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ABSTRACT

The effect of strain rate and temperature on the critical resolved
shear stress for (321) {IIIE slip was determined for the CsCl type of
intermetallic compound AgMg: “'_I-‘_k-l“é_ﬂ'c;\}s;g‘c‘r_:ess increased only slightly
as the test temperature was first decr’ease'd below room temperature, a
rapid increase in the flow stress was obtained with yet further decrease
in temperature from about 250°K to 4°K. The effect of both the temper -~
ature and strain-rate on the flow stress over the low temperature range
could be rationalized satisfactorily in terms of the Peierls mechanism
when the deformation was controlled by the rate of nucleation of pairs

of kinks,
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INTRODUCTION

In spite of the well documented interest of metallurgists and engineers
concerning the mechanical behaviour of intermediate phases and intermetallic
compounds, very little definitive information is available on this importént
subject. As recently summarized by Westbrook, 1 only limited and modest
progress has been made thus far in eluéidating the details of the mechanism
‘'of plastic deformation for the intermetallic compounds; the available infor-
mation largely concerns phenomenological descriptions of empirical obser-
vations and experimental facts, principally with reference to polycrystalline
aggregates.

The present report on the elucidation of the rate-controlling mechanism
for?slip iin the BCC structure of AgMg is part of the comprehensive program
of a systematic investigation on the mechanical behaviour of intermetallic
compoundsa

The intermetallic compound AgMg has a CsCl type of lattice structurez
and is completely ordered up to its melting point of 8200C33- This material
was selected for our present investigation because of its simple crystal
structure, mode;‘ate and congruent melting point, ordered structure
persisting up to }che melting peint, and some solubilities of the constituent
elements, which could be expected to help in the growing of single crystal
specimens. Whereas previous investigations on the properties o AgMg include
hardness,‘l_6 slip systems, 7 tensile flow stress of polycrystalline specimens
and electrical resistivity,4 the current investigation will be directed principally
at elucidating the r’ate—controlling.dislocation mechanism responsible for slip
in single crystals at low temperatures. It will be shown that the strain rate

depends on the rate of nucleation of pairs of kinks by the Peierls mechanism

for plastic deformation.
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EXPERIMENTAL TECHNIQUES

Single crystal specimens of the AgMg intermetallic compound w:,e-rzev
prepared and tested as follows:

1. A master alloy ingot of AgMg was produced by melting and chill
casting the high purity Ag (99.995 wt. pct. ) and high purity Mg (99.997 wt. pct.)
in an induction furnace under a helium atmosphere.

2. Sectiouns of the above mentioned ingot were placed in a graphite
mold containing a spherical cavity in which a single crystal sphere of 1 inch
diameter was grown under helium by the Bridgeman technique.

3. The operative slip systems were investigated at room temperature
on a single crystal of AgMg, from measurements of the angles made by the
slip traces on the two surfaces of the specimen, which were at 90° to each
other. The investigation confirmed that the AgMg compound undergoes
slip primarily in the (321) plane and in the [111] direction, but a small amount
of secondary slip was also noticed in the &112}(111} system. No slip was
observed in the (110) planes.

4, The single crystal sphere, mentioned earlier, was oriented in a
graphite mold co';ntaining a cylindrical cavity of 3/8" diameter above the
spherical receptacle to give the angle )(.0 = 45° between the axis of the
cylindrical bar and the normal to the slip plane (321), and the angle ?\ o 450
between the slip direction [Mﬂ and the axié of the bar. Oriented single
érystal bar seeds were produced by melting, under a He atmosphere, a
polycrystalline bar in the cylindrical cavity above the oriented spherical seed
-and by growing an oriented single crystal bar from the seed.

5. Finally, oriented single crystal specimens were grown from these

cylindrical seeds.
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6. The cylindrical specimens were machined in a High Tension Spark
Cutting unit to give a two inch : gauge length. The spark machined gauge
section was electropolished in a bath containing 200 ml. of H3P04, 200 ml.

of C2H5(OH) amd 400 ml. of H,O, using a 5 volt and 60 amp. per sq. inch

2
anode current density. The electropolishing was continued until a 150 micron
layer of material was dissolved away in order to ensure that all deformation
put into the specimen during spark machining was removed. The specimens
were then annealed at 400°C for 1/2 hour.

