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ABSTRACT

The effect of stfain rate and temperature on the critical resolved
shear stress for (1100) [1 1§0] prismatic slip was determined for the inter-
mediate hexagonal phase containing about 67 at. % Ag and 33 at. % Al.. Where-
as the flow stress increased only slightly as the test temperature was first
decreased below room temﬁerature, a rapid increase in the flow stress was
obtained with yet greater decreases in temperature from about 240°K to 4°K.
The effect of both temperature and strain rat'e on the flow stress over the
low-temperature range could be completely rationalized in terms of the
Peierls mechanism when the deformation is controlled by the rate of

nucleation of pairs of kinks.
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INTRODUCTION

A few years ago Mote, Tanaka and Dor‘nI observed that the critical
resolved shear stress for prismatic slip of a 67 at. % Ag plus 33 at. % Al
hexqgonal intermediate phase by the [ITOO] (1150) mode decreased precipi-
tously as the test temperature was increased from 4° to about 160 °K. Their
results for both basal and prismatic slip are given in Fig.1. It is obvious
that only the flow stress for prismatic slip is strongly temperature dependent,
whereas the flow stress for basal slip is independent of tempe‘ratureo If the
temperature dependence of the flow stress were primarily due to interstital
impurities, it might be expected that they would influence the flow stress
for basal slip as well. Since the activation volume at 115°K for prismatic
slip was determined to be about 15b33 where b is the Burgers vector,
this thermally activated deformation process was tentatively ascribed as
being due to the Peierls mechanism. But the varioils analyses of the Peierls
mechanism then available as formulated by Seeger2 and also by Lothe and
Hirth3 did ﬁot agree well with the experimental data. Since that time a more
realistic theory for the operation of the Peierls mechanism under conditions
where the strain rate is determined by the rate of nucleation of pairs of kinks
has been presented by Dorn and Rajnak, 4 The present investigation was
therefore undertaken m order to provide the essential data for a careful
check on the agreement between this theory and the low temperature deforma-

tion by prismatic slip of the above mentioned Ag2A1 intermediate phase.
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EXPERIMENTAL TECHNIQUE
Single crystal specimens so oriented that the [I 1—50] direction and the

normal to the (1100) plane were at 451*20 to the tensile axis were grown

from the congruent melting composition of about Angl for the intermediate

hexagonal phase by the technique previously used by Mote, Tanaka and Dorn.,1
A one inch long gage section 1/4 inch wide and 0.05 inch thick was carefully
ground on each specimen which was then etched in a 40% nitric acid solution,
annealed under argon at 923°K for 15 minutes to remove the surface grinding
effects and finally etched again in the nitric acid solution.

All tensile tests were conducted on an Instron Testing Machine. For
the low temperature tests a specially designed Cryostat was used, the details
of which will be described in a future paper. Axial stresses were determined
to t100 psi and all recorded temperatures, except the 30°K temperature
where the inaccuracy was slightly larger; were controlled to within '{ObSOK
of the recorded value.

In order to reduce the scatter in the data frofn crystal to crystal, each
single crystal specimen was placed in a known state by prestraining at 2730K,
which is the athermal region, at a shear strain rate of ({_= 3.3x 10'4per sec.,
following which it was then tested at various lower temperature s of 4?, 300,-

O (¢] (0] o o O

777, 1047, 1377, 1627, 1907, 197, 220° and 25OOK° One single specimen

served for three different strain rate tests of i;’- = 8.3% IOQG,, 3°3X 10_4 and

o :
1.67x 10-2 per sec. at each temperature. Between iwo different strain rates
the load was removed, low temperature was changed to 273°K and again a

prestraining experiment was conduc_téd at I = 3.3x 10a4per sec. A typical

set of data from one test is shown in Fig. 2.
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EXPERIMENTAL RESULTS

The stress, ‘U , that is required to cause plastic flow is usually the

sum of two factors

(1)
where f’:* is the component of the stress that is needed to help dislocations
to surmount barriers over which they move with the aid of thermal fluctuatious
and (CA is the component of the stress that must be supplied to push the
dislocations over such barriers that cannot be surmounted by thermal |
fluctuations. In géneral ﬂ:*decreases rather rapidly with a decrease in
temperature whereas TA decreases slowly with an increase in temperature
usually in a manner that parallels the decrease in the shear modulus of
elasticity, G, with temperature. Over the range of temperatures from
about 175° to 273°K, T decreased linearly with the temperature suggesting
that T #was zero over this range. This concept is verified by the data

recorded in Fig.3 where the circles refer to the experimentally determined

values of G (1100) (1 1—2_0} > and the squares are calculated from

f\.4
_ q\'JzT_’: + A L'1" /‘
~ T T 273
T,72

N

(2)
Over the yet lower ranges of test temperatures, where the flow stress
decreases precipitously with an increase in temperature, the thermally

3k
activated component, T , of the stress was deducted from the relationship

Tr T T,
i 273 Gy7a
(3)
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where T'r is the total resolved shear stress for flow and GT is the shear
modulus of elasticity at temperature T. Values of T*, which are now
corrected for specimen variation in /CA’ are shown in Fig. 4 for three strain
rates. The increasing flow stress with increasing strain rate as well as
decreasing temperature attests to the fact that the operative deformation
mechanism is thermally activated.

