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ABSTRACT

The recovery of mechanical properties following deformation of
single crystal cadmium has been studied. Such recovery has been observed

above 0.26 TM (-120°C).

Crystals covering a range of orientation were deformed in .tension
at -196°C and recovered at elevated temperatures. Transmission electron
microscopy to relate tensile and recovery behaviour to dislocation

structures was found to be impossible.

It was observed that work hardening during the initial portion
of the easy glide region is completely recoverable. At higher strains in
easy glide, a portion of the workvhardeniﬁg was not récoverable. It is
believed that in this latter section, dislocations are generated on the
second order pyramidal system {1122} <1123>. These dislocations will combine
with basal dislocations to form stable obstacles in the lattice which will

be. responsible for the non-~recoverable work hardening.

The end of easy glide was found to occur at x = 20°, independent
of recovery or initial orientation. This phenomenon is associated with
flow on the second order pyramidal systemvwhich will produce a much higher
density of obstacles at this point, resulting in a higher work hardening
rate.

Recovery in stage II was observed to increase the amount of

strain attainable. It was also observed that while recovery up to intermediate



ii
strains in stage II affected only basal dislocations, both basal and

pyramidal dislocations appear to be recovered at high strains.

Pyramidal dislocations may recover by the processes observed by Price.

The rate controlling mechanism for yield and flow of cadmium
single crystals is thought to be one of the non-conservative motion

of jogs.

An attempt was made to calculate an activation energy for the.
recovery process, but the data did not yield any meaningful numbers.

This may be a result of the definition of recovery adopted for this work.
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1. INTRODUCTION

Recovery may be defined generally as the reversion towards an
initial state by a meta-stable structure when sufficient energy is present.
For the pur@oses of this study, this definition may be stated more
specifically. In this case, recovery occurs whén the flow stress of a
cadmium single crystal decreases towards the initial yield stress when
thermal energy is added to the system. This decrease in flow stress; is
probably caused by a decrease in dislocation density as a result of egress
of dislocations from the system. When recovery occurs concurrently with
deformation, it is termed dynamic recovery, whereas if it takes place under
static conditions it is termed static recovery.

Dynamic recovery is an important phenomenon in that in many
instances it is responsible for at least part of the temperature sensitivity
of some work hardening parameters. This recovery takes place at intermediate
temperatures — high enough so that dislocations may rearrange themselves,
but not so high as to promote recrystallization. Dynamic recovery probably
accounts for most of the difference in the work hardening rate of cadmium
between liquid nitrogen and room temperatures. The suppression of both,
static and dynamié recovery by the thoria dispersion is thought to be
responsible for the high strengph at high temperatures in T.D. nickel.

Most studies of recovery per se have not dealt with the change
of mechanical préperties, but rather have been concerned with the behaviour
of point defects which have been introduced to the crystal lattice either
by deformation or radiation.43 ;This type of recovery usually takes place
at temperatures below that where the mechanical properties are significantly
affected, and the principal method for measuring such recovery is the

. e s L4
change in electrical resistivity. 4



One study which looked at the change in flow stress in
conjunction with electrical measurements was that of Sharp, Mitchell and

Christian.l They found an annealing peak in Cd at T, = .25 which they

H

associated with single wvacancy migration. TH = .25 islthe same temperature
at which dynamic recovery becomes apparent. These results_are comparable
to those of a similar study by Peiffer and Stevenson.2 i
Electron microscope studies on evaporated platelets of zinc
by Kroupa and Price3 associated dynamic recovery with conservative,climb
of prismatic dislocation loops. In this mechanism, the area inside the
loop is conserved, and the loop cliﬁbs by the transfer of vacancies around
it by pipe diffusion. Hirsch and Lally4 found that dynamic recovery in
thin‘foils of Mg was due to cross-slip andvsubsequent anpihilationuofg
screw dislocations. Risebrough5 thinks that this mechanism would}not be
operétive in Cd due to the lack of a suitable cross~slip system. :
Stu&ies which looked specificaily at the change in méchgnical
properties dueAto recovery were performed'by Rath et al6 and by Liicke et
al7.. The former was concerned with the thérmal activation charactgristics
of recovery in aluminum single crystals, and the latter looked at the
effect of recdvery on various work hardening parameters in zinc. Neither
of these studieé concluded anything about the dislocation arrangements or
the effect of recovery on dislocations. : "
Othér studies which were concefned with the activation parameters
related to load decay after strain (Oelschl'égel8 on zinc; Lukéc”:9 on
cadmium; FelthamlO on Mg) did mot draw an& conclusions with respect to
dislocation motion.
It was the aim of this study to'investigate the recovery of

mechanical properties in single crystal cadmium with specific reference

to the dislocation behaviour during recovery. This work covers the range



of temperéture from the first observance of recovery up to temperatures
at which strained single crystals would recrystallize.

In the course of this Qork, the overall work hardening behaviour
of cadmium single crystals has been studied so that the effects of
recovery may be better understood. :

Cadmium was chosen as the material to be used in this work
primarily because of its crystal structure. In the past, most dislocation
theories have been concerned with the simplest crystal structure, namely
face-centered cubic, and as a result relatively little is known of the
dislocation mechanisms in hexagonal close-packed metals. A second reason
for choosing cadmium is the ease with which single crystals may be produced
in quantity. Other hexagonal metals such as zirconium and titanium .o not
possess this quality. Finally, caémium was &hosen because of the ductility
it exhibits at temperatures below the recovefy range. Zinc, which is
similar to cadmium in most other respects has a tendency to cleave at low
temperatures. | ‘ -y

Other characteristic properties of cadmium such as its strength,
largest of all c/a ratios, medipm stacking fault energy, and aﬁisotropy
were not significant factors. |

Single crystals were used instead of polycrystalline material to
exclude the complicating grain boundary constraints. With single crystals
it is possible to calculate the shear stress on any particular plane.at any

time.



2., EXPERIMENTAL

2.1 Sample preparation

The material used for this study was 99.9997 Cd as supplied
by Cominco Ltd., Trail, B.C. This material was received in the form of
one-half inch bars, and was extruded to 0.2 inch rods for subsequent
growth into single crystals.

Single crystals were grown using a modified Bridgman in evacuated
5 mm, inside diameter pyrex tubes which had previously been coated on the
inside surface with Aquadag. The Aquadag, which is a suspension of colloidal
graphite in water, pfevented the partial wetting of the pyrex by molten
cadmium. If such wetting did take place, the surface of the resultant ..
single crystal was marked by many craters not unlike bubbles. The tubes
were lowered at a rate of 6 cm/hr. through a furnace with a thermal gradient
of 25°C/cm.

Randomly oriented crystals were produced by this method, while
crystals oriented for long easy glide, which were required for most recovery
tests, were producedAwith a standard seeding technique once a suitable .
orientation had Been’obtained.

The pyrex tubes were removed from the crystal by dissoluti@n .
in concentrated HF, following which the crystals were etched in concentrated
HCl. This etch revealed any grain boundaries which may have been present,
and also removed any Aquadag which may have adhered to the specimen surface.
Crystals were chgmically polished in a fresh solution of: ¢

320 gm. CrO3 ;
40 gm. NaZSO4
1000 ml. H,O R

2

to remove approximately 0.002 inches from the surface.



The orientation of each specimen was determined to an accuracy
of * 1° using the back reflection Laue technique. The orientation range
of crystals used in this study is shown in Fig. 1. The majority of samples
had an orientation of 40° < X, 2 46° where Xq is the initial angle between

the basal (0001) plane and the tensile axis. R

2.2 Tensile testing
Tensile deformation of the crystals was carried out on a floor

model Instron (Model TTM) at initial strain rates varying from 1.3 x lo—zsec"1

to lf3 X 10—5sec—l, with the majority of tests being done at 1.3 x 10_3sec—1.
Crystal$ 10 cm. long were soldered into aluminum grips for testing.
Since there wasbﬁo reduced gauge section on the specimens, the length
between the grips constituted the gauge lengéh. This length was 6 to 8 cm.,
and with a diamfér of 0.5 cm., the length to diameter ration always
exceeded 10 to 1. .
Test temperatures were maiﬁtained by immersing the specimen into
an. appropriate liquid held at the required temperature. The baths used
and their respective temperature ranges wvere:
liquid nitrogen ~196°C
petroleum and ether =140 to -70°C:

ethanql. ~-70 to 0°C .

water - 0 to 100°C

2.3 Electron micfoscopy

An attempt to correlate mechanical properties and recovery
behaviour to dislécation distribution was made by means of transmission
electron microscoﬁy. Unfortunately, experimental difficulties and the

opacity of cadmium to electrons rendered this investigation fruitless.
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Fig 1. Orientation range of single crystals.



An account of the techniques employed and the problems encountered is

given in Appendix 1.

2.4 Recovery tests

Recovery tests were carried out on cadmium single crystals in
three different ways: |
1) Crystal was deformed at -196°C to a predetermined stréin, the
load‘was removed from the specimen, and the temperature was raised to
allow recovery for a fixed time. The temperature was lowered to -196°C,
and deformation resumed for an arbitrary strain increment. Referred to in
the following text as either method (1) or type (1) recovery.
2) Crystal was deformed to some predetermined strain, the load was
removed, and the crystal allowed to recover for some fixed time, then
deformation was resumed for a suitable strain increment, all at a
constant temperature. Referred to in the following text as method (2) or
type (2) recovery. .
3). Crystal was deformed to a predetermined strain, the Instron
crosshead‘was stopped, and the load allowed to décay during recovery for
a fixed time, then deformation was resumed for an arbitrary strain

increment, all at a constant temperature. Referred to in the following

text as method (3) recovery. ' ' ﬂ



3. RESULTS
3.1 Resolved shear stress - shear strain plots

Load-elongation data were transformed to resolved shear stress-

resolved shear strain plots using the following relationshipsll:

P . 1 o . 15 b0
T = A sS1inyg [( :Q,_o- ) - Slvnlo ] TQT (l)
- 1 1, 1
YT iy {1« EE') - sinxg 1° - cosip } (2) =*

Calculation and plotting of the results was performed on a
IBM 7044 and later on a IBM 360/67 computer.