7. The initial orientation X'o and A o of each specimen was determined
by the Laue back-reflection technique to within +1°,

8. Tension tests conducted below room temperature were carried out
by complete immersion of the specimen in different constant temperature
baths. Tests at 4°K and 23°K were carried out in a special cryostat. Tests
above room temperature were conducted in a silicone oil bath with an
accuracy of cantrol of t1/2°K, up to 396°K.

9. Tension tests were made with an Instron Testing Machine operated
at a strain rate of 1.66x 1O=4per second and 4.16x 10_6per* second, Stresses

were determine(/i to within *2x 106dyr1es/cm2 and tensile strains were

measured to within TOOOOOL
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EXPERIMENTAL RESULTS AND DISCUSSION

Composition

The composition of the single crystal specimens was chemically
analysed for Ag and Mg content. Samples for analysis were taken from
two extreme ends of the gauge length in order to ascertain the variation
in composition along the gauge length., Table I shows the results of the

chemical analysis.

Table I
Analysis of Difference Difference
specimen % Mg between top %Ag between top
tested at and bottom and bottom
%Mg %Ag
o Top 17.75 Top 82.11
4K Bottom 17,90 0.15 Bottom 81.97 0.14
o Top 17.75 Top 82.02
TTK Bottom 17.99 0.24 Bottom 81.91 0.11
o Top 17.85 Top 82.00
141°K Bottom 17.92 0.07 Bottom 82.14 0.14
o Top 17.76 , Top 81.99
250K 0.03 0.13

Bottom 17.79 Bottom 82.12

The stoichiometric AgMg compound contains 81.6 wt. pct. Ag. It was
obvious that during remelting, in order to grow single crystal specimens of
AgMg, there had been some loss of Mg with a consequent increase in Ag
content. But the average Ag content was still within 0.43 wt. pct. of the
stoichiometric composition and the maximum variation of the Ag content

from one specimen to another was less than 0.25 wt. pct.

Effect of Temperature and Strain-Rate on Flow Stress

In order to obtain a reproducible data from each crystal, each specimen

was prestrained at 273°K and 1.66x 10-4per sec. strain-rate to a stress level
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approximately 1% ~above . the yield stress, so as to give a standard
level of dislocation density. Figure 1 is a representation of the experimentally
determined yield stress versus temperature diagram for single crystals of

AgMg. The applied shear stress that is required to cause plastic flow is given

by

- T+ N

»* .
where /t is the stress required to aid the thermal activation of the rate

(1)

controlling mechanism and therefore decreases precipitously as T increases,
and TA is the stress necessary to overcome such athermal mechanisms as
long-range back stresses, short-range order stresses, etc., and therefore
decreases only modestly as the temperature decreases, usually parallel to
the shear modulus of elasticity.

In our present discussion we are primarily interested in the effect
of temperature on the thermal component /t‘*and would like to separate it
from others. This could be done by subtracting the stress at a given
temperature T -:-from that at some standard temperature, eg., T273°K , as

shown in Eqn. 2.

-
/t* - T "Tms . (2)

Gezz
where /tr is the total resolved shear stress for flow at temperature TOK

and G, is the shear modulus of elasticity at temperature T°K. The quantity

T
275%1 is then the total back stresses, corrected for change in shear
273%
. G .
modulus with temperature. The values of 2‘1_15 were calculated from Fig. 2,
2
which shows the variation of G with temperature, as taken from the data

of Chang. 9



-6- UCRL-10916

[4.0

3.0

o 166XI0"%sec
A 416 X100 Ysec

2.0\ |
\ STRAIN RATE, 7

i1.0 \Q}
N
£ ,
e N
§ 2o 7+
3
© 8.0
< \
b

=
@)
e

N\«
AN
ol NI

H s ——wra
3.5“-7A -
0) l ' . '
0 50 00 150 o 200 250 300
' T, K

lFWG.I CRITICAL RESOLVED SHEAR STRESS FOR FLOW, T,

vs. TEMPERATURE.
MU-31483



-7- | UCRL-10916

20
| g === =0 — jL-
. 16
L
S 14
S o EXPERIMENTALLY DETERMINED
Q —_—
c 12 O EXTRAPOLATED
©
o 10
o
x 8
© 6L
4
2
0
0 50 100 150 200 250 300
T,°K

FIG.2 VARIATION OF SHEAR MODULUS G IN
~ (321) [I1] SYSTEM WITH TEMPERATURE.

