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Abstract

The strain ageing behaviour of quenched Zircaloy-4 has been studied as a
function of ageing time and temperature in the temperature range 523 to 588
K for a short-ageing time of 1 to 52 seconds. At the test conditions, the
strain ageing stress increased with ageing time and temperature at a strain
rate of 5.55X10~* sec-. Applying stress on the quenched Zircaloy-4, the
strain ageing effect indicated following two stages: an initial stage
having an activation energy of 0.39 ev considered to be due to Snoek type
ordering of intersitial oxygen atoms in the stress field of a dislocation and a
second stage having an activation energy of 0.60 ev, due to mainly long
-range diffusion of oxygen atoms.
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and its alloys have been the subject of a

1. Introduction number of investigations!~®. Particularly,
over the temperature 473-700K, anomalous
Strain ageing phenomena in a-zirconium creep and mechanical behaviour in Zr and

— 117 —



118 J. Korean Nuclear Society, Vol. 9, No. 3, September, 1977

its alloys have been attributed to some form
of strain ageing produced by dislocation-
interstitial interaction!*!» such as oxygen
atoms. A study of this interaction in zirco-
nium alloys is very important since these
alloys are widely used in nuclear reactors.

However, only few experments have been
performed to study the interaction mecha-
nism of dislocation and interstitial with
relation to the time-dependent strain ageing
behaviour in zirconium alloys and little is
known about the dislocation-interstitial in-
teraction in the early stage of strain ageing
in zirconium and its alloys.

De Paula E Silva et al®
strain ageing effect in zirconium is due to

proposed that

the diffusion of interstitial oxygen atoms by
one jump length in the c-direction and
suggested Snoek type stress ordering of
atoms in the strain fields of dislocations.
Veevers and Snowden® suggested that the
rapid increased amount of strain ageing af-
ter ~40 sec in Quenched Zircaloy-2 at 300°C
is due to a Snoek type ordering of inter-
stitial (i-i) atom pairs and or interstitial-
substitutional (i-s) atom pairs.

Rosinger and Craig'™ found that such a
Snoek type ordering phenomena in the st-
rain ageing test of quenched Ferrovac E
iron is observed in the early stage of strain
ageing with a relationship of (ageing time)??
as proposed by Cottrell and Bilby*. How-~
ever, Veevers and Rotsey® found that st-
rain ageing behaviour of annealed Zircaloy-
2 in ageing time range 50 to 2x10? sec does
not follow the classical (ageing time)?s.
Kelly and Smith® and Rheem and Park®
also observed in annealed Zr-O alloy and
annealed Zircaloy-4, respectively, that st-
rain ageing behaviour follows a (ageing time)
13 relationship in ageing time up to 1000sec,

Unfortunately, in above experiments, strain
ageing behaviour in early stage of ageing
less than 50 sec was not checked in detail
since the strain-ageing response is not dis-
tinct in annealed zirconium especially wi-
thin 50 sec of ageing time.

Evidence in literature''® indicates that
quenching of specimens retains interstitials
in solution with the result that bigger yield
points are usually observed on strain ageing,
which may help the observation of early

stage of strain ageing to study the disloca—

tion-interstitial interaction with relation to
Snoek type ordering in zirconium alloys.

The strain ageing behaviour in quenched
Zircaloy-4 was studied in the present in-
vestigation as a function of ageing time and
temperature in an attempt to clarify the me—
chanism.

2. Materials and Specimens

The Zircaoy-4 was supplied by SANDVIK,
Sweden in tubing of usual PWR size, 10.7
mm in outer diameter, 0.65mm wall thic-
kness and the chemical analysis is shown
in Table 1, in which the oxygen content is
1143 ppm by weight. The as-received ma-
terial in tube was cold-rolled into sheet of
0.62mm thickness at roon temperature. After
cold rolling. sheets were machined to the
size of 2.5mm width along the gage length
of 45mm of tensile specimens. After machi-
ning specimens were cleaned in acetone and
then heat-treated in valcuum of 4Xx107° torr

Table 1. Composition of Zircaloy-4

Alloying element (wt%) Main impurity (ppm)

Sn Fe Cr 0 N H C .
1.37 0.22 0.09 1143 36 12 124
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for one hour at 800°C. Following heat-treat-
ment, specimens were quenched in water at
23°C. Before testing all the specimens were
chemically polished in a solution of 45 parts
HNOs, 5 parts HF and 50 parts H.O.

3. Experimental procedure

The testing procedures were similar to

those employed in the previous experiment® .

The nominal strain rate used was 5.55x10*
sec™!.