A typical curve for a crystal deformed at -196°C is shown .
in Fig 2. The critical resolved shear stress has been determined by
extrapolating the linear easy glide back té zero strain. For comparison
between various tests, the length of easy glide (yIj was defined as the
strain at the intersection of the extrapolated linear stage I and .,
stage II sections. In general, fracture occurred in the stage II region
of the curve at -196°C, and as a consequence a third stage to the work
hardening curve with a lower work hardening rate was not observed.,
Twinning generally occurred during the transition from stage I to stage II,
as evidenced by load drops on the load-elongation plots, and by
metallographic examination.

At 20°C, the curve still showed éssentially two stages of

work hardening, with the work hardening rate higher in the second stage

* It is realized that equations (1) and (2) are valid only for slip on
a single slip system. While this is probably not true for cadmium
following easy glide, the calculations have been extended to failure
to allow: comparison of present results to other work.
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than in the first as shown in Fig. 3. These work hardening rates are
substantially lower than those obtained at -196°C. Fig. 3 also shows that
the work hardening curve is not as linear as it is at -196°C. During

the initial deformation at 20°C, the crystals developed many tensile

kinks (10 to 20 in an initial 8 cm. length) as shown in Fig. 4. At -196°C
the deformation was more homogeneous, with fewer less sharply defined
kinks formed. Twinning was also a feature at 20°C. In this case, the

twinning was not operative until very high strains (v400% shear strain).

Fig 4. Typical tensile kinks formed at 20°C.
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3.2 Recovery results

Risebrough5 has found that dynamic recovery in cadmium does
not take place at temperatures less than -120°C. This has been confirmed
in the ﬁresent study, where it was found that for an anneal of 60 min.
at -140°C, no recovery was detectable, whereas 15 min. recovery at -110°C
showed significant recovery. Thus recovery must begin in the range
-140° < T < -110°C. Accordingly, most attention has been focussed on
results from method (1), in which all deformation is at -196°C, and, recovery
takes place in an unloaded speciﬁen at elevated temperatures. Under
these circumstances, recovery takes place only during the anneal cycles
and not during deformation. Both methods (2) and (3) involve recovery
during deformation.

Cne problem involved with any study of recovery is the definition
of recovery itself. For this study, recovery has been defined as that .
fraction of the work hardening which is removéd by a given anneal.

In terms of flow stress parameters,this is:

Ti-1 7 Y
R = = softening due to anneal 4
work hardening

and is described graphically in Fig. 5. This definition allows for a
range of recovery from zero for no change in flow stress to 100%, for

a recovery which results in a flow stress equal to the initial critical

- resolved shear stress. Recovery, as defined, is independent of strain or
absolute flow stress values. This definition is also consistent with

that used by other workers6’7.
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R = T-T
SHEAR . T - crss
STRESS

. softening due to anneal

work hardening

LT R

T| B e e R e v e wen  —

Crast -7
i

SHEAR STRAIN Y

Fig 5. Definition of recovery.

A second method of measuring recovery which may be applicable,
but which has not been used in this study would be to compare the flow
stress under test conditions to that at -196°C. In this way both static
and dynamic recovery would be measured and accounted for in tests in
which both occurred. It would be difficult to interpret such data since
there are variables involved such as stress aﬁd strain which are difficult
to standardize. Consequently, this approach has not been applied to,

[y

the data.



3.2.1 Method (1)

The results obtained for method (1) recovery are shown in
Figs. 6 through 9, which are plots of recovery (R) vs. strain (y).
Comparing these plots, it is readily seen that recovery increases with
increasing temperature and time. R, however, also varies with strain,
and this must be taken into account when comparing recovery under various
conditions.

With all deformation at -196°C, the resolved shear stress -
shear strain curves were similar. 1If recovery is a similar function
of strain at all times and temperatures investigated, the recovery values
may be compared at any arbitrary value of strain. The same value of
strain should provide comparison of recovery at a constant structure and
so provide a constant activation entropy. Such a comparison at an
arbitrary strain of y = 0.25 is shown in Fig. 10. Some of the points on
this plot have been determined by extrapolation of the individual graphs
(Figs. 6-9), but this should not introduce éﬁy significant errors sincé
comparison at the end of stage I showed that while the values of recovery
were reduced, the overall effect of time and temperature was the same.
(i.e. the slope of the plot of recovery vs. time was the same at most
temperatures). At ~100°C, the values were obtained by maintaining t;hei
difference betweeﬁ the two curves which is present at Yq (y = 1.8), -and
extrapolating thé 40 min. curve to y = 0.25. This operation in effect
neglects the initial value at 90 min., but it was felt that the difference
at vy is a more reliable value than the single point which was neglected.
A second case in which the behaviour of recovery with time was not the{
same at y = .25 and y = Y7 was with the+-30§C sét of data. In this case,

it was found that recovery was essentially independent of time at the

14

end of stage 1 as shown in Fig. 6. A possible reason for this anomaly .will
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be discussed later with respect to saturation recovery.
Fig. 11 shows the results of type (1) recovery at various strains

in the high temperature range 50°C to 100°C. Thése points are from a
variety of experimental annealing conditions, yet form no systematic
variation with either time or temperature. Although Fig. 11 shows only
a few different annealing conditions, within each listed condition .,
there may have been a variation of as much as + 10°C in temperature and/or
+30 . . . , . . .
_o min. in time and there was still no systematic variation in recovery.
It is believed that each individual point represents the maximum recovery
attainable for its particular crystal at the strain shown. Individual
points were not, however, tested to determiﬁe whether or not maximum
recovery had been>reached, but since all recovery values are not .
significantly higher than those obtained in 40 min. at 30°C (Fig. 6),
it is felt that tﬁe conditions employed were more than adequate to achieve
the maximum recovery attainable. It was found that higher temperatuyres
(= 100°C) initiatéd recrystallization.

| While.it is apparent that there is some scatter in the data, this
scatter does occur in a reasonably narrow band. The curve in Fig. 11 ;
represents the upper limit of recovery, and because it does depict ;
the maximum recovery attained, it is termed the "saturation recovery'.
This curve shows that recovery is essentially complete at low straiqs,?but
at strains in excess of 75%, it decreases markedly. The overall shape of

this curve is vefy similar to those of Fig. 6, and may also show a minimum
at v;. | - _ v

3.2.2 Method (2) 3
Results of method (2) recovery are shown in Figs. 12 to 15.

As was the case for method (1), the amount of recovery is a function of
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annealing time, temperature and strain. The general shape of the curves
is also similar. The primary differences are in the magnitude of recovery
and in the regularity of data. The regularity of data with this method
as compared to method (1) may be due to the fact that method (2) tests were
much easier to perform experimentally than were fhose for method (1).

In order to compare the dynamic recovery present in method (2)
tests with the static recovery in method (1), a crystal was deformed .
initially at -196°C, then allqwed to completely recover (60 min. at.75°C;
i.e. method (1)) and finally deformed at 20°C. The results of thiSthSt
are compared to a crystal deformed at 20°C, recovered under the same
conditions and at the same strain (i.e. method (2)), and then deférmed
at 20°C in Fig. 16. It can be seen that the flow curve of the first crystal
is identical to that of the second following the recovery anneals. Thus
it is concluded that at least up to the strain at which recovery was
performed that tHe static recovery measured in method (1) is equivalent

to static and dynamic recovery measured in method (2).

3.2.3 Method (3)

In method (3), where the load was not removed during recovery,
the results are Qery similar to method (2), both in magnitude of recovery
and in the generél shape of the recovery vs. strain curves. Direct .
comparison of the curves showed that in most cases, the effect of the
applied load on recovery was negligible. Whenever any deviation did»occur
between the two methods it was such.that the recovery was enhanced by

the applied load, but always in megligible amounts.
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3.3 Strain rate change tests

Strain rate change tests were performed on cadmium single crystals
at -196°C. These crystals were similar to those used for recovery
experiments in that they were oriented to show a long easy glide. The
results of such experiments should show the variation in activation volume12
with strain, and also whether or not this material obeys the Cottrell-
Stokes13 law, since both of these parameters are calculated from strain
rate change.data.

In addition to strain rate changes, recovery anneals were performed
intermittently during some tests to determine the effects of recovery on
both activation volume and Cottrell-Stokes behaviour.

The typical shape of the load-elongation plot during a strain
rate change cyclé is shown in Fig. 17. Also shown in this plot is -the
method employed to measure the change in flow stress accompanying a change
in strain rate. It was found experimentally that the values measured from
an increase in strain rate (APU) were much more reproéucible than those
associated with a decrease in strain rate (APD). This was probably;due
to the time lag associated with a strain rate decrease on the Instron
tensile machine. An example of the difference between these two measurements
is shown in Fig. 18. This is a plot of activation volume (which is,propor-
tional to AP-l) as a function of strain. As a result of the scatter in

AP only AP

D’ values have been used for the following results.

U
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Fig 17. The determination of load change with strain rate change.

3.3.1 Activation volume
The first method of presentation of the strain rate change data
is in the form of activation volume. This is defined as:

In El/éz
At

vV = kT

Activation volume determination should give some idea as to the
rate controlling processes of deformation.

The variation in activation volume with strain is shown in
Fig. 19. It is seen that v is a steadily decreasing function of strain

throughout the entire range. o
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The effect of saturation recovery (60 min. at 75°C) on activation
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volume in easy glide is shown in Fig. 20. It is seen that at low strain,
recovery increases the value of activation volume back to the value that
was found at yield. At higher strains (>70%) it was found that recovery
still increased the value of activation volume considerably, but not to a
value as high as that at yield. 1In stage II, recovery still increased-the
value of activation volume as shown in Fig. 21. In this range, the change

in v with recovery is essentially constant, and not a function of strain.