MU-31484



-8- UCRL-10916

The values of /Q*which are now corrected for specimen variation in
/bp‘ , are shown in Fig. 3 for two strain rates. It is obvious from Fig. 3
that there is a critical temperature, depending on the strain rate, where the
thermally activated process changes into an athermal process. Let us call
these temperatureé Tc and Tc2 for the slower and faster strain rates
respectively.

Instead of discussing individually the various mechanisms that might
be rate-controlling, in this study, we will proceed to show how the experi-
mental results can be correlated to the theoretical deductions of the recent
approach to the Peie_rls mechanism when the deformation is controlled by
the rate of nucleation of pairs of kinks, as put forward by Dorn and Rajnak.
In their approach the activation energy of the Peierls process is the saddle-
pcﬁnt activation energy for the nucleation of pairs of kinks, found as a
function of the applied stress, the lattice constants, the height and shape .
of Peierls hill and the line energy of the dislocation. In Fig.3, the shape
of the /Y¥versus T curves agree well with those Dorn and Rajnak have
predicted when plastic deformation arises from the nucleation of pairs of
kinks. A signifiéant 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 /vx approaches zero.

If a single mechanism is rate-contrelling, the plastic strain rate Y

is given by

, A
X =P abLl v e (3
7S] .
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where

density of mobile dislocations

-
]

a = the distance between Peierls valleys
b = Burgers vector
L. = the mean, geometrically limited, length swept out by a pair of

kinks once nucleation occurs in that length

Y/ = the Debye frequency

Un = saddle-point free energy for nucleation of a pair of kinks
w = width of a pair of kinks at the saddle-point free energy configuration
R = Boltzmann constant
T = temperature in °K

The theory gives U_/2U, as a function of Ao where U, is the kink

energy and T? is the Peieris stress, as shown by the curves of Fig. 4, for
each of a series of values of o<, where o« expresses the deviation of the
shape of the Peierls hill from a sinusoidal periodic variation. The shape

of the Peierls hill is defined in terms of o< by

1

=5 ) (B e e (B2 mees 42)

§ 2

where T\Q is the line energy of a dislocation at the top of the Peierls hill,
where y =0, ‘\o is the line energy in the valley where y = Ya/2 and Ey}
is the line energy when the dislocation is displaced a distance y from the
top of the hill. At T = Tc where /k\* first becomes zero, the thermal

energy that need be supplied is just Un = 2Uk’ and therefore for this

condition _ 2 UK i‘\“LE

(5)
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But as shown by Dorn and Rajnak, to a very good approximation w=< W

and therefore from Eqns. 4 and 5

Wty LT T G§R

P04 o (eTers) W e @

Taking, furthermore, that the Peierls stress at the absolute zero is equal

to /t* at the absolute zero, we obtain /tg = 0,25 x IOdenes/cmz,
Although Kuhlmann=Wilsdorf” suggested that the Peierls stress
decreased quite rapidly with an increase in temperature as a result of a
"uncertainty concept", the justification for this assumption, as already
pointed out by Friedel12 is weak. The present work indicates that the
Peierls stress decreased nearly linearly with an increase in temperature.

We therefore assume that

N .S

e P o 3 o} (7)
as shown by the broken line on the top of Fig. 3. The experimental data
Un/2Uk as a function of ﬁ‘//t?as deduced with the aid of Eqns. 6 and 7 are
shown by the points in Fig.4. The expected theoretical trends as shown
by the curves in Fig. 4 are in excellent agreement with the experimental
data and it appears to agree best with the curve representing X = 0, excluding

o)
the 23 K data where the temperature measurement is known toc be somewhat

in error.

