

Veevers and Snowden!® suggested that
strain ageing peak at 450°C in annealed
Zircaloy-2 is attributed to iron atoms. Re-
cently Veevers!® prepared binary alloys of
Zr-Fe, Zr-Cr and Zr-Ni and investigated
the strain ageing peaks for each alloy. He
found that Zr-Fe alloy showed a peak at
450°C, whereas other alloys had peaks
between 275°C and 325°C.
that the minimum value of m in annealed
Zircaloy-4 at 450°C is attributed to iron

atoms,

It is suggested

The effect of heat treatment on the stress
relaxation was also investigated. The stress
relaxation vs initial stress is plotted in Fig.
5 and Fig. 6. The curves in these figures
are straight. They show that the slope of
the curve increases with the increase of the

test temperature in cold-worked Zircaloy-4
while in a annealed specimen the slope
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Fig. 5. Stress relaxtion at various temperatures

as a function of initial stress in ann-
ealed Zircoloy-4. tubing.
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Fig. 6. Stress relaxtion at various tempera-
tures as a function of initial stress in
cold-worked Zircaloy-4 tubing.

decreases with the increase of the temper-
ature. It is considered that this interesting
phenomenon is related to different pinning
processes of glide dislocations by oxygen
atoms.

5. Conclusions

(1) The Ino-In¢ curves in both cold-worked
and annealed Zircaloy-4 showed linear
relationships.

(2) The strain rate sensitivity in cold-wor-
ked Zircaloy-4 was lowest at 300°C,
while in annealed Zircaloy-4 it had two
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minimum values, one at 300°C and the
othe at 450°C. These temperatures are
consistant with the temperatures of
strain ageing peaks.

(3) The lowest strain rate sensitivity at
300°C is supposed to be due to the
oxygen atoms,

(4) The minimum strain rate sensitivity in
annealed Zircaloy-4 at 450°C is attribu-
ted to iron atoms.
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