3.3.2 At versus 1

Another method of presenting the same data is to plot At, rather
than v which is pfoportional to AT—l, versus T rather than strain. ,If such
a plot is lineaf,-and passes through the origin then the Cottrell-Stokes
law is considered to be obeyed. Risebrough5 and Davis16 found thatvthe
Cottrell-Stokes iaw was obeyed in cadmium single crystals at —196°C:
during stage II>deformation. The obeyance or non-obeyance of this law
is not clearly understood with respect to hexagonal metals; however: the
plot does provide much useful information.

The plot of At vs. 1 for single-crystal cadmium is shown in
Fig. 22. It is seen that there is a distinct change in this plot at the
end of linear easy glide, but the Cottrell-Stokes law is not strictly
obeyed in either region.

When saturation recovery anneals ére performed in stage I, it
is seen in Fig. 23 that the first anneal has no effect on the At - =©
relationship, but éfter the second anneal there is a slight increase in
slope.

Saturation recovery in stage II has a much different effect than
;t did in stage I as shown in Fig. 24, After the first anneal there is

a large shift in the curve to the left. This is because recovery reduces



50+

40+
30+

\'
cm>x 1020 .

209

Py

Fig 20. The effect of saturation recovery on activation volume in easy glide.
si2o- = = =(The-relevant-portion-of -the stress-strain -curve-is-shown' for comparison.)

ce



Fig 21. The effect of saturation recovery on activation volume in stage II.
. .- (The.relevant.portion:of. the. stress-strain curve -is shown for comparison.)
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T significantly but leaves AT essentially unchanged. The slépe of the curve
following this recovery is the same as it was prior to recovery. A second
anneal in stage II caused a further shift to the left since although At

did decrease at this point, it did not decrease as much as it had increased
from the previous recovery. Again, the glope of the plot was the same.
Further recoveries show that both At and T decrease by the same amount
that they increased dgring strain from the previous recovery. Note.that

each recovery was performed when the stress on the system reached |

o1

2000 gm/mmz.
3.4 Work hardening parameters

To defermine the effects of crystél orientation on various
work hardening pérameters, a study was carried out using a wide range of
dnitial -orientations. This study should also help to differentiate between
effects which arélcaused by the changing orientation of a crystal during
a tensile test and those which are characteristic of recovery. Crystals
with initial orientation X, ranging from 25° to 48° were investigated. ,

In all cases Xo was very nearly equal to Xy

'3.4,1 Stage I 2
Stage I has been defined as the first linear stage of hardening
during the deformation of a cadmium single cfystal. The primary work
hardening parameters to be considered are the initial flow stress or
critical resolved shear stress, 'the work hardéning rate and the amount

;of linear strain. These factors, and the effects of orientation and recovery

on them, are discussed below.
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3.4.1.1 Critical resolved shear stress

The critical resolved shear stress at -196°C was found to be
19.4 gm/mm2 * 4.5 gm/mmz, and essentially independent of initial orien-
tation as shown in Fig. 25. This is in agreement with Schmid's shear
stress law11 which states that there should be no orientation dependence
of this stress.

The variation in critical resolved shear stress with temperature
is shown in Fig. 26. The stress values have been cdfrected for the.
temperature dependence of the shear modﬁlus by dividing each by the, shear
modulus at its particular temperature. Values of shear modulus (C44)
were obtained from Gerland and Silvermanl4.‘ It is seen that at low;
temperatures, there is no change in crss with temperature, whiie at higher
temperatures there.appears to be a slight decrease. There is so much
scatter in the data that it is statistically difficult to make any Qefinite

statements about this behaviour.

3.4.1.2 Work hardening rate
The work hardening rate in easy glide (GI) was found to increase

about 50% with X, decreasing from 45° to 25° as shown in Fig. 27.
(/ :
The effect of recovery on this parameter was to increase 61

N

to a value comparable to that for a virgin crystal with initial orientation
equal to the orientation which had been achieved by strain to the point
of recovery. This is illustrated in Fig. 28 where sample S39A was deformed

from @n” initial orientation of 45° to 35°. Sample M4A had an initial
: c.

orientation of 35°,and it is seen that following recovery of sample.S39A,
the work hardening rate of the two crystals is the same. N

Fig. 29 shows the variation of 6. with temperature at an'initial

strain rate of 1.3 x 10—3sec—1. Shown for comparison are the results of

I
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RisebroughS. It is seen that the two sets of data are comparable with
the exception of the present point at -110°C. This point is high and
may result from the fact that it was obtained very early in the course of
this work at which time productipn, handling and testing procedures had
not been fully developed. Consequently, the crystal may have contained
undiscovered sugstructure or other flaws which would have caused it,to
be discarded at a later date.

The initial work hardening rate at 20°C at a strain rate of;

1.3 x lO_Ssec:_l was found to be 7.9 gm/mmz. P

3.4.1.3 Length of easy glide

The data in Table I, which is shown schematically in Fig. 30,
shows that the end of easy glide occurs when y = 20.2 * 1.2°, irrespective
of initial orientation or recovery. This figure is a stress-strain plot

on which strain has been converted to orientation by the relation:

sin x = EB. sin X,
2

The data in Table I and from Fig. 27 show that recovery hgs an
effect such that a crystal deformed to an orientation X in stage I and
completely recovered has the work hardening rate and new stage I length
equal to a virgin crystal of orientation Y.

It was also noted that the end of easy glide at -196°C wés
marked by twinning in the sample. These twins are shown in Fig. 31.. The

stress at which twinning occurred was slightly higher than the stress at

which the stress-strain curve deviated from linearity. This stress was

44

300 to 400 gm/mmz, and independent of initial orientation. At 20°C,, twinning

occurred at an equivalent stress of 310 - 380 gm/mmz. This stress was ;

not reached until very high strains, approximately 3.5 to 4.0.
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Table I. The effect of initial orientation and recovery on the

length of stage I.

Specimen xo° X;I Recovery in stage I
S39B 48 20.3 20 min. -20°C
S39D 48 20.5 * 90 min. =-100°C
S39C 48 21.5 40 min. -100°C
S41B 47 20.3 30 min. +50°C
s37¢ 46 19.2 20 min. -70°C
$37B .46 20.5 70 min. -70°C
S36D 46 20.9' 10 min. +30°C
S39A 45 20.7 - 10 min. -20°C
M9B 45 21.0 none

M12C 45 22.5 saturation

L3C 43 23.0 saturation

S37A 42 ‘ 19.3 20 min. +30°C
M15B 42 19.6 none

M11C 42 19.6 none

L3B 42 20.4 saturation

MBA 41 18.5 none

M12A 40 19.0 saturation

M11B 40 20.5 none

529B 36 19.7 séturation

M4A 35 19.8 none

M2C 34 20.1 saturation
842A. 29 ‘ 18.7 none

UlC 27 22.0 none

M6B 26 18.4 none

L2A . 25 19.0 - none
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Fig 31.

Twins formed in the stage I - stage II transition (x 200).
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3.4.1.4 Recovery effects

Summarizing the principal effects of recovery on the various
stage I work hardening parameters, it has been found that recovery has
no effect on the length of stage I; it increases the work hardening rate.

Recovery has no effect on the strain at which twinning occurs.
3.4.2 Stage II 0

Stage II is the second linear hardening portion of the work
hardening curve and is characterized by a work hardening rate significantly
higher than stage I. In the ensuing discussion, the transition region
from stage I to étage IT has been ignored since it was essentially the

same in all specimens. .

3.4.2.1 Orientation effects i
All crystals tested in this study had an initial orientation X

greater than 25°. Consequently, all showed some easy glide before stage II

began at an angle of approximately 20°. Therefore there was no variation

in orientation with which to compare stage II work hardening parameters.

There was no effect of initial orientation in stage I on stage II parameters.
At —196°C, the stress level at the beginning of the transition

region from stage I to stage II was found to be 150 to 250 gm/mm2 for

all tests. | | i

The work hardening rate in stage II was approximately 42§O gm/mmz.

3.4.2.2 Recovery effects 5
While>there was no noticeable effect on the length of stage I,

it was found that recovery had a considerable effect on the length of stage IIL.



Fig. 32 is a-plot of the resolved shear stress - shear strain data from

two comparable crystals. Crystal M4A was deformed continuously at -196°C.

Crystal M15B was deformed to a stress of 2000 gm/mm2 at -196°C and then
recovered at 75°C for 30 min. These conditions are in excess of the
minimum requirements for saturation recovery. Following this recovery,
the specimen was again strained at -196°C to a‘stress of 2000 gm/mm? and
then recovered. This cycle was continued until the specimen broke. -

The total shear strain obtained from the end of easy glide in
specimen M4A was 80%. Crystal MI5B exhibited 180% shear strain from the
end of easy glide. The total strain achieved in this érystal was
comparable to the strain achieved during deformation at 20°C. It is not
suggested that deformatioﬁ plus recovery in stage II is equivalent to
deformation at 20°C. Fig. 33 shows the final shépe of crystal M15B;and
a crystal deformed at 20°C. It is seen ‘that the two crystals are sig-
nificantlyfdifferent. Crystal M15B is considerably more rumpled than
the ;ther: : _ g

The work hardening rate in stage II at -196°C was found to be
about 4250 gm/mmz. This is the rate shown by crystals M4A and M15B;

up to the first anneal as shown in Fig. 32. Following the first anneal,

the work hardening rate increased by 1250 gm/mm2 to 5500 gm/mmz.

3.4.3 Stage III

i

The majority of tests at -196°C exhibited only two stages of

50

hardening, with failure occurring while the specimens were still in stage II.

The stress at failure in these specimens was approximately 3500 gm/mmz.

The crystals with initial orientation less than 30°, a third stage with a
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substantially lower non-linear work hardening rate was often observed.

