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THE DEFORMATION CHARACTERISTICS OF ZINC AND CADMIUM

ABSTRACT

This work was undertaken to study the nature of
the deformation mechanisms in polycrystalline zinc
and cadmium over a temperature range from 77°K to
300°K.

It has been observed that the only non basal
slip system which is observed under normal light
microscopy is that of second order pyramidal {llZZ}

{1123>. At temperaturesabove T = T = .4, the amount

H T
M

of non basal slip is greater in zinc than in cadmium.
The amount of twinning, substructure formation and
grain boundary migration is comparable in both systems.
Negative work hardening beyond the U.T-.S. at

temperatures above TH = .4 is associated with re-
crystallization.
In both systems at temperatures below,TH = .26 a

region of temperature and strain rate independent
linear work hardening occurs. The extent of linear
hardening increases with decreasing temperature below
TH = ,26. Above TH = .26, polycrystalline hardening in

both systems is parabolic from yield on and the rate of
hardening at a given value of strain decreases with
increasing temperature. Cadmium single crystals showed

a similar trent in that below .26 both GI and 91I

remained constant. However, above .26 there was a steady
decrease in the shear hardening rates.

It was observed that the Cottrell-Stokes law is
obeyed only in the linear hardening regions of
polycrystals and in Stage II hardening of single crystals
below .26. When dynamic recovery occurs LAO increases
with increasing strain. g

It has been observed that below .26 the linear
hardening rate in cadmium decreased with increasing
grain size (constant specimen dimensions) so that



e = 6, + kd

o

The value of €, was shown to correspond to the tensile
hardening rate during Stage II single crystal
deformation, The tensile hardening rate was used
because of the extensive twinning found to be associated
-with Stage II hardening. The grain size dependence of @
has been interpreted in terms of a grain size dependence
of the extent of {1122} <1123 .slip.

It was found that during linear hardening in both
zinc and cadmium the difference in flow stress at two
different temperatures is a reversible difference
implying that the dislocation configurations produced
with increasing strain do not vary in nature or extent
with temperature., Under such conditions it is possible
to formulate a mechanical equation of state.

Extensive rate theory measurements have been made
in both systems in order to attempt an evaluation of the
rate contrelling mechanisms both during linear hardening
and during dynamic recovery. The former has tentatively
been associated with intersection. Dynamic recovery on
the other hand has been linked to the loop annealing
observations of Price.
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- ABSTRACT

This work was undertaken to study the nature of the deformation
mechanisms in polycrystalline zinc and cadmium over a temperature range from

T7°K to 300°K.

It has been observed that the only non basal slip system which
is observed‘under normal light microscopy is that of sééond order pyramidal
ﬁléé}(lléB). At temperature above T = % = .4, the amount of non basal
slip is greater in zinc than in cadmium. Thgiamount of twinning, substructure
formation and grain’bouﬁdary migration is comparable in both systems. Neg-

ative work hardening beyond the U.T.S. at temperatures above TH = .k is

associated with recrystallization.

In both systems at temperatures beloﬁ TH = .26 a region of
temperature and strain rate independent linear work hardening occurs. The
extent of linear hardening increases with decreasing temperature below L=
TH = .26 . Above TH = .26 , ﬁolycrystalline hardening in both systems is
parabolic from yield on and the rate of hardening at a given value of strain
decreases with increasing temperature. Cadmium single crystals showed a

I II

similar trend in that below .26 both ©O. and - 0 remained constant. However

above .26 there was a steady decrease in the shear hardening rates.

It was observed that the Cottrell-Stokes law is obeyed only
in the linear hardening regions of polycrystals and in Stage II hardening of

single crystals below .26 ..When dynamic recovery occurs Ao increases
o

with increasing strain.

It has been observed that below .26 +the linear hardening rate
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in cadmium decreased with increasing grain size ( constant specimen dimen- ‘
sions) so that

1
-2

8 = Qo *+ kd
The value of waasbshown to correspond to the tensile hardening rate'du:ing
-Stage II single crystal deformation. The tensile hardening rate was used
because of the extensive twinning found to be associated with Stage IT
hardeniné.\The grain size dependence of © has been interpreted in.terms of a

grain size dependence of the extent of {;l§2§<1l§3> slip.

