JOURNAL OF MATERIALS SCIENCE 6 (1971) 332-341

An Evaluation of Rate-Controlling
Obstacles for Low-Temperature
Deformation of Zirconium

D. H. SASTRY, Y. V. R. K. PRASAD, K. I. VASU
Materials Research Group, Metallurgy Department, Indian Institute of Science, Bangalore, India

The low-temperature plastic flow of alpha-zirconium was studied by employing constant-
rate tensile tests and differential-stress creep experiments. The activation parameters,
enthalpy and area, have been obtained as a function of stress for pure, as well as
commercial zirconium. The activation area is independent of grain size and purity and
falls to about 9b? at high stresses. The deformation mechanism below about 700 ° K is
found to be controlled by a single thermaliy activated process, and not a two-stage
activation mechanism. Several dislocation mechanisms are examined and it is concluded
that overcoming the Peierls energy humps by the formation of kink pairs in a length of
dislocation is the rate-controlling mechanism. The total energy needed to nucleate a
double kink is about 0.8 eV in pure zirconium and 1 eV in commercial zirconium.

1. Introduction

A wealth of data is available on the deformation
characteristics in fcc metals [1-6], while detailed
investigations of a similar nature are lacking in
cph metals, presumably because of the complexity
introducedasaresult of the variations in the axial
ratio. Whereas it is generally thought that the low
temperature plastic flow in magnesium [7, 8],
zinc [9, 10] and cadmium [11, 12] is controlled
by intersection of glide and forest dislocations,
there is no genecral agreement as regards the
mechanism of deformationinmetals with an axial
ratio less than ideal. Rapperport and Hartley
[13] observed in zirconium a linear relation
between In 7 and T in the range 77 to 1073° K,
where T is the shear flow stress and T, the
absolute temperature. Tensile data between 300
and 773° K reported by Guard and Keeler [14]
for “crystal bar’” zirconium also conform well
with the linear In =T relationship. This is
supported by more recent work on zirconium-
oxygen alloys [15]. In contrast, Westlake [16] has
shown that below room temperature 72/% varies
linearly with 7% for zirconium single crystals.
Besides, some investigators [17, 18] have
observed two rate-controlling dislocation proces-
ses to occur in succession in zirconium below
600° K while only a single thermally activated
mechanism was reported in the work of Mills
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and Craig [19], Ramaswami and Craig [20] and
Baldwin and Reed-Hill [15], before the deform-
ation mechanism becomes athermal. The rate-
controlling mechanism below 600° K has been
attributed either to the interstitial atom-
dislocation interaction or to the Peierls-Nabarro
force.

In the present work, the low temperature
deformation mechanism in alpha zirconium has
been studied with a view to gathering additional
information which may throw light on the
operative mechanism(s). Constant rate tensile
tests and differential stress creep experiments are
employed to derive the activation energy and
activation area characterising the obstacles to
dislocation motion.

2. Experimental

Experiments were conducted on high-purity
zirconium and commercial grade zirconium.
Their analyses are included in table I. Commer-
cial zirconium was rolled into sheets, and speci-
mens for tensile and creep tests were machined
with their axes in the rolling direction. The
specimens employed had an approximate thick-
ness of 0.5 mm. Pure zirconium was tested in the
form of wires of about 1 mm diameter. All
specimens were annealed at 1073° K for 30 min
in a dynamic vacuum of better than 5 x 10-%
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TABLE | Analysis of zirconium.

Impurity Concentration in ppm
Pure zirconium Commercial zirconium
(2.2%;, Hf)

Al 35 235
Si — 135
Fe 90 125
Cr — 95
Mn — 20
Cu — 25
Ti 42 25
Sn — 25
W — 50
Pb — 70
O — 1500
H — 30
C 43 102
N 5 668
Others 10 110

torr. Different average grain diameters were
obtained by controlling the mechanical treat-
ment only. Each specimen was etched in a
solution of 469, HNO,, 8% HF and 469, H,O
before testing.