Sample M15B was annealed extensively in stage II. After the
first few énneals, the work hardening rate increased, but at higher strains
it decreased and deviated from linearity as shown in Fig. 32. This

may be due to a third stage of hardening.
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4. DISCUSSION
4.1 Recovery results

4.1.1 Activation energy

As a first step inlthe evaluation of the recovery data, an
attempt was made to calculate an activation energy for tests in which all
deformation was performed at -196°C, with recovery anneals at higher
temperatures (Figs. 5-8). These data were used in preference to those
in which deformation was at elevated temperature because they should
provide consistent boundary conditions for the anneals. That is, the
dislocation configuration should be similar.preceding the various
anneals, which would not be the case for high temperature deformation
since it has been shown that dynamic recovery takes place at temperatures
greater than -120°C. .

The reéovery data were normalized to a common Yio the reasons
for which will be discussed with respect to the orientétion results..
Comparing recovery results as a function of time (Fig. 9) it was seen that
with the exception of #30°C, the difference in recovery with time is. not
particularly strain sensitive. That is, thé'shape of the recovery-strain
curves was consistent at a given temperaturé; so that a change in recovery
time changes the recovery by a constant amount, irrespective of strain. -

With respect to the results at 30°C, Fig. 10 showed that work.
hardening'in cryétals was completely recoverable up to about 507 shear strain.
At higher strains, some work hardeﬁing occurred which was not recoverable.
Thus it was not possiblé to achieve high recovery values close to Vi Since
it was observed that the majority of recovery took place at short times

(Fig. 5), the approach of saturation may explain the similarity in recovery
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values for various times at 30°C close to Y-

Since saturation recovery may be significant at Y at 30°c,
the compérison of recovery has been limited to strain less than 50%.
The value of strain chosen arbitrarily for this comparison was 25%, and
in some cases this required tﬁe back extrapolation of recovery curves.

A trial and error technique of curve fitting was employed
to try to establish a recovery-time relationship. By this method,
it was found that recovery is not a power function of time.

i.e. R # A"

Rath et al6 found that for aluminum single crystals,
recovery was proportional to the logarithm of time. For the present
work, there is insufficient data to prove whether or not such a
relationship holds. However, if it is assumed that recovery is
proportionél to log time for cadmium single crystals, the calculation
of a meaningful activation energy was found to be impossible from
this data. Dﬁring the calculation, the derivation of the recovery
rate constant caused the temperature dependence of recovery to be
effectively cancelled so that the resultant activation energy was zero.

Following the analysis of Rath et al6 did not produce any
meaningful values for activation energy from present results. For
values of recovery from R = 0.1 to R = 0,5, activation energy values
raﬁged from almost zero to 20,000 cal/g. atom, and the Arrhenius plots
from which these values were calculated wére not linear. This method
of analysis is somewhat dubious because it does not use a true
rate constant which is indepeﬁdent of time or recovery for calculation
of -activation energy. Also, this relation predicts that recovery will
exceed .unity which is impossible by definition. Consequently, the

relationship R o log t is rejected for the present work.
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The relationship between recovery and time which

has been adopted for this work is:
log (1-R) = At

This rate law is not defensible on the basis of present
data, however it is consistent in that recovery may never exceed
one, and is a first order rate law.

A plot of the present data is shown in Fig. 34,. It is
seen that the plot at each temperature may be made to pass through
a common point on the time axis at log (1-R) = 0. The fact that this
time is negative is not a serious drawback to this analysis since
analogies to physipal and chemical systems may be drawn in which
such a phenomenon would be expected. For instance, a nucleation and
growth system in which the number of nuclei decreases with time
would exhibit a similar curve when the growth is extrapolated back
to zero.

Since the rate law used in this analysis is first order,
the slope of the plots at each temperature represents the rate
constant, and as such may be used to calculate the activation energy.
This is shown in Fig. 35. The activation energy found from this
plot is 2500 cal/g. atom. This value is too small to be meaningful,
but if log (1-R) = At does describe the rate of recovery, then the
rate controlling process is first order, and in the solid state this
would probably be diffusion. Since the value is so small it
is not possible to determine whether this would be bulk diffusion or
pipe diffusion. The activation energy for bulk diffusion in single crystal
cadmium is about 18,500 cal/b. atom, and that for pipe diffusion

is about half of this.
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4.1.2 Comparison of recovery methods (1), (2), (3)

In method (1) recovery, all recovery was obtained under static
conditions but experimental conditions for types (2) and (3) were such that
there was significant dynamic recovery during deformation in addition to
the measured static recovery. 1In order to compare the results of all
methods directly, it must first be determined whethér or not dynamic and
static recoveries are equivalent. The following calculation shows that
they are equivalent only at low strains.

Fig. 11 defined a value of saturation recovery which is
dependent only on strain. This curve in Fig. 11 is now used to determine
the minimum attainable flow stress of a crystal deformed at -196°C. This
flow stress is the value which would be obtained from a crystal which was
fully recovered after each infinitesimal increment of strain. The results
of this calculation are shown in Fig. 36.

In Fig. 36, the solid line labelled '"Saturation Recovery"
shows the minimum flow stress as calculated from a typical stress-strain

curve at -196°C and from Fig. 11. This curve represents that poxtion of
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the flow stress which is not recoverable. The dashed line in Fig. 36,
labelled "+20°C corrected", is the stress-strain curve for a crystal
deformed at 20°C, and as such represents high temperature deformation

(20°C = .STM). In this case dynamic recovery should proceed at such a rate
that the crystal is essentially recovered at all times. For comparison
between this an& the previously calculated curﬁe, the flow stress values

in this case have been corrected to their equivalent at -196°C by a.ratio
of the shear modgli at -196°C and 20°C.

It is evident from comparison between this and the previously
calculated curve that they are equivalent up to n 50% - 70% shear strain.
This is the point at which saturation recovery starts to decrease from,
100% (Fig. 11). This observation is also verified by the results of a
single test at 70% shear strain as shown in Fig. 16. p

Thus, it is concluded that initial easy glide deformatiom at -
low temperature is identical to deformation at high temperature with
the addition of work hardening which is comﬁletely recoverable by the
conditions employed.

At étrains in excess of 707%, up to the end of easy glide; the
. two curves in Fig. 36 deviate slightly, and it is thought that this
deviation may be due to activity on slip systems other than the basal
system. This will be discussed later, with respect to the orientation
results.

The deviation between the two curves is small, but it appears
to be the opposite of what would be expected”if a secondary slip system
operated at low temperature. If this were the case, the recovered curve
at -196°C should have a higher flow stress than the equivalent curve at
+20°C since the stress at 20°C is so low that it is unlikely that a, second

system would operate. The only possible explanation for the discrepancy

i
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as shown in Fig. 36 other than structural differences between the two
crystals would be that the flow stress at 20°C was not completely recovered
at high straips. This was not verified experimentally. This discrepancy
should not, however, influence the conclusion that initial easy glide at
low temperature is equivalent to that at high temperature with the addition
of completely recoverable work hardening. |

It should be possible to compare the results obtained fram
recovery methods (2) and (3), where deformation was at intermediate ito,
high temperatures to those of method (1) where deformation was at low
temperature.

Figures 12-15 showed the results of method (2) in which the
crystals were deformed and then recovered with the load removed at the

same temperature. As was seen with respect to Figs. 6-9 the primary

difference between this type of test and that in which deformation was at

low temperature was in the magnitﬁde of recovery. One reason for this

discrepancy lies in the definition of recovery as given in equation -(3).

Inithié definition, recovery is the fraction of the work hardening recovered,

and since at temperatures greater than -120°C recovery takes place during

deformation, there is a lower total work hardening measured than would be

at temperatures less than -120°C. The schematic diagram in Fig. 37

shows the same flow stress is achieved by a recovery of .5 at elevated

temperature, while a recovery of .75 is required at low temperature.. This

will explain the results at high recovery temperatures, where saturation

is approached, but at lower témperatures (-100° to 0°C) this is not the case.
In the lower range of test temperatures (0°C) where saturation

re;ovéry, either by static or dynamic means, is not a factor, thevabove

argument is not valid. In this range, the recovered flow stress at  one,
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temperature is always significantly different from the flow stress at
another temperature. This is illustrated in Fig. 38, at test temperatures
of -70°C and —30°C. The difference in flow stress between these two curves
is due primarily to the difference in the amount of dynamic recovery

taking place in each case. Thus, to compare directly such curves along
with the measured recovery values to data obtained from method (1) with
deformation at -196°C, the comparison should be made of flow stress,
following recovery at each value of strain, as suggested with respect to
the definition of recovery at the beginning of this thesis. However, .
this would require a knowledge of the absolute amount of dynamic recovery
which h;s taken ﬁlace up to any given straiﬁ. This has not been determined.
Consequently no direct comparison of the results of method (2) with those
of method (1) could be drawn.

Comparison of the results of method (3), in which the load was
not removed from the sample, to either method (1) or method (2) was -not
made because of the negligible differences Between this method and
method (2).

Since recovery rates were found to increase with temperature,
it is reasonable to assume that the recovery processes are thermally
activated. Consequently, it was expected that there would be some increase
in recbvery due to the applied load acting in conjunction with the avaiiable
thermal energy. The effects observed, howeﬁer, were negligible. N

In conclusion, the:results of the three types of recovery test
have indicated that recovery is thermally aétivated, and is the result of
two or more proceéses which change with temperature. It remains for other
types of test to show what these processes might be. Saturation recovery
has shown that deformation at low temperature is related directly to.
deformation at high temperature in the initial easy glide region, but that

this is not the case at strains in excess of 70%.



2.0
2004
T
gm /rrnm2
150 4
100 A
Test Temperoture = ~-70°
501
Test Temperature = -30°C

o

* ]

Y

Fig 38. Typical method (2) recovery at -30°C and -70°C.

G9



66

4.2 Work hardening parameters

It was observed that recovery, and in particular saturation
recovery, is a function of strain. Since strain is directly related to
orientation, it was thought that perhaps the above observation could be
explained on the basis of crystal orientation. 'It was with this in mind
that the effect of orientation upon variocus work hardening parameters,

both by themselves and in conjunction with recovery, was studied. .,

4.2.1 Easy glide parameters

One of the most common parameters measured in any single.crystal
study is the critical resolved shear stress. Comparison of this factor
between this work and others should give an idea of the comparability of
the quality of the crystals used. This knowledge should then facilitate
the comparison of other parameters.