It was found that during linear hardening in both zinc and
cadmium the difference in'flow-étress at two different temperatures is a
reversible difference'implying that the dislocation configurations produced
with increasing strain do not vary in nature or extent with temperature.
Under such conditiohs it is possible to formulate aimechanical equation of

state.

. Extensive rate theory measurements have been made in both
systems in ordef to attempt an evaluation of the rate controlling mechanisms
both during linear hardening and during dynamic recovery. The former has
tentatively been associated with intersection. Dynamic recovery. on the other

hand has been linked to the loop annealing observations of Price.
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PART I

L. DEFORMATION CHARACTERISTICS OF ZINC AND CADMIUM

1.1 INTRODUCTION

In the pasf, the major emphasis in the field of plastic deformation
has been placed on face centered cubic metals. Much of this work has been
restricted to the use of single crystals in an attempt to determine the
dislocation mechanisms which control the work hardening processes. The study
of single crystal behaviour has the advantage of avoiding the difficult problem .
of dealing with the constraining conditions imposed by grain boundaries during
the deformation of polycrystalline aggregates. This simplicity, which enables
one to obtain a better. knowledge of shear stress conditions on particular slip
planes hes disadvantages due to the poor reproducibility of flow stress values
of different single crystals because of the effects of glight changes in such
factors as substructure, impurity concentration, orientation and initial
dislocation density. The correlation of single crystal and polycrystalline data
for .face centred metals is a topic of some current interest®-5 and should in
the future provide a groundwork for the understanding of macroscopic deformation

characteristics.

In the past few years the study of body centred cubic metals,’

. - o . . 3 =10
notably. iron, has been intensified. Conrad® lﬂ

Gregory® Basinskil®? and
others nave attempted to determine the rate controlling mechanism over a wide

range of Temperature:. Much of this work involved the use of polycrystalline

specimens.,



The field of hexagonal metal deformation has been somewhat ignored
due in most part to the-énisotropic nature of the hexagonal system and the
resultant difficulties encountered in mechanical working and engineering use.
With possibly the exception of zinc and cadmium, the more prominent hexagonal
metals including Ti, Be, Mg, Co, and Zr are associated with difficult
metallurgical procedures during extraction and refining which tend to mgke
them expensive and hence undesirable as engineering materials except in

applications where definite advantages occur.

Of all the hexagonal metals, titanium and magnesium have bgen studied
in the greatest detail because of their favourable strength to weighﬁ ratio.
Because of gasesous embrittlement and difficulties encountered during mechanical
forming, titanium has not become as widely used as once predicted. Magnesium
is difficult to produce in wrought form due to embrittlement dufing cold working;
Therefore’the problem of determining the deformation mechanisms which control

flow in magnesium has been a subJject of considerable interest.®722

Onn the other hand very little work has been done on zinc and
cadmium since the classic works of Schmid and Boas- in the early 1950’5.23
Recently considerable interest has been shown in the development of new wrought
zinc alloys to compete commercially‘with some aluminum and copper élloys. Poor
creep properties due to its high effective temperature at room temperature and
reduced ductility because of cleavage fracture at reduced temperatures have so
far limited its use. It is necessary therefore to have a more detailed knowledge

of the deformation mechanisms to provide a ground work for future alloy develop-

ment. Most investigations to date have been concerned with either the hardening



s

24 _25 26-27

mechanisms during basal glide or the nature of cleavage fracture.
Very little work has been done with polycrystalline zinc to determine such
factors as the strain rate and temperature sensitivity of the flow stress, the

mode and degree of non basal slip, the nature of dynamic recovery,the relevance

of grain boundary effects etc.