Interrupted tensile tests were carried out
in the temperature range 523 to 588K for
ageing times between 1 to 52 sec. Testing
consisted of pre-straining the specimen to
constant strain of 4%, stopping the cross-
head down, ageing for a desired ageing
times and restraining the specimen.

The ageing temperature and ageing stress
were kept constant while the cross head
was stopped. The strain ageing stress 4o
and the fractional increase in flow stress 4o/
J were taken as the strain ageing parame-

ters, where 4o is difference between yield
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Fig. 1. Schematic Diagram Showing The Way
the Parameters 4o, o, o,, o, & JH
Were Measured on the Stress Strain
Curves With Initial Stage and Second
Stage of Ageing Curves.

stress (o,) after ageing and flow stress (o,)
before ageing, and & is an average of the
sum of two stresses, ¢, & o, cbtained after
and before ageing. The permanent harden-
ing, was also checked in long-time ageing

curves,
4. Result

Fig.1 shows a typical strain ageing curve
of interrupted tensile test. Pre-strain, age-
ing and restrain yield the ageing stress 4o,
the difference between yield stress(s,) after
ageing for time ¢ and the flow stress (o;)
before ageing and fractional increase in flow
stress, 4¢/¢ (where 6= (o,40/)}). There are
two-types cf strain ageing curves: for short
time ageing test, the stress level after age-
ing (s,) was almost same as the flow stress
before ageing (o;). For longer ageing times,
permanent hardening, 4H, difference bet-
ween two stresses (¢ & o,) was found.
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Fig.2. Log 40/ VS. Log ageing Time

Fig.2 shows a plot of log 46/ vs. log ¢
with test temperature, where 45/@ increases
with both ageing time and temperature.
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Fig. 3. Strain Ageing Parameter VS.
Initial Ageing Stage.
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Fig. 4. Strain Ageing Parameter VS. tV* For
Second Ageing Stage.

The graph also shows two kinds of slope
in every curves: one slope for short-time
ageing region, another for longer time
ageing.

Fig. 3 and 4 show the plot of 44/3 vs.
short and long ageing times, respectively,
where the time exponent is approximately
two thirds for short ageing times (initial
stage of ageing) and one third for long
ageing times (second stage of ageing). In
two graphs, 4o/ becomes a linear function
of the ageing-time exponent.

5. Discussion

Veevers and Snowden® found that maxi-
mum strain ageing in quenched Zircaloy-2
occurred after~40 sec during which time an
oxygen atom would diffuse about one lattice
specing and suggested that the Snoek effect
is in accord with the rapid increase in strain
ageing with ageing time since it does not
depend on bulk diffusion. As the case of
Veevers and Snowden, the initial stage of
strain ageing in present quenched Zircaloy-
4 occurred too quickly to take place long-
range diffusion of interstitials. At the test
temperature a distinct 4o is observed after
only 3 seconds. To explain this rapid strain
ageing effect, the rapid Snoek type order-
ing is postulated fcr the initial stage of
strain ageing under stress since the locking
due to Snoek ordering is accomplished me-
rely by atomic arrangement between inter-
stitial atoms and neighbouring lattice si-
tes'” in the stress field of dislocation. Be-
sides rapid strain ageing response, another
evidence of Snoek type ordering is shown
in the initial stage of ageing with a pheno-
mena that there is no difference in stress
in stress between ¢, of before-ageing and
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o, of after-ageing. It is known!® that if
Snoek ordering occurs, the after-ageing st-
ress o, is almost at the same stress level of
the before-ageing stress o¢,. However, a
little difference between s,’ and o, is found
in the second stage of ageing probably resu-
Iting from the formation of Cottrell atmos~
phere or precipitates which may cause a
permanent hardening.

Finally we can estimate the activation
energy for strain ageing from the relation-
ship between ageing time and temperature
using Hartley’s modification!® of Cottrell-
Bilby’s #2* relationship. The
of Hartley's modification is as follows:

L0 Kt K[ )

equation

where K, and K, are constants for test con-
dition, ¢ is the ageing time and 7 is the
ageing temperature. Hartley also showed
that the constant K, is proportional to D??
where D(=D, exp(—Q/RT)) is the diffusion
coefficient of the pinning element. Thus
for the initial stage of ageing under stress
the slope (S,) of 4a/a vs. ¢' plot in Fig.3 is
expressed:

2
Slope (Sy) =—2 D
Ta

or log(S,T')=log K+2/3 log D

—2/3[5.‘%3—7}

The slope of log (Sng) VS. %« plot in

Fig.5 gives an activation energy of 0.39 ev
for the initial stage of strain ageing.