Schmid and Boasll in some of the earliest work on cadmium found
that 99.996% Cd at room temperature exhibited a critical resolved shear
stress of 25 gm/mmz. Gibbonsaz'found critical stresses of 9.8 and 17.1
gm_/mm2 for 99.9994% Cd at 20°C. Boéek et al15 tested the temperature
dependence of various work hardening parameters in 99.99% Cd. Their
results for crss vs. temperature aloné with those of the present work
are shown in Fig. 39. It is seen that there is a large discrepancy between
the two sets of data which might be thought to be due to impurity content
sipce the present work used 99.999% Cd. Howéver, the graphs presented by
Da_vis16 for 99.9% and 99.9999% Cd show very little difference of crss
for such a large difference in purity, with the crss Being about 20—3O‘gm/mm2.

\

A more probable explanation for the discrepancy would be the presence of

more substructure in Bocek's crystals. In comparison to the present, work,
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they showed significantly shorter easy glide, and Hirsch and Lally4 found
that easy glide in Mg single crystals was reduced from 250% to 50% for
crystals with substructure. The presence of substructure would also
explain the higher work hardening rate found by Bofek. Since the work

by Bocek is one of the most comprehensive studies of cadmium in the
literature, the favourable comparison of the pfesent work shows that

the crystals used in this work must have been of high purity and have
contained relatively little substructure. -

Early work of Jillson17 and Deruyttere18 detected no

systematic dependence on orientation of either work hardening rate or

length of easy glide. Liicke et al7 observed that zinc single crysta%s at

20°C exhibited 130% shear strain in easy glide, independent of the initial

68

orientation. Diehl19 observed no variation of the work hardening rate with

orientation in Héxagonal metals. i

The reéults of the present study are contradictory to thgse,
of the above workers. It was found that there is a definite dependgnce
on orientation of the length of easy glide, since easy glide terminqtes
at a specific orientation (see Fig. 30; Table I). To a lesser degrge,
the work hardening rate also depends on orieﬁtation (see Fig. 27). yjThese
observations are more in accord with those of Bocek and Kaskazo, who .
noted an increasing work hardening rate and decreasing length of stage I
with decreasing X, in zinc in the temperature range 50° to 100°C. Bocek,
HStzsch and Simmin21 also quote the results of Wolf45 on Cd at 20°K and
90°K which show similar trends for the work hardening rate.

Liicke et al7 found that recovery has a distinct effect on the
length of stage I. Their results showed that a zinc single crystal.,which

had been deformed 70% at room temperature showed a stress—-strain curve;

identical to that of a virgin crystal after a recovery of 24 hrs. at 25°C.



69

Thus, the total length of easy glide increased by 70%. For cadmium
crystals deformed at -196°C and recovered this was not the case. As
shown in Fig. 28 and Table I, recovery had no effect at all on the length
of easy glide. A possible reason for this discrepancy would be that the
operation of second order pyramidal slip is not related to orientation

in the same way in zinc at 20°C as it is in cadmium at -196°C.

4.2.2 Theories of stage II

While the topic of this study is the recovery of mechanical
properties of cadmium, it is neceésary to know something of the dislocation
arrangements present during deformation to understand what might happen
during recovery; As a consequence of this, the following section ig
concerned with the hardening characteristics of single crystals, and the
possible dislocation mechanisms which may occur during deformation. |

Perhaps one of the most critical points during the deformation
of a single crystal is the transition from the first linear stage of
hardening to the second linear stage. Various theories have been pgopqsed
to explain this tfansition in hexagonal metals. The principal alternatives
are:

1) the formation of a critical density of obstacles as airesult
of the condensation of vacancies £

2) the initiation of activity of the two previously non-active
Burger's vectors in the basal plane

3) the'onset of twinning

4) the initiation of -activity on the second-order pyramidal system.

The last alternative is thought to be most important to thisg study;

however all theories will be briefly discussed.



4.2.2.1 Condensation of vacancies

Seeger and Trﬁublezz ascribe the transition from easy glide to
stage II to a critical density of obstacles. These obstacles have formed
by the condensation of vacancies into immobile dislocation rings. Present
experimental results are inconsistent with this theory. Firstly,
it is difficult to imagine vacancies having adéquate mobility at -196°C
to form sessile loops. If such loops did manage to form, then saturation
recovery should be sufficient to allow them to anneal out. Price237 found
that sessile disiocation loops formed by non basal glide in Cd annealed
out by volume diffusion at temperatures above -40°C. No effect of annealing

on the transition strain was observed in the present work.

4.2.2.2 Non-active basal dislocations S
Kratochvil and Koutnick24, from éhape change measurements
during the deformation of cadmium single crystals, concluded tHat secondary
dislocations in the basal plane must operate} By comparison with other
work, principally that of Hirsch and Lallya'on magnesium, they conclude that
the interaction of primary and secondary basal dislocations is responsible
for strain hardening and the transition to stage II. It appears that such
comparison is unjustifiable. Hirsch and Lally emphasize that their model
is specifically designed for Mg and that hardening mechanisms in other .
hexagonal close-packed metals may be different. It is possible that
secondary basal dislocations operate, but it is doubtful that they are;

responsible for the transition to stage II. i

4.2.2.3 Twinning

4, - :
Hirsch and Lally , in a transmission electron microscope;. study
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of magnesium, found that stage II is accompanied by slip of the two previously
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non—-active Burger's vectors in the basal plane, the formation of sub-
boundaries and twinning. They'observed that at the onset of stage II, the
stress on the prismatic plane was close to the experimentally determined
value for prism slip. However in comparison of their work on Mg with face-
centered cubic materials, they think that twins act as barriers to slip
lines in Mg, whereas secondary dislocations prdvide the barriers in,;f.c.c.25
It is stress concentrations arising from the twins which may now preduce
prism slip. i
Hirsch and Lally state that the above argument may not be
applicable_ to hexagonal metals other than magnesium and the results of
Bell and Cahn26, Risebroughs, and the present work agree with this.y Bell
and Cahn noted ‘the presence of {1122} <1123> slip traces in zinc crystals
prior to twinning, and associated the intersection of dislocations on
this system with basal dislocations to produce stress concentrations which
in turn would cause twinning. This is opposite to magnesium in whiqh Hirsch
and Lally thought that twins produced stress concentrations which in turn
caused secondary (prism) slip. In cadmium, the present work and tbat of
Risebrough have noted that twinning is always present in stage II.: However,
Risebrough has explained that since a considerable portion of the crystal
remains untwinned in the transition region from stage I to stage IL, and
that the stress associated with the end of easy glide is relatively
temperature independent, that twinning must be an "after the fact'" consider-
ation. On this basis, it must be some dislocation configuration which:

is responsible for the end of stage I.

4.2.2.4 Second order pyramidal slip
Bodek, Svébova and H6tzsch27, in aAstudy of single crystal

cadmium at 20°K, assume that the onset of linearity in stage II is a result
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of flow on the second order pyramidal system {1122} <1123>. Their results
show, however, that at this point there is a considerable variation in
the shear stress on this sytem with respect to orientation. This is in
disagreement with Schmid's law that the critical shear stress be independent
of orientation. To compensate for this discrepancy, Bocek et al have
calculated an internal stress which may be présent on the secondary system
as a result of pile-ups of dislocations on the basal system. The results
of this calculation show this internal stress to be pf the order of .the
flow stress on the basal system. When this stress is added to the applied
stress on the secondary system; thé result is that the total stress.is.
now essentially orientation independent. Aiéo, this total stress is
comparable to thé stress found by Stoloff and Gensamer28 for the appearance
of second order pyramidal slip traces on cadmium single crystals oriented
to suppress basal slip. Thus Bolek et al conclude that the start of the
linear stage II is associated with the onset of flow on the second grder
pyramidal system. Interaction of these dislocations with basal dislocations
will produce sessiles which contribute to work hardening, and so explain
the relatively high work hardening rate in étage II. L
A number of problems with respect to the work of Bolek et al27
arise when it is compared to the results of the present study. The;first
problem is with respect tb the variation of the stress at the beginging
of stage II with orientation. The present résults, which encompass
considerably moré tests than appear to have been done by Botek, show thatb
the angle at whiéh stage II begins is constant at x = 20.2° * 1,2°(see Fig.28).
The flow stress at this point was also essentially constant at 750 gm/mmz.
Another problem is that as yet no experiments have been able to show how

many dislocations are contained in the supposed pile-ups, and this pumber
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should significantly affect the magnitude of the internal stress on the
secondary system. The major problem arises from the strain at which Bo€ek
considers flow on the secondary system to be effective. Results from the
present orientation study, and from strain rate change tests have shown
that it is not the onset of stage IL but rather the start of deviation from
stage I which is the critical point in the traﬁsition. Also, the present
study as well as that of Risebrough5 has shown that the material is.
extensively twinned at the start of stage II, and BoCek has not considered

this point.

4,2,3 Present model

The basis for the present model is similar to that of Bofek. in
that second order pyramidal slip is thought-to be responsible for the
transition from stage I to stage IL. However, it is believed that there
is some activity on this sytem in the lattef part of stage I and that
this is responsible for the non-recoverable work hardening as shown!by the
drop in saturation recovery with strain in Fig. 11. The end of stage I
linearity is believed tq be caused by macroécopic flow on this secondary
system and this is then responsible for the increasing work hardening rate
‘in the transition region. The onset of stage II linearity probably results
from the development of a dynamic equilibrium between basal and pyramidal
dislocations. This will be discussed in foilowing sections. At this point,
it is sufficient to note that stage II linearity is not as significant a

factor as discussed by Bolek et a127.