Tensile testing was done in a modified Houns-
field tensometer [12, 21] with provision for con-
stant cross-head speeds. The load on the sample
was recorded by measuring the deflection of the
2-Ton Spring beam with the help of an LVDT
transducer, the amplified output of which is fed
to a millivolt recorder. The sensitivity of the load
measurement was 2.0 kg. The use of an extenso-
meter fitted with an LVDT coil permitted
recording of elongation on the gauge length
(2.5 c¢m) of the sample. The sensitivity of the
strain measurement was 5 X 1074 Tensile
testing in the range of 87 to 900° K was carried
out on commercial zirconium employing three
tensile strain rates of 7.8 X 10~%, 1.8 x 10~* and
2.1 x 10~%sec™!, and on pure zirconium employ-
ing two tensile strain rates of 7.8 x 10-* and
1.8 X 10* sec™’. For testing at 87, 197 and
300° K, the sample, fixed in a cage, was im-
mersed in liquid oxygen, dry ice plus alcohol, and
stirred water respectively. In the range of 300 to
600° K, a thermostatically controlled paraffin
oil/silicone oil bath was used, while for higher
temperatures a resistance wound furnace with
provision for maintenance of an inert (purified
argon) atmosphere was employed. Tensile
samples had an average grain diameter of 0.005
mm for commercial zirconium and 0.01 mm for
pure zirconium.

Creep experiments were conducted on a
constant stress tensile creep unit [21] in which

the applied stress is maintained constant during
the test with the help of a smooth contour. The
creep elongation was measured using an LVDT
transducer together with an amplifier and a
millivolt recorder. The accuracy of the strain
measurement was 105, Creep testing on com-
mercial zirconium was done on samples with a
variety of grain sizes at 87, 197 and 300° K
while the tests were conducted only at 87° K on
pure zirconium (average grain diameter = 0.01
mm). The general procedure was as follows: The
sample, kept at the required temperature, was
loaded in small steps until creep was observed on
the recorder chart. Then a small incremental
load was added and the incremental creep curve
recorded. The incremenal load was then removed
to record the decremental creep curve. The
procedure was repeated until the creep rate
became too low to be recorded accurately. At
this stage a major load was added and the
process of small stress addition and removal was
repeated. With this procedure, it was possible to
study the change in the creep rate following
increments and decrements of stress at different
stress levels.

3. Results

The variation of tensile flow stress, o, with
temperature and strain rate, ¢, for zirconium of
two purities is presented in fig. 1. All the flow
stress values reported were measured at 0.19
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Figure 1 Effect of temperature and strain rate on the flow
stress of (a) commercial zirconium and (b) pure zirconium,
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offset from the modulus line and are unaccounted
for the variation of shear modulus with tempera-
ture. The flow stress has reached a constant
value, almost independent of strain rate, at about
900° K, both for commercial zirconium and pure
zirconium.

Seeger [2] considered the flow shear stress, T,
to consist of two components as:

T:Tﬂ+7* 1)

where 7, is the stress required to overcome the
long-range stress fields of dislocations and other
athermal obstacles and 7* is the temperature and
strain-rate dependent stress controlled by short-
range obstacles. The effective shear stress, 7%, at
any temperature is obtained from

™ = %(‘7 - 0'900)

where ¢ is the tensile flow stress at the tempera-
ture T and gy, is the flow stress at 900° K. The
variation of the thermal component of the flow
stress with temperature and strain rate is docu-
mented in fig. 2. It is seen that +* is higher for
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Figure 2 Variation of effective stress with temperature and
strain rate for (a) commercial zirconium and (b) pure
zirconium.

commercial zirconium than for pure zirconium
at a given temperature and strain rate. It is also
seen that the temperature, T, at which the
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thermal component of the flow stress vanishes,
increases with strain rate in accordance with the
theory of thermally activated flow [2]. At a given
strain rate, 7. for commercial zirconium is
higher than that for pure zirconium. The values
of the critical temperature, T., are given in
table II.

TABLE Il Critical temperature as a function of strain
rate for zirconium.