Activation Energy for Nucleation of Pairs of Kinks

The activation energy can be determined if the change in strain rate

due to change in qtermperatﬁre, at constant stress is known. From Eqgn. 5
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using

k= 1,38x10—16erg.per degree

2
Gioj= 18.254 x 10' Ydynes fem
GiT, 3 = 18.049x 10' ’dynes fem?
- C1
GgTC; = 18.009x 10 dynes fem?
T =214°K
€1
T, = 256°K
.©2
%/ = 1n 40
\\A\/ ““/\’\ 0

K is equal to 0.664 x 10—12 erg, or to 0.41 ev. , which is of the right
o

order of magniﬂ:ﬁde for activation energy, when the rate-controlling

2U

mechanism is by nucleation of pairs of kinks.

Activation Volume

The most reliable verification of the Peierls process concerns
agreement between theoretical and experimentally deduced activation volumes.
The experimental activation volumes are obtained by the effect of small

changes in strain rate on the flow stress. We define the quantity ()3 as

oy A >N ERLSA AR (9)

(%:}LWK:M’}MM ML
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We take /}Q RT as the apparent activation veclume, V. , where

W= AR = \QTM_M — DU\
o l S /k\+ B /t* > /k* (10)

and the negative or last term of Eqn. 10 is the theoretical activation volume

v*. Whereas the term containing w is always negligibly small, v, can

* as a result of the possible increase

on occasions be slightly larger than v

in dislocation density, /J , as the stress is increased. Figure 5 shows

the v, versus /t* curve and the low values of Va in terms of b3 agree

very well with the low activation volume as predicted for the Peierls procéss,
Figure 6 shows the theoretical plot for the activation voelume versus

\ /t for different values of &« . The experimental values of — (/FP/AJ K\)BLY\

for different values of /b/t {corrected for change in shear modulus Wlth

temperature) are also plotted on the same figure. Again the correlations

between experiment and theory are good and the data seems to be best fitted

to the curve representing X = 0,

Evaluation of Line Tension of Dislocation Situated at the Peierls Valley

Dorn and Rajnak gave the theoretical values of &‘\& and < /\
TYTQ ou T‘
for different values of X_ and R - 1, where R = v@/f‘o . Inour case where
K =0, using the experimentally determined values of /TP and 2Uk, one
gets a pair of simultaneous equations involving R and Fo . Eliminating
R, one gets the value of Y:) = 2‘,284x10_4 dynes.
Assuming V\O - $Gb?% and using G = 18,03x1010dynes Jem? and
b= 5,724X10ﬂ8cm, g is approximately equal to 0.4. Within the limits of

experimental error, the experimental value of Y; is reasonable.
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Experimental Values of ‘[0 L

For a given strain rate the value of QO L could be determined from
Eqgn. 5. Taking 50b for the value of W and 6.52 x 1012per second for
the Debye frequency for AgMg and using the known values of a,b, 2Uk’ R
and TC , the value of /D L is equal to 227 per cm, which is of the right

order of magnitude.
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CONCLUSIONS

1. The deformation of single crystals of CsCl type of intermetallic
compound AgMg has been investigated at the low temperature range, using
two strain rates.

2. The relation of stress vs. temperature, activation energy vs. stress
and activation volume vs. stress agree very well with the dictates of Peierls
process when the rate-contrelling mechanism is the nucleation of pairs of
kinks,

3. The shape of the Peierls hill for AgMg approaches a purely
sinusoidal variation with & = 0.

4, The activation energy of the process of the nucleation of pairs of
kinks is estimated to be 0.41 ev.

5. The apparent activation volume over the range where Peierls
process is operative is approximately 3 to 8b3 at high stresses (4 to 13x108
dynes/cm2), approximately 30b3 at intermediate stresses (3 to 4x 108dynes/cm2),
increasing to values of about 50b3 at lower stresses.

6. The experimentally deduced values of the dislocation line tension
in the Peierls valley Q = 2.28x10-4dynes and that of O L = 227 per cm. are

l

within the right order of magnitude and could be said to be reasonable.
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