The shape of the T* versus T curves agree well with those that
Dorn and Rajnak4 have predicted when plastic flow arises from the nuclea-
tion of pairs of kinks by the Peierls mechanism. A significant feature of the
nominal agreement between theory and experiment concerns the fact that
both reveal that the T*versus T curves have a finite slope as T%

approaches zero.
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DISCUSSION
We will now compare quantitatively the experimental results with the
theory for deformation controlled by the nucleation of pairs of kinks. For
tﬁis purpose we recall that the plastic shear strain rate, for the simplest
case where the deformation is controlled by the nucleation of pairs of kinks

in the geometrically determined length L. of dislocations, is given by

Lo L _ UL (M)
= = T
F=popPy—-c <

(4)
where P is the density of freely mobile dislocations, a is the distance
between the Peierls valleys, b is the Burgers vector, V‘ is the Debye
frequency, w 1is the width of a pair of kinks at the saddle-point free energy
configuration, Un is the saddle-point free energy for the nucleation of a
pair of kinks, k is the Boltzmann constant and T is the absolute test
temperature. The theory gives Un/2Uk as a function of T%/Tw where
Uk is the kink enefgy and TP is the Pelerls stress, as shown by the curves
of Fig. 5, for each of a series of values of X where KX expresses the deviation

of the shape of the Peierls hills from a sinusoidal periodic variation. Thé

shape of the Peierls hill is defined in terms of X by

r(\.«s):r‘!‘d—ré’ + ’:+r1 oS Z’IL-'_&—-,L-“EPC""—‘OJ 1—-605—@
2 2 = o S

where i: is the line energy of a dislocation at the top of the Peierls hill
where y =0, [: is the energy in the valley where y = ta/2 and [ (y)
is the eriergy when the dislocation is displaced a distance y from the top
of the hill, At T = TC where T* first becomes zero, the thermal energy

that need be supplied is just. Un =20 and therefore, for this condition

k?
24 <
. b L_ "A_Q—L‘
X‘: )OO \r-——— o k 1e
W, _ (5)

C
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But, as shown by Dorn and Rajnak, 4 to a very good approximation, w <= W,

and therefore, as shown by Eqns. 4 and 5,

Un (T) __Un(T) - T G(Tm)
2Uk (M) 2UTHED Te G(T)

(6)

Furthermore, taking as required by theory that the Peierls stress at the

* .o 8 2
at the absolute zero, we obtain (’F = 19.3x10 dynes/cm®”.

absolute zero is T
Although Kuhlmann-Wilsdorf6 suggested that the Peierls stress decreases quite
rapidly Wi‘th an increase in temperature as a result of a so-called "uncertainty"
concept, the justification for such an assumption, as already pointed out by

Friedel, 7 is weak. The present data suggest that the Peierls stress decreases

only about linearly with an increase in temperature. We therefore assume that

m~  _ /t—o G(T)

F © G (o)
(1)

as shown by the broken line at the top of Fig.4. The experimental data
f\.“

 asa function of o as deduced with the aid of Eqns. 6 and 7 are
P

shown by the points given in Fig. 5. The expected theoretical trends as

U /20
n

shown by the solid curves in Fig.5 are in excellent agreement with -the
experimental data and it appears to agree best with the curve representing
X = -1, excluding the 30°K data which might be somewhat in error. From
the values of TC for the two extremae strain rates recorded in Fig. 4, the
value of the kink energy Uk isvcalcull'ated by means of Eqn. 5 to be about
3,0x10'13ergs or about 0.19 ev.

A most critical judgement on the validity of the Peierls mechanism is
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obtained in terms of the activation volume which is defined as

. .a(d\n
#_ T a|mf~_EUW KZ_I\A\( Zu\,(
U - L( ~% —_— A~ T~ % N
T
v

(8)
The activation volumes, . deduced by applying the first equality of Eqn. 8 to
the data recorded in Fig. 4, are given as a function of the mean /tj in Fig. 6.
The datum points of o*’l“p/z UK as a function éf T*/TPas deduced from
Fig. 6.and recorded in Fig. 7 should conform to the theoretical trend of
B(U\q/l uk)/D (’C7’Cp)as a function of /t*//\?p as deduced by Dorn and Rajnak4
| and shown by the curves in Fig. 6. These data suggest that agreement is
excellent and although the correlation is insensitive to o< it is apparently
best for o« = -1,

Anbther check on the theory concerns the determination of the line
energy of a dislocation E from the experimental data. Using R = E/E
to be the ratio of the energy at the top and at the bottom of a Peierls hill,

theory demands that

2T Uw

4,44 |R-1
ol 4 R-14 (9)

i

and

Tp atlo
=~ 13 ( )

I

(10)
for X = -1, Considering the motion of edge dislocations, where a equals
the Burgers vector, Eqgns. 9 and 10 give [0 =5.73x 10—4ergsdwhich is ounly
slightly greater than Gb2 =2.67x 10_4ergs while considering the motion of

. _ 2
screw dislocations where a equals 1.61b reveals r: =0.81x10 42’ Ghb

2
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thus agreeing well with theoretically estimated values of r; . Furthermore,
estimating the value of Y to be 5.1x 1012 from the Debye temperature,
and estimating wc—"—‘ 50b from Fig.6, we obtain that fo L =300, which is

a reasonable value.
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' CONCLUSION

" The defofmation of the héxagonal intermetallic alloy Ag + 33 at. % Al
on fhé‘prismatié plane in the [11‘?:0] direction is controlled by the nucleation
of pairs of kinks in dislocations lying in Peierls potential valleys. This
conclusion has been drawn since: |

1. Both the change of the thermally activated component of the flow
stress versus temperature and the activation volume against the thermally
activated fraction of the flow stress fit the theory, which has been developed
for the plastic deformation of materials by the Peierls mechanism.

2. The activation volume is less than 20 bS, except for very small
stresses. Some other mechanisms require activation volumes at least one
order of magnitude higher.,

3. The estimated values of C and F L. are of the right order of

magnitude.
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