Strain rates  Critical temperature, T, °K

€, sec™!
Commercial zirconium Pure zirconium
7.8 x 10~* 780 730
1.8 x 10 720 650
2.1 x 10—® 640 —

The rate-controlling obstacles are usually
identified by measuring the activation enthalpy,
H, and the activation area, 4. Conrad and
Wiedersich [22] and subsequently Li [23]
derived expressions, without assuming any
specific dislocation mechanism, for the evalua-
tion of the activation enthalpy from experimental
data. The expression of Li is:

mmw
SA/T)

% =
T

H-—k|

X Sine] (2
[5(1/T )} -
where y is the shear strain rate and k, the
Boltzmann’s constant. With the help of equation
2, the thermal activation enthalpy can be
calculated at any stress from the data of fig. 2.
The dependency of H on 7* can thus be obtained
This procedure, of course, assumes that the
structure is identical for the different specimens
used. This is a justifiable assumption inasmuch
as the flow stress values were measured at a
constant strain and H was calculated at a given
stress. The variation of H with stress is shown in
fig. 3a for commercial zirconium. Again, by
reading the temperature corresponding to the
stress in fig. 2, the variation of H with tempera-
ture can be obtained; this variation for commer-
cial zirconium is as shown in fig. 3b. The
corresponding data for pure zirconium are
documented in fig. 4. Figs. 3b and 4b suggest
that the activation enthalpy varies linearly with
temperature as is to be expected from the
equation:

H = kTIn (Pf3) 3)

where P is a frequency factor.
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Figure 3 Variation of activation enthalpy with (a) effective
stress and (b) temperature for commercial zirconium.

The total enthalpy, H, required for the therm-
al activation process was arrived at in the
following ways: (i) extrapolation of the H-7*

Results on differential-stress creep experi-
ments were utilised to calculate the activation
areas in zirconinm. Commercial zirconium
exhibited logarithmic creep at the three tempera-
tures and in the stress ranges given below.
Temp. (°K) Stress range used (kg/cm?)

87 1920 to 7245
197 1200 to 4025
300 900 to 3565

Pure zirconium, likewise, exhibited logarithmic
creep at 87° K in the stress range of 1100 to
4000 kg/cm? Graphical differentiation of the
creep strain —log time plots yielded the creep
rate, €, which is shown in fig. 5 as a function of
creep strain to indicate the effect of repeated
stress increments and decrements. An evaluation

.. . -6
curve to 7% = 0 (ii) extrapolation of the H-T plot 6x10
to T' = T and (iii) knowing 7, at two strain rates o
and using the equation: B
2’._2 i E_z _ exp(— Ho/kTe,) (4)
Y1 € exp(— Ho/kTey) _ -
The data given in table II were used for the '%,; |
evaluation of H, from the strain-rate dependence gk '
of Te. The values of H, calculated by the above 2 !
three methods are recorded in table III. Com- o
mercial zircomium gives consistently higher 4 , H
i i { © ¢ =6300kg/cm I
values of H, compared with pure zirconium. (6L doosasresin : r\\
r I
TABLE lil Total activation enthalpy for low temperature o : :
deformation of zirconium. r ! !
L [
Metal Total activation enthalpy, N !
Ho, eV Average H, o7 . ) . \
4x1
Hvs.v* Hvs. T Effectof ¢V 3 4 CREEPSSTRA[N “064 7
7o o F Effect of
- igure § Effect of small repeated stress changes on the
Commercial Zr 0.95 0.90 1.06 0.97 creep rate of commercial zirconium at (a) 87° K and
Pure Zr 0.83 0.75 0.74 0.78 {b) 300° K.
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Figure 4 Variation of activation enthalpy with (a) effective stress and (b) temperature for pure zirconium.
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[23] of the activation area is made using the
equation

kT Aln'y 2kT Aln € s
[ Ar* b | do )

where b is the Burgers vector. The activation area
is also obtained from the H ~* curves in figs.
3 and 4 since