The results of the present work show that it is possiblethat
second order pyramidal slip could be responsible for various work hardening

and recovery phenomena. Fig. 40 shows the shear stress on the second order

pyramidal system compared to the flow stress on the basal plane for a crystal
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with initial orientation Xy = 45°, Fig. 41 is a replot of the data onm Fig. 11,
with strain transformed to orientation. It is seen from this plot that non-
recoverable work hardening starts in the range 30° < x < 35°. This range
corresponds to .5<y<.7 on Fié. 40, and in this range, the stress on the
second order pyramidal system is 75 to 100 gm/mmz. It is probably only
coincidental that this is the range in which tﬁe stress on the secondary
system becomes greater than the stress on the basal system. At the end
of easy glide, at which x = 23° (see Fig. 28), the stress on the pyramidal
system is v 260 gm/mmz. . |
Sfoloff and Gensamer28 found that the first appearance of
pyramidal slip traces occurred at 500 gm/mm2 in Cd crystals not oriented
for basal slip. Their material, however, had a critical resolved shear
stress for basal slip of 85 gm/mmz, while the material used in this work
had a comparable stress of 20 gm/mmz. Consequently the critical‘stgess
fqr flow on the pyramidal system is probably-less than 500 gm/mm2 in this
material, but since the effect of impurities and substructure on pyramidal
glide is not known, it is impossible to assién a definite value. However,
this value of 500 gm/mm2 was given for the abpearance of slip traces which
would imply massive slip on this sytem, but to end easy glide relatively
few dislocations'would be required, so it would be reasonable to assume
that these would be generated at a significantly lower stress. A
Assuming that second order pyramidal dislocations are active
at orientations < 30°, it is possible to explain non-recoverable work
hardening as shown in Fig. 41. Bocek, Luka€ and §vébové29 have shown
that energetically favourable reactions between different second order
pyramidal systems and between second order pjramidal and basal dislocations

can occur. The resultant dislocations are sessile and will produce,

work hardening. These reactions are:
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1/3 [2113] + 1/3 [1123] + 1/3 [3030] (a)
1/3 [2113] + 1/3 [1123] » 1/3 [1210] (b)
1/3 [2113] + 1/3 [2110] - 1/3 [0003] (c)

Reaction (c) between second order pyramidal and basal dislocations
is probably the most important. Once these sessiles form, they would
probably not be amenable to annealing, and so cause non-recoverable work
hardening. Substantiating evidence for this was found in tests which
combined recovery with strain rate changes. Laurent'ev et a139 have found
that the critical resolved shear stress in.zinc at 20°C is a critical
fﬁﬁction df the pyramidal dislocation density. In zinc it appears that;
second order pyramidal dislocations may alsQ‘cause non-recoverable
work h;rdéning. | ‘ 3 |

It was also seen in Fig. 36 that there is a small deviation from
a room temperature stress—strain curve of a'stress-strain curve completely
recovered at infihitesimal strain increments. The errors involved in
the flow stress méasurement, and in the reproducibility between two
different specimens are too large to permit the calculation of the work.
hardening produced by pyramidal dislocations and their interaction with,
basal dislocations from y = 30° to x = 23° if this secondary system operates
at -196°C énd not at 20°C. When X reaches 23°, the difference in Schmid
factors on the two systems is such that theré would be substantially,
more aétivity on the second system. At this point the stress on the;pyramidal
plane is 260 gm/mm2 which may‘be very near the macroscopic critical stress.
Thé present results show that this stress, at the end of easy glide,;is
independent of iﬁitial orientation. If this is the yield stress for second

order pyramidal, then the massive activity on this sytem would explain |,

the termination of linear easy glide.
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Thus it may be concluded, that while a crystal with X~ 45°
deforms entirely in basal glide in the initial stages of deformation,
when the strain is such that x is of the order of 30° to 35°, second order
pyramidal dislocation activity becomes significant. This is not to say
that macroscopic strain is achieved on this system, but merely that.disloc-
ations are generated which will subsequently interact with basal dislocations
to cause poor recoverable work hardening. When ¥ reaches 23° macroscopic
flow may occur on the pyramidal system thus terminating linear easy, glide.
Since the end of the easy glide is determined by the angle
between the basal (or second order pyramidal) plane and the tensileqaxis,
it is reasonable to use this angle as a normalizing factor for all ,
tensile results. However, since ¥ varies QUite slowly with strain at low X
values, stress Eurves have been plotted versus strain, with the intercept

of extrapolated easy glide and stage II slopes taken at x = 20.2°

(y = 1.8 for X, = 45°) .
4.3 Strain rate change tests

Activation volume measurements, which are derived from strain
rate change tests, may indicate the nature of the rate controlling mechanism
during deformation. The principal assumption made regarding interpretation
of activation volume data is that the density of mobile dislocations remains
constant during a strain rate change. If this is the case, then it.is.
assumed that the change in flow stress resuiting from a change in strain
rate is due only to the deformation rate controlling process or processes.

It is known that the deformation made during easy glide in
cadmium single crystals is slip on the basal system. Consequently, it

is assumed that the flow stress in this region is determined only by tge
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density of basal dislocations and by the way in which they move through the
lattice.

In stage II deformation, it is assumed that the flow stress
is still controlled only by the density of basal dislocations which are
assumed tb be the mobile dislocations. For face-centered cubic materials,
it has been shown by X-ray diffraction measureménts of Ahlers and Haasen30
and Mitchell and Thornton31 and by shape change measurements of Kocks32
that most of the deformation in stage II takes place by slip on the
primary system. For the present system, Fig. 33 shows that while
deformation is not homqgeneous during stage II, ;he width of the crystal
does not decrease ;ignificantly. (Fig.{33 compares a crystal deformed'
well into stage II atv—l96°C to a crystal deformed at 20°C where essentially
all deformation was on the basal plane). Since the width did not dqcrease
significantly, it is not unreasonable to ass;me that during stage II in
cadmium, as well.as for face-centered cubic materials, the majority of the
deformation occurs on the primary system. Tﬁerefore, since flow still
occurs on the basal system, it is assumed that the flow stress is still
a measure of thevbasal dislocation density in stage II as it is in
stage I.

From the results of the present work on orientation, and from
the results of Risebroughs, it is expected that any secondary activity
which takes place will be on the second order pyramidal system. Consequently
it is assumed in the following discussion thaf the dislocation forest is
composed entirely.of second order pyramidal dislocations. It may be
that other types are present as grown-in dislécations, but these shquld

not change during deformation. It has also been assumed that the contribution

to strain of the pyramidal dislocations is negligible.
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4.3.1 Stage I

4,3,1.1 Activation volume behaviour
Fig. 19 shows that activation volume during easy glide is a
steadily decreasing function of strain. At yield, the activation volume

20 3

is 40 x 10 cm3, which is equivalent to 15,000 b~. This value drops to

about 5500 b3 at the end of easy glide.

Activation volume values 1In this range are indicative of a rate
controlling mechanism of either forest intersection by the basal dislocations
or the non-conservative motion of jogs in the basal dislocations. It is
not possible on the basis of rate parameter measurements alone to distinguish
between these two mechanisms.

Risebrough5 has claimed that the mechanism controlling yield
and flow in cadmium single crystals is one bf forest intersection. :He:
found no major inconsistencies in this argument whereas his experimental
data did not agree with the limitations on the jog mechanism. He believed
that the jog mechanism was unacceptable primarily because the flow stress
in zinc and cadmium was temperature dependent below TH = 0.25. Thi§
phenomenon would require that the nucleatioﬁ.of a vacancy in conjungtion
with the non-conservative motion of jogs be thermally activated. Mo;t3%
has stated that this vacancy nucleation is cémpletely athermal, and%
secondly that single vacancies will not migrate at appreciable rates
bglow TH = 0.5.

The present results find inconsistencies in the forest igtefsection
méchanism. In the initial stages of strain (up to 70%), it was found that
the activation volume decreased significantly. If the forest inter§ection

mechanism were rate controlling, this decrease would imply an increase in

the forest density. However, when the crystals were recovered in this:range,
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it was found that the activation volume recovered back to the value found
at yield (see Fig. 20). Since it is very unlikely that both primary and
forest dislocations would recover in exactly the same manner, as the
forest intersection mechanism would require, it has been assumed that

the forest dislocations do not recover at all. It has been shown that
second order pyramidal dislocations will combine with basal dislocations
to form energetically stable obstacles, so it shoula be reasonable to assume
that these will not anneal out in the same manner as mobile basal dis-
locations. This is made more apparent when compared to the behaviour of
pyramidal dislocations at higher strains as discussed in a later section.
Thus, it appears that the forest intersection mechanism is not applicable
to the present system.

The other possible rate controlling mechanism is the nonr
conservative motion of jogs. In the present system it is believed that this
is the rate controlling mechanism, while Risebrough5 has rejected this.
mechanism on the basis of the arguments of Mott33, but some of these

arguments are questionable as to their validity. First, Mott states that

single vacancy migration is not appreciable below .5 TM in Cu. However,
Sharp, Mitchell and Chriétianl have shown that in Cd vacancy migration
occurs at about .25 TM. Secondly, Mott does not adequately explain,why

the process of vacancy nucleation at a jog should be completely athermal.
If such nucleation were thermally activated, then the combination of this
plus vacancy migration could explain the temperature dependence of the flow
stress in cadmium. This would then remove any objection to the assumption
that the non-conservative motion of jogs is the rate controlling mechanism.
Thus, since doubt does exist with respect to the Mott theory, and since

experimental results preclude the acceptance of the forest intersection

mechanism, it will be assumed that the non-conservative motion of jogs-



- 82

controls flow in easy glide in'cadmium.