In the second stage of strain ageing, the
d¢/3 is proporsional to 4 in Fig.4, Th's ¢
relationship agrees with the observations of
Veevers and Rotsey® in annealed Zircaloy-
2, Kelly and Smith” in annealed Zr-O and
Rheem and Park® in annealed Zircaloy-4.
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Fig. 5. Determization of Activation Energy
For Diffusion of Pinning From Strain
Ageing Measurement.

With postulation that constant K, is propor—
tional to D%, the 4o/3 can be related to £

Kt K [ I

where K; and K, are constant for test condi-
tions.

The slope (S;) of the 4o/ vs. t% plot in
Fig.4 is expressed:
Kl

Slope (S =—2= pt
Tﬁ

or log(S,T% =log K'-1/3 log D,

13 550w

Finally, the slope of log (S,7%) vs. 1/T
plot in Fig.5 gives an activation energy of
0.60 ev for the second stage of strain age-
ing.

As the results, a low value of activation
energy, 0.39 ev was detemined for the ini-
tial stage of ageing and a high value of
0.60 ev was determined for the second stage
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of strain aeging.

The reason that the low activation ener-
gy for initial stage of strain ageing could
be attributed to the Snoek type ordering of
oxygen on the basis of that the Snoek type
pinning is relatively weakcompared with
Cottrell type pinning.

Rosinger and Craig'® also found that the
activation energy for Snoek ordering in
quenched Ferrovac E iron was much lower
than that for long-range diffusion; 0.287 ev
for Snoek cordering and 0.76 ev for Cettrell
type pinning. Kamber et al*® also found

this trend in annealed and cold-worked iron.

Atrens®® obtained a binding energy of 0.2
ev for pinning of oxygen atoms to disloca-
tion in a damping test of annealed Zr-O
alloys between 300 and 700°K and described
that the value of binding energy varies
0.14 to 0.5 ev depending upon the disleca-
tion cell structure.

The activation energy of 0.39 ev for initial
stage of strain ageing in Zircaloy-4 is with-
in the order of the binding energy for
pinning of oxygen interstitials to disloca-
tions. The 0.39 ev for initial stage of strain
ageing is close to the value of 0.37 ev
obtained by Hammard et al*® from a slope
of log 4o vs. 1/Tq plot in quenched Zr.

The activation energy of 0.60 ev for the
second stage of strain ageing is much hig-
her than that for the initial stage of age-
ing. This value is in close agreement with
the activation energy for the deformation
process for dislocations overcoming oxygen
barriers in zirconium alloys which is in the
range 0.5 to 0.89 ev. Mills and Craig?®
found an activation energy of 0.89 ev at
560°K for the deformation process in Zr-O
single crystals and reported 0.5 ev at 560°K

for polycrystalline Zr. Westlake?> obtained
an activation energy of (.7 ev for disloca-
tion overcoming oxygen barriers. Recently,
Swanson et al?® ¢btained an activation ener-
gy of 0.6 ev and 0.7 ev for vacancy forma-
tion from electrical resistivity measurements
on quenched Zr. If Swanson’s observation
is true, the 0.60ev for the second stage of
strain ageing in present study may be assc-
ciated with vacancy as well as gxygen. Me-
shii and Kaufman® suggested that the
increse in yield stress in quenched gold was
associated with the quenched-in-vacancies.
Veevers and Snowden have suggeted that
the increased amount of strain ageing in
quenched Zircaloy-2 is attributed to a Snoek
type interaction between glide dislocations
and an increased concentration cf oxygen-
oxygen (i~i) atom pairs or oxygen-substitu-
tion (i-s) atom pairs frozen-in by the quen-
ching treatment.

It seems reasonable to suggest that the
initial stage of strain ageing in quenched
Zircaloy-4 is associated with soley Snoek
type ordering and the second stage of age-
ing associated with mainly Cottrell type
oxygen pinning as well as Sncek type or-

dering.

6. Conclusion

1) The strain ageing stress in quenched
Zircaloy-4 increased with strain ageing time
and ageing temperature in the temperature
range 523 to 588°K for a short-ageing time
of 1 to 52 seconds.

2) The- strain ageing under stress in
quenched Zircaloy-4 was observed in two
stages of strain ageing time; an initial sta-

ge showed a ralationship of Aa/aoc[~§,—]§
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and the second stage showed a relationship

of do/d < {—;—]i

3) The initial stage of ageing is consi-
dered to be associated with Snoek type or-
dering of oxygen to dislocation having an
The second
stage of strain ageing is thought to be
attributed to mainly a long-range diffusion
of oxygen atoms having

activation energy of 0.39 ev.

an activation
of (.60 energy ev.
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