80 ° R
[«}
(b) o o ] °
40 ° ° %
° J
o b
(:n ~
< r=197°K
100 0—0 GRAIN 6 =0-O15mm

7=300°K
GRAIN ¢ =0-004mm

o—e GRAIN ¢ =0-004mm

A = — (1/b)(8H/57*) (52)
From slopes of .
120 figs. 3and 4 From equation 5
' +—¥COMMERCIAL Zr o=-0GRAIN ¢ =0-009mm
100 COMMERCIAL Zr &—GRAIN ¢ =0-004mm
v PURE Zr +—a GRAIN ¢ =0-0O07mm
v
gol- 7
~
a
<60 Ty
a
40 LN by
* a
o OAOQA é
20} 09 o
OCg A © o
7 00908 90° 0 e40°
1 | 1 | 1 L L
o) 10 20 30 40
t*, kg/mm?2

Figure 6 Dependence of activation area on effective stress
for zirconium at 87° K.

The dependence of activation area on effective
stress at 87° K is presented in fig. 6 for zirconium
of the two purities. Fig. 6 makes evident the
following points:
(1) the activation area in commercial zirconium is
independent of grain size,
(ii) the activationarea in commercial zirconium is
almost the same as that in pure zirconium at a
given effective stress,
(iii) the activation areas obtained from equatlon
Sa using the slopes of figs. 3 and 4 compare well
with those from creep data,
(iv) the activation area in both the materials used
decreases from about 100 b? at 7% = 2 kg/mm2
to 9 b? at 7* = 35 kg/mm?2

The measured activation areas in commercial
zirconium at 197 and 300° K are given in fig. 7.
The results at 197° K again suggest that activa-
tion area is independent of grain size. The
activation area has fallen at high effective stresses
to about 15 b? at 197° K and 22 b? at 300° K

4. Discussion

Soo and Higgins [17] and Das Gupta and
Arunachalam [18] observed two stages of
thermal activation below about 600° K in

336

50 0 00 Bo,0° .
© o e o o
(a) e O g e @ o
. L i
o} 5 15

10
™* kg/mm 2

Figure 7 Variation of activation area with effective stress at
(a) 197° K and (b) 300° K for commercial zirconium.

zirconium. The most direct manner of determin-
ingwhether one or more rate-controlling mechan-
isms are operative would be to determine the
variation of activation enthalpy as a function of
effective stress. If the results would fit a single
curve, then that would be a strong indication for
only a single rate-controlling mechanism. The
total activation enthalpy can be written [24, 25]
as:

(6)

H, was calculated as a function of stress from the
experimental data in the following manner. The
integral of equation 6 was solved graphically, by
determining the area under the curve of fig. 6.
Due to non-availability of activation area values
at 7* close to zero, the difference between H,
(taken as 1 eV for commercial zirconium) and H
taken at a small effective stress of 3 kg/mm? was
set equal to the area under the 4 — +* curve up to
that effective stress. In other words, it was
assumed that H, does not change over this
limited stress range. At larger values of +*, the
area was measured directly and H, determined
from equation 6. The results of this calculation
for both pure and commercial zirconiums are
shown in fig. 8, which indicates that H, is
constant throughout and there is only one rate-
controlling mechanism over the entire stress
range studied. Supporting evidence for this
conclusion is obtained from figs. 3b and 4b
where it is seen that H is a linear function of
temperature as required for a single thermally
activated mechanism. Fig. 8also yields average H,
values of 1.08 eV for commercial zirconium and
0.85 eV for pure zirconium which are consistent
with the data given in table III. Thus it-may be

Tk
H0=H+bj A.dr*
0
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Figure 8 The variation of H, with effective stress for
zirconium,

concluded that only one dislocation mechanism
controls the flow stress in zirconium below about
700° K.

Regarding the rate-controlling mechanism for
low temperature deformation of zirconium, five
possibilities may be considered: (i) mutual inter-
section of glide and forest dislocations, (ii) over-
coming the strain fields due to the presence of
interstitial impurity atoms (i.e. Fleischer inter-
action), (iii) thermally activated depinning of
dislocations from substitutional impurity atoms
(i.e. Friedel model), (iv) cross slip of dislocations,
and (v) overcoming the Peierls-Nabarro (P-N)
stress. In the light of the experimental data
presented above each one of the mechanisms will
now be examined.