Having made the above assumption, it is now possible.to explain
the behaviour of activation volume with strain in easy glide. During the
initial stages of strain, there remains a constant density of forest
dislocations. Activation volume decreases in this range due to the
decreased inter—jog spacing along the mobile basal dislocations. On
recovery, the jogs in these basal dislocations anneal out, probably, by
diffusion along the dislocation line. When a jog of one sign meets one
of the opposite sign, the two annihilate and so decrease the jog density.
Under conditions of saturation recovery, some equilibrium concentration
of jogs is attained which would be the same concentration as existed at
yield. Therefore, the activation volume following recovery will be the
same as it was ét yield. o

If this equilibrium concentration of jogs in basal dislgcations
is such that the inter-jog spacing along the dislocations is larger, than
tﬁe spacing between forest disloéations, then the activation volume
measured under such conditions should be inaicative of the forest density.
This should be true both at yield and follo@ing recovery. However,, once
the basal dislocation has moved through the first set of forest diqlocgtions
that it encountérs, the inter-jog spacing will be less than the forest
spacing, and so it will be the jog mechanism which is measured. If;it:
is assumed that the inter-jog spacing is 1afger than the average forest
spacing, then on the basis of the previous argument it is possible to ;
calculate the férest density from activatioﬁ volume data following recovery.

Activation volume is defined as:

v = bid a
where b = Burger's vector
2 = activated length of dislocation

distance over which dislocation is moved.

B =¥
1l



If it is assumed that the activation distance is equal to the

Burger's vector, then

o
1]
U"\\J<

'If forest intersection is the rate controlling mechanism as
has been assumed at yield and following recovery, then 2 is the avetrage
spacing between the forest dislocations.

The forest density is then:
bu
p = l— = —-2—
92 v
On the basis of the above assumption, the forest density'at'

yield has been calculated as 4.7 x 106 lines/cmz. Close to the end of

easy glide, the pyramidal density has increased by about one order of

magnitude to 4 x 107 cm_z. Recovery in the middle of the transition

region between stage I and stage II shows that the pyramidal density

is about 2 x 109 cm_z. Co

These above values are consistent with the results from the
orientation analysis. Activation volume data show that the forest does

not change up to about 70% strain. From this point to the end of easy

glide, it is found that the forest density increases from 4 x lO6 to

7 =2 S co 3 ; . : ;
4 x 100 em © and it is this increase which is associated with micror
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activity on the second order pyramidal system. For a small strain increment

from the end of easy glide to the middle of the transition région an

increment from the end of easy glide to the middle of the transition region

an increase in pyramidal disloéations of two orders of magnitude was
found. This is consistent with the idea of macroactivity on the second
order pyramidal at the end of eésy glide. Thus, it is concluded from an
dnrelated type of test that the conclusions regarding work hardening

parameters are valid in that there is microactivity on a secondary gystem
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in the latter part of easy glide followed by macroactivity in the

transition region.

4.3.1.2 Cottrell-Stokes behaviour

The Cottrell-Stokes behaviour of a metal is the variation in
flow stress resulting from a change in strain réte (or temperature) as
a function of the total stress on the system. If this variation is linear,
passes through the origin, then the Cottrell-Stokes law is considered
to be obeyed. The interpretation of the results and the significance of
obeyance or non-obeyance is not clearly understood, and is usually only
applied to face—éentred cubic materials. Many tests, however, have been
performed on many different materials to test this law. Most materials
which obey the law are face-centered cubic, but obeyance has been reported
on some hexagonal metals. Basinski34 has found obeyance in magnesium
single crystals below 47°K; Davis16 and RiseBrough5 found obeyance during
stage II deformation of cadmium at -196°C and Bodek and Luké635 claim
zinc in stage II at 20°C also obeys. .

The present results show that nowhere during the deformation of
single crystal cadmium at -196°C is the Cottréll—Stokes law obeyed. i ;

The plotting of At vs. T as in a Cottrell-Stokes test gives
useful informatioﬁ besides checking the obeyance of the Cottrell-Stokes»
law. Since activation volume is representative of the rate controlling
mechanism, and is determined directly from tﬁe measurement of At, then
At itself must also be indicative of the raté controlling process. In
the present case, At at yield is.a direct meésure of the number of forest
intersections taking place at the time of the strain rate change. At

strains past yield, At is a measure of the density of jogs present in
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basal dislocations. As mentioned previously, it is believed that the flow
stress T islaependent on the deﬁsiﬁ? of basal dislocations. Therefore,

a plot of A% vs. T is, in stage I, essentially a plot of the density of
jogs vs. the density of basal dislocations.

Fig. 23 shows that the plot of At vs. T is linear in the initial
portion of stage I. Using the above argument, this signifies that'the
basal jog density increases proportionately to the density of basal .dis-—
locations. 1In this initial strain region, the behaviour of At vs. T is
unaffected by recovery in that relation of At to T 1is the same as
it was during stréin prior to recovery. Thus, the increase in the density
of jogs with reséect to the increase in basal density is unchanged.
Following the second recovery, which is the point at which secondary
activity is expected to begin, it is seen that there is a slighf‘iqcrease
in the slope of fﬁe plot. This is explained if it is assumed that ghe,
pyramidal dislocation density in this range is increasing slightly. With
a higher pyramidal density, there will now be a larger number of jogs
béing formed for a given increase in the basal dislocation density (1),

At the end of linear easy glide, Fig. 22 shows that there is
a significant increase in the slope of the AT - 1 plotf It is expected
that there is a macroactivity on the pyramidal system at this point .
causing a substantially higher forest density. (As mentioned previously,
the density of forest dislocations was found to increase by two orders
of magnitude froﬁ the end of easy glide to the middle of the transition
regiqn.) Under these circumstances, a given increase in basal density
will result in alsubstantially higher number of jogs formed, and so?thg

slope of the At - t plot will increase.
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4,3.2 Stage II

In stage II deformation, there is no evidence to suggest that the
rate controlling mechanism changes in any way. However, for the purpose
ofvsimplification of the following discussion, it will be assumed that this
mechanism is now one of forest intersection rather than the non-conservative
métion of jogs. This assumptioh is probably not true, but it should
not introduce significant errors since the two mechanisms are so similar
in their behaviour. Thus in the following discussion, AT is assumed to
be representative of forest density rather than jog density. .

During stage II deformation,ﬁwhere the forest density is large, probably
of the same order as the basal demsity, the basal dislocations will ;become
highly jogged very quickly. Consequently these basal dislocations qill
probably not move appreciable distances. Néﬁ dislocations will be genefated
and become jogged initially at a rate determined by the forest density.
Therefore, the measured values of At and activation volume would not be
significantly different if forest intersection were the rate controlling
mechanism. - ;

The plot of At vs. 1 for deformation in stage II (Fig. 22) is |
essentially lineér. This indicates thaf the factors leading to both

T and AT increase proportionately. |

Comparing cadmium to face-centered cubic metals, it is seen that the
above conclusion is consistent with the results of Steeds36 and Basinski
and Basinski37. .These workers found that the density of secondary dis-
locations in copper single crystals is comparable to the density of primary
dislocations throughout stage II, in spite of the fact that plastic strain
on, the secondary éystem is very small. This'is further evidence for; the
statement that the linearity of At vs. 17 is due to a proportional iqcrease in
both pyramidal (forest) and basal (primary) dislocations rather than, an

increase in basal jogs with no significant increase in forest demsity. .,
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The behaviour of At vs. T with respect to recovery (Fig. 24)
is significantly different in stage II than it was in stage I. While in
stage I, recovery brought about a substantial decrease in both AT and T,
the initial reéovery anneal in stage II caused a large drop in T and
essentially no change in Ar. Strain following this recovery showed that
the slope of At vs. T is still the same as it was for strain preceding-
recovery. u
That 1 changes markedly indicates that the basal dislocation
denéity decreaées significantly since as was explained earlier, ﬁhe;flpw
stress is dependent primarily on basal density. Because At does not
change during'thié anneal, the density of p?ramidal dislocations must
remain constant during recovery. The fact that the slope of AT vs. T
is the same‘fdllowing'recovery as it was preceding recovery indicates ,
that the densities of pyramidal and basal dislocations are still inereasing
in the same relative proportion. However, éince the basal density decreased
while the pyramidal density remained constant during recovery, there
must be a net increase of pyramidal dislocations tb the system when,
it is compared at the same stress level. There are more pyramidal disr
locations at point B in Fig. 24 than at point A, C

The seéond recovery anneal gives a further shift to the 4t - =t
plot as shown in Fig. 24. In this case, however, At as well as T does
decrease significanﬁly. On the basis of the above argument, this igdicates
that some pyramidai dislocations must be lost at this time. Again, strain
following recovery shows that the increase 6f both basal and pyramidal
dislocations reméins in the same pr0portion as that prior to any regoVéfy
since the slope of the plot is unchanged. in this strain increment;between
recovery anneals, there is a further increase to the system of pyramidal

dislocations, as shown by comparison of similar stress levels A,B, and C

in Fig. 24. | ¢
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Following further recoveries, the At - 7 plots are coincident with that
plot obtained following the second recovery. Thus, a condition must
have been reached in which both pyramidal and basal dislocations are
recovered. The proportion of each type of dislocation recovered is the
same as that in which:it is generated during strain, therefore ‘
gstablishing some sort of equilibrium in the structure. This quilibrium
cpnd}tipn pre§c;ibes fhe d§n§ity of bgsal and pyramidal dislocations at
~any sFrgss levgl.. This condition was found to be maintained in the crystal

from the sécond anneal in stage II to failure of the specimen. 4
It is probably coincidence that it took exactly two recovery
anpeals in stage II to reach this equilibrium condition. If experipeﬁtal
conditions Werg.different.(i.e. if the stress at which recovery was carried
out were different)} then £he mimber of anneals required to rgach equilibrium
“mighp_ghange, glthough ip.is ;hought that the end result would bF tbe same.
The reéove;y of pyramidal dislocétions.as found in the above
results mai éécur'by thg.mecha;ism as obsef?ed by Price23. He found that
second order pyramidal dislocations which had formed long loops by the-
crossfglide of screw segments ﬁirst annealéd by these loops splitting up
into rows of circular loops.' These circular loops then annealed out of
qhe sample by meaqs'of ;olume diffusion. _ :
| As a result of the findings of this section on Cottrell-Stokes
behaviour, it is con;luded that fqr a hexégonal close-packed metal such
as cadmium, the Cottrell-Stokes law has no real significance. If it is
founq to be obeyed in any hexagonal system, it is probably only coincidental.
4.4 Flow sFregs fol}pwing recovery
-

The flow stress measured following recovery is probably .

determined primarily by basal dislocation density at this point.
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In stage II, the basal density present following saturation recovery
appears to be a fupctibn.of the pyramidal dislocation density which is
also present. Fig; 42 is .a plot of the flow stress achieved after saturation
recovery as a function of strain. In this plot, stage II linearity begins
in all tests at a strain of about i.75. It is seen that the basal |
.density rises to a maxiumum value at approxima;ely 60% strain following
the onéet of stage IIL linearity, énd then remains constant. This ié very
similar.to the behaviour deducéd for pyramidal dislocétionsvin the previous
section.