The intersection of glide dislocations with
forest dislocations can readily be eliminated as
the operative mechanism, since the experimental
activation area is found to be very small, about
9b? (fig. 6). Such a small activation area requires
the presence of a large dislocation density. The
fact that the activation area is independent of
grain size (fig. 6, 7) further disqualifies the inter-
section mechanism for, in cph metals, the

activation area may also be a function of grain
size if intersection were rate-controlling [10, 26].

Fleischer [27-29] proposed that the lowering of
flow stress by an increase in temperature in some-
whatimpuremetalscan be understood in terms of
an interstitial hardening model. The introduction
of impurity atoms with a smaller size produces in
the lattice both symmetrical and asymmetrical
distortions. Asymmetrical distortions will have
large interactions with both screw and edge
dislocations and these are to be ovecome for
plastic flow to occur. If the interstitial atoms act
as barriers to the motion of dislocations, the
variation of flow stress with temperature is given

by:
T*é—l T7%
5l R

where 7,* is the thermal component of flow
stress at 0° K. Fig. 9a shows that the above
relation is not obeyed satisfactorily either for
commercial zirconium or for pure zirconium.
The value of =,* should, according to the theory
of thermally activated deformation, remain the
same at different strain rates. The datum points
for commercial zirconium in fig. 9a do not
appear to yield linear plots converging at T = 0.
If one attempts to represent the data by straight
lines, the critical temperature for commercial
zirconium at a strain rate of 7.8 x 10-* sec™*
turns out to be about 1200° K which is not
compatible with either the present experimental
data or the results of other workers [15-20].
Conrad [30] has alternately suggested that for
thermally activated overcoming of interstitial
atoms, the effect of stress on activation enthalpy
is given by:

M

H = B(ry* — 7% ®)
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Figure 9 Plots to test the applicability of Fleischer's model to the deformation of zirconium.
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where B is a constant. Fig. 9b shows that the
variation of activation enthalpy for commercial
zirconium is not in accordance with equation 8
either. Differentiation of equation 8 implies that
the activation area varies linearly with stress,
which is not the experimental finding (fig. 6).

Perhaps the most convincing evidence against
the operation of Fleischer’s model stems from
the measured activation areas in zirconium of the
two purities, The activation area for this model
is directly proportional to the average distance
between the interstitial atom stress centres, which
is related to the concentration of interstitial
impurities. The total interstitial impurity
(0, H, C, N) contents in commercial zirconium
and pure zirconium are 0.239 and 0.005%
respectively (table I). Hence, the activation area
at a given effective stress is expected to be about
several times higher (the average distance
between obstacles being inversely proportional
to the square root of the concentration) in pure
zirconium than in commercial zirconium. That
this is not observed is clear from fig. 6. For
instance, at 7* = 10 kg/mm?, creep experiments
on both the purities resulted in an activation area
of about 30b2. One experimental observation is,
however, in agreement with Fleischer’s model:
the effective stress is a strong function of impurity
content in the entire temperature range studied
(fig. 2).

Substitutional solute atoms having a size
difference will interact with the edge dislocations
and can cause a “pinning” effect. Friedel [31, 32]
assumes that the decrease in flow stress with
temperature can be accounted for on the basis of
a thermally activated depinning model and
obtains the relation:

732
T* = 1 [1 - ]—,c] 9

The variation of the flow stress with temperature
predicted by the Friedel’s model can be tested by
the plot of 7* versus [1 — T/T¢]*?, knowing the
critical temperature. This is done in fig. 10 for
commercial zirconium using the data of critical
temperature presented in table II. If a single
straight line is drawn through the points, the
standard deviation is more than what can be
accounted for on the basis of experimental
inaccuracies. Concentrating on data for € = 2.1
%X 1075 sec™!, a straight line such as the one
shown in fig. 10 will yield a value of 15 kg/mm?
for 74* (when T = 0), which is less than that
experimentally observed at 87° K for ¢ = 7.8 X
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Figure 10 Plot to test the applicability of Friedel's model to
the experimental data on the temperature variation of
effective stress of commercial zirconium.

10+ secl. Thus equation 9 representing
Friedel’s depinning model is not valid for the
present results on zirconium. Also, the activation
area should be strongly dependent on the solute
atom concentration for Friedel’s model of
dislocation unpinning. Despite the fact that the
substitutional solute concentration is consider-
ably different (2.29% in commercial zirconium
and less than 0.02 % in pure zirconium), the stress
dependence of activation area is identical for the
two impurity levels (fig. 6). Thus, it may be
inferred that the temperature dependence of flow
stress in zirconium is not accounted for by the
thermally activated unpinning of dislocations
from randomly distributed solute atoms.

Another mechanism which can yield an
activation area of the order experimentally
obtained is the thermally activated cross slip.
When dislocations on a prism plane assume a
screw orientation, they can dissociate into a pair
of partials on the basal plane separated by a
stacking fault. Continued slip on the prismatic
planes then requires recombination of the partials
and cross slipping back onto the prism plane.
Flynn et al [33] and Dorn [34] have shown that
if the cross slip mechanism is rate-controlling the
following relationship should be obeyed:

1 R,

Ar= R 7 (10)
where R, and R, are constants. The results
recorded in fig. 11 show that 1/7*T does not
decrease linearly with 1/T over the temperature
range of thermal activation. The above equation
is expected to be valid only when 7* on the basal
plane is zero and ¥ on the prismatic plane is
small [35]. The operation of the cross slip
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Figure 11 Effect of temperature on the flow stress of
zirconium to examine the mechanism of cross slip.

mechanism below 370° K where 7* is large is not
likely.

The rate-controlling mechanisms for low-
temperature deformation of zirconium may then
be associated with the Peierls-Nabarro force,
because this mechanism is characterised by a
strong temperature-dependence of flow stress and
small activation area. The Peierls mechanism
has been discussed by Seeger [36], Seeger et al
[37], Weertman [38], Lothe and Hirth [39],
Seeger and Schiller [40], Friedel [32], Dorn and
Rajnak [41] and Guyot and Dorn [42]. For the
present case, the theory of Dorn and Rajnak [41]
will be adopted. Assuming a line energy model
for the movement of a dislocation line from one
potential valley to the next over the Peierls hill,
Dorn and Rajnak calculated the stress-depend-
ence of the activation enthalpy, Hy, required to
nucleate a pair of kinks, by the lateral separation
of which the dislocation line is carried forward
by an atomic spacing. At the critical temperature,
the total energy for kink nucleation is supplied
by a thermal fluctuation and hence

(Hn)Tc = 2Hk

where Hy is the energy of a single kink. The ratio
¥/, Where 1y is the Peierls stress (equal to 7,*),
has been theoretically deduced as a function of
T/T. and is shown in fig. 12 as the solid curve for
the perturbation factor o = 0 {« varies between
— 1 and + 1 and perturbs the shape of the
Peierls’ hill from the purely sinusoidal variation
that is obtained at o« = 0). Using the critical
temperatures in table II and the extrapolated
value of 7% at 0° K for =, the flow stress vari-
ation with temperature for commercial zirconium
is shown in the same figure for the three strain
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Figure 12 Effective stress as a function of temperature in
dimensionless units for zirconium.

rates employed. It is seen that the data fit well
with the universal theoretical curve for o = 0.
Similarly, a good fit (fig. 12) with the theory of
Dorn and Rajnak is obtained when the flow
stress variation with temperature for pure
zirconium is considered.

An essential characteristic of the Peierls
mechanism is the small activation area, about
10b?, which is, in fact, experimentally observed
(fig. 6). The expected variation of activation area
for the double kink mechanism [41] with 7% /7y is
shown in fig. 13. Values of (y/2Hx)Ab were cal-
culated using the measured activation areas, the
Peierls stress and the value of H at T = T¢. These
data points are also shown in fig. 13. There is
good agreement between the experimental and
theoretical values, except at low stresses, where
the experimentally determined values of A
increase rapidly because athermal mechanisms
begin to operate here.