Fig. 42 shows that theré is an increase in the basal density
(flow stress) byua factor of 3 from 250 gm/rﬁm2 to 800 gm/mmz.' Fig. 21
showed that the pyramidal densify (A1) in this same stress range also
increages by a féctor ofl3. Thus, it appears that there is a direct
relationship betﬁeen the density of basal dislocations and thefdensitylz
of pyramidal dislocations present following recovery.

This relationship is‘probably caused by the way in which;thé
basal dislocationé are trapped by the pyrami&al dislocations, or perhaps
by a stress field associated with the pyramiaal dislocations. That_thév
pyramidal density is the géverﬂing factor iﬁ_this relationship is more
apt to be the caséjthan the converse, in which the basal density prescribes
the pyramidal deﬁsity, since it has been shéﬁn in the previous section .

that the pyramidal'density is insensitive to recovery.

4.5 Work hardening in stage II
These activation volume and At vs. t data also give some insight

into the work hafdening behaviour of cadmium single crystals in stage II.
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--Fig. 42, .The variation..of. flow.stress.following saturation.recovery in stage II.
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The data fit well with the arguments of Hirsch and Mitchell38 based on
face-centered cubic materials; The principal points in their theory,
together with comparison to the present work are as follows:

1) At the end of stage I, there are long continuous obstacles which
form barriers to newly formed slip lines. Dislocations are stopped by
elastic interaction with both the primary and secondary dislocations in the
obstacles. In cadmium, it is proposed that these barriers are the sessile
dislocations formed by the interaction of basal and second order pyramidal
dislocations.’

2) Hardening is due to the hardeping of potential primary sources
by the incregsed'density of primary and secondary dislocations. Since it
is expected that there is significant secondary activity following }inear
easy glide, there should be sufficient density to harden primary sources

in cadmium. ' v
3) . In the transition region between stage I and stage II, the ratio
of new secondary dislocations to new basal dislocations generated ipcréases
rapidly, until the regions within which secondary sources operate extend
throughout the crystal. At this point, the proportion of secondary dis-
locations depends on the internal stress pattern. For a given arrapgement
of primary dislocations, the density of secondary dislocations willmbe 

the maximum possible compatible with the internal stress, leading to Ehé
maximum-possiblé hardening rate. Thus, Hirsch and Mitchell have assumed
that a situation of similitude develops in which the ratio of secondary
to.primary dislocatiéns remains constant throughout stage II, and only the
scale of the structure decreéses as the stress increases. The presgntx
results are compatible with this theory up to the point of fecoveryﬂinf

stage II. At this point it was found that the secondary dislocation
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density did not decrease whereas the primary density did. On further
deformation, the secondary density was higher than the previously maximum
possible density. Since recovery has permitted an increased secondary
density Qith respect to primary density, it is possible to maintain this
condition, and consequently give a higher work hardening rate. This was
observed experimentally (see Fig. 32). This, too, is consistent with
Hirsch and Mitchell's theory that the work hardening rate is dependent,
among other factors, on the density of secondary dislocations in the
region of the pile-ups. ;
4) " The flow stress is determined partly by forest density, line
tension, and long range stress in the softeét region between pile-ups.

The relative contributions have yet to be détermined. In the present Qbrk,
it appears that‘the flow stress is dependent primarily on the basal

density, which would be equivalent to Hirsch and Mitchell's long range

stress.

Thus the present results are consistent with the theory of‘
Hirsch and Mitchell, and it is reasonable to assume that this theory
could be extended to incluae hexagonal close-packed metals as well as face-
centered cubic. |

[l
\

At very high strains,'it‘%as found that the work hardening rate
e . -‘..\',1 L
decreased. This may be comparable to a stﬁge ITIT which is often
associated with dynamic recovery. Since the At vs. T relationship

does not change in this range, dynamic recovery should affect both basal

and forest dislocations.
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5. SUMMARY AND CONCLUSIONS

1) : Deformation in easy glide at -196°C is by basal glide only when
X > 35°. 1In this range, the work hardening is completely recoverable by

annealing at 75°C for 30 min.

2) Deformation in easy glide at -196°C from x = 35° to the end.of
easy glide is primarily by basal glide with some activity on the second
order pyramidal slip system. Work hardening in this region is not.
completely recoverable. _This is probably due to the formation of stable
obstacles by the interaction of basal and pyramidal dislocations. :
i
3) The end of easy glide occurs at x = 26.l° + 1.2°. This is

probably a result of exceeding the yield stress on the second order;

pyramidal system, thus forming a much higher dénsity of obstacles.

4) Deformation in stage II is primarily on the basal system}although
the densities of basal and pyramidal dislﬁcations are probably about the
same. Recovery early in stage.II causes a decrease in basal density with

no corresponding decrease in pyramidal density. As a result of this, the
work hardening rate following recovéry is higher than that preceding

recovery. At higher strains in stage II, both basal and pyramidal |

dislocations are recovered.

5) The strain attainable in stage II at -196°C is increased; by

recovery.
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6) Deformation is probably controlled in stage I by the non-
conservative motion of jogs. The data from stage II may also be

interpreted in terms of this mechanism.

7) The Cottrell-Stokes law is not strictly obeyed through any
portion of the deformation of cadmium single crystals. On the basis
of the present results, it appears that obeyance of this law in

hexagonal metal would be coincidental.

8) It was found to be impossible to calculate a meaningful .

activation energy.
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6. APPENDIX

6.1 Electron microscopy techniques
An attempt was made to thin sections of cadmium single crystals
for observation in the electron microscope. In this way, it was hoped
to observe the dislocation structure of the speéimens, and to determine
the effects of deformation and recovery upon this structure. Unfortunately,
all attempts at thinning were unsuccessful, and no structures were observed.
The techniques employed in this study, and the problems |,

encountered, are listed below. N

6.1.1 Cutting a thin section

The first problem in this study was to oEtain a thin, parallel-
sided slice of a specified orientation from a bulk single crystal. It was
also necessary to ensure that no extraneous dislocations were introduced
into the slice during the cutting operation. There was no difficulty
inovlved in determining the desired orientation since X-ray techniques
are well established and sufficiently accuréte. Problems were encountered
in cutting a thin slice from the 5 mm. diameter bulk single crystal,

It was decided that cutting by any mechanical means such-as
a.jeweller's saW»wéuld be unacceptable due to the amount of deformation
introduced to the sample during the cutting operation.

Spark erosion was the first method tried to obtain the desired
slice. It was hoped that by using a relatively low energy spark that
thgré would be negligible deformation introduced into the sample. This
mgthod worked well fér-the first. cut, but when a second cut was attempted
to produce a thin slice, problems arose. During this second cut, the slice
which was 1-2 mm. thigk“was bent by the forces developed during the,cutting

}
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procedure up towards the sparking tool. When this occurred, sparking
took place between the side of the tool and the slice, and the originally
parallel-sided slice was eroded into a wedge. Experiments in shielding
the side of the tool to prevent this from happening were unsuccessful.
Even if it could be assumed that the deformation invoied in the bending
was insignificant, it was impossible to thin the wedge-shaped slices. for
subsequent observation in the electron microscope. {

As an alternative to spark erosion, acid cutting was tried to
produce the desired slices. In this method, a counter-balanced specimen
was held lightly against a reciprocating polyester thread. The thread :
was kept saturated with dilute nitric acid by a drip feed arrangement so
tﬁat all cutting was produced by the dissolution of the cadmium by the
nitric acid. The velocity of the thread was kept below 20 ft/min to.
reduce the possibility of damage from friction. One cut took approximately
8 hours. |

The slices produced by this method varied in thickness throughout
the section by as much as 1 mm. since the thread could not be prevented
from moving slightly out of its intended plane during the cut. These
slices were used in subsgquent thinning experiments even though they
were not of uniform thickness since they héd sustained negligible deformation

and were the best available. !

6.1.2 Thinning

The élices produced by acid cutting were thinned by standard eléétro—
polishing techniques. It was found that chromic-acetic electro-polishing
solution used at the plateau voltage gave excellent polishing results;
producing a clean, shiny surface. The major problem invol&ed during thinning
was to produce a regular, slightly concave surface on each side of the sample.

1
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This was difficult since the original slices did not have perfectly

smooth surfaces. To try to overcome this problem, a jet polishing technique
was employed, in which a thin stream of polishing solution is directed
towards the specimen surface during electro-polishing. This produced

the desired concavity but it did not satisfactorily smooth out the
irregularities in the surface. Consequently, wﬁen the specimen was sub-
sequently thinned to perforation, the included angle of the specimen

leadiﬁg up to the perforation was quite high. Chemical polishing in;dilute_
nitric acid prior to electro-polishing was also found to be unsuccessful |

in removing surface irregularities.

6.1.3 Examination of thinned specimens ,

The samples thinned as described above were examined in the electron
microscope. It was found that areas adjacent to perforations were always
too thick for electron transmission. Consequently, it was impossib%e to
determine any dislocation structures in these samples.

Since this work was attempted, two transmission electron micrographs

. 40,41 )
of cadmium have appeared . . However, due to the lack of clarity, and

obvious difficulties involved in obtaining these photographs, the techniques

used were not subsequently attempted for the present material.
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