For the Peierls mechanism, the strain rate is
given by:

(11)

where a = distance between adjacent Peierls
valleys, L = the mean length swept out by a pair
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Figure 13 Activation area in zirconium as a function of
effective stress in dimensionless units.

of kinks once nucleation occurs in that length,
w = critical width of a pair of kinks at the saddle
point free energy configuration, and v, = the
Debye frequency. By substituting appropriate
values for Hy, T; and € and takinga = b = 3.2A
(lattice parameter) and w = 50b, a value of
100 cm~ is obtained for pL in commercial
zirconium, which is of the expected order of
magnitude. Further, the values of the function

2Hk'n' ’Tpab *
al / ,:WU ] ’

where U is the line energy of a dislocation, have
been calculated by Dorn and Mitchell [35]; for
a = 0 the function is 5.7. Using this value and
the values of Hx and m, for commercial zirconium
the line energy of a dislocation is calculated to be
5 X 10® eV/cm which compared well with the
generally accepted value of ub?/2 where p is the
shear modulus.

It is seen that introduction of impurities in
pure zirconium shifts T, to higher temperatures
(table II) and also increases the total activation
enthalpy (table 1), H,, i.e. the energy needed to
nucleate a pair of kinks. This means that
stronger obstacles are present in commercial
zirconium. The Peierls barrier will then be higher
and the Peierls stress should increase. This, in
fact, is qualitatively the case (fig. 2). However,
whereas there is an increase of only 25%; in the
value of 2Hy (from 0.78 to 0.97 e¢V) there is a
1009, increase in the value of Peierls stress from
highly pure to commercial zirconium. As the
theoretical value of m, is directly related [43] to
the shear modulus, there should be a correspond-
ing increase in p from pure to commercial
zirconium. Though a 1009, change in shear
modulus is not commonly observed, this
enormous increase in Peierls stress can be
qualitatively understood. Long-range ordering of
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oxygen atoms has been reported [44] in zir-
conium-oxygen alloys containing about 26 at. %
oxygen. The oxygen atoms are supposed to
occupy octahedral sites in the zirconium crystal
structure. Hence, short range ordering may occur
in alloys with low oxygen concentration. The
movement of dislocations through the crystal will
then disturb the minimum energy arrangement of
oxygen atoms. This requires work and may be
revealed in the form of increased flow stress at
0° K. This explanation for the increase in Peierls
stress looks plausible: commercial zirconium
contains as much as 1500 ppm of oxygen while
pure zirconium contains practically none (table
I); hence the observed increase in Peierls stress.
Thus, it may be stated that the low temperature
deformation in zirconium appears to be control-
led by the Dorn-Rajnak formulation of the
Peierls mechanism.

5. Summary

(i) Constant strain rate tests in the range of 87 to
900° K indicated that the deformation of
zirconium below about 700° K is controlled by a
single thermally activated mechanism. The
critical temperature increased with strain rate.
(ii) Alpha zirconium exhibited logarithmic creep
at temperatures between 87 and 300° K over a
wide stress range. Results on differential-stress
creep experiments were utilised to calculate the
activation area.

(iii) The activation area in zirconium was observ-
ed to be independent of grain size and its
impurity content.

(iv) Activation area was a decreasing function of
stress, falling to about 9b% at high effective
stresses at 87° K.

(v) A comparison of these results with several
dislocation mechanisms of current interest
showed best agreement with the Dorn-Rajnak
model for the nucleation of a double kink in a
segment of dislocation to overcome the Peierls
energy barriers. -

(vi) The energy needed to nucleate a pair of kinks
was calculated to be about 1 eV in commercial
zirconium and 0.8 eV in pure zirconium.

(vii) The high increase in Peierls stress in com-
mercial zirconium could only be qualitatively
explained on the basis of short-range ordering of
oxygen atoms.
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