Although similarities exist between zinc and cadmium as shown in
Table I, the apparent deformation characteristics differ in that cadmium.doeé
not fail by cleavage fracture and maintainé substantial ductility down to
4.2°K , However a quasi.ductile brittle transition iﬁvdlving a change in
fracture mode‘from_ductile shear to intergranular fracture has been reported
by Stoloff?® and I\/Iagnussen.z9 . Therefore by comparing zinc and cadmium under
standard conditions of purity, grain size, temperature, strain rate and
specimen geonmetry it may be possible to obtain a more detailed knowledge of

the flow and. fracture mechanisms.

The first part of this thesis is concerned with the more
macroscopic flow parameters whereas part two describes attempts to determine

the rate controlling mechanisms by the use of rate theory.

1.2 EXPERTMENTAL PROCEDURE

1.2.1L Materials and Specimen Preparation

The zinc and cadmium used in the course of this work was of

99.999% purity and was supplied in the form of one-half inch rods by the

Consolidated Mining and Smelting Company, Trail, B.C.

These rods were remelted in air and cast into graphite moulds to

give ingots with dimensions 5" x 24" x #" . These were then rolled into



TABIE T

Physical Properties of>Hexagonal Metals

Element , Zn Ccd Mg Be Co Ti Zr
Melting Temperature °C 420 : 320 650 1277 1495 1668 1852
Density gms/c.c. | 7.14 8.65 1.74 1.85 8.9 L.51 6.49
¢ /a ratio 1.856 1.886 1.62h | 1.586 1.625 | 1.588 | 1.590
‘Stacking Fault , ' medium medium high high low high high
Energ
Periodic Group No. 11B 11B 11A 11A VIII VB - IVB
katacking Fault Energies Low - under 25 ergs/cm2

Medium -.25-100 ergs/cm2
"High - > 100 ergs/cm?
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sheet. The initial rolling passes for zinc were carried out at. 150°C in
order to aveid cracking. -The grain refinement which eccurred during this
hot‘rolling operafion was such as to allow further reductions to be

carried out at reom temperature. .Recrystallization during'rolllihg readily

occurred at room temperature because of the small grain size.

Cadmium was rolled at room temperature throughout the.reduction
process. . In both cases reduction was carried out in .010 inch steps frem
.150 inches to the final sheet size of .031 inches. This treatment
produced a.very uniform and fine grained recrystallized sheet with a grain

size of 20up- for zinc and 25p for cadmium.

The grain size could be varied significantly by changing the
amount of reduction in the final roll pass. .For instance a final grain
size of 501 instead of 25u could be obtained in cadmium by using a final
reduction of 5% instead of'25%. For. this reason all specimens were cut
from the same sheet in order to eliminate small differences in grain size

and preferred orientation.

Tensile specimens were punched to give a reduced gauge length
of .8 inches with cross sectional dimensions of 200" x .031" (Fig.l).
Since this procedure, caused slight deformation around the specimen edges
it was necessary to bhemically polish the surface prior- to testing.
Approximately .0015 inches were removed to give a final specimgn thickness
of .0280 inches. The polishing solution used for both zinc and cadmiumbwas

as follows -

320 gms CrOs
20 gms Na2 804
1000 mls Hx0

30
This represents a slight modification of Gilman's solution. ... Besides
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polishing the surface, this treatment caused grain boundaries to become
slightly grooved thereby faciiitating metallographic_examinatién after
testing.

»

-Large grained specimens were obtained by apnealing punched

specimens in air under the following conditions:

Cadmium —~2 hrs at 230°C

Zinc - 2 hrs at 180°C
The specimens were then furnace cooled from temperature over a .period of
1 hour. The resultant grain size in each case was LOOu * 25un. This
produced specimens with only 1 to 2 grainé across the specimen thickness.
Because of this, the scatfér in flow stress values was somewhaﬁ greater
than for fine grained specimens. The purpdse of preducing such specimens
was to facilitate metallographic observations and to provide an intermediate

test specimen between the normal fine grained material and single crystals.

The single crystals used were grown by a modified.?Bridgman
technique in evacuated 3mm diaﬁqter pyrex glass tubes. Extruded .100 inch
lengths of cadmium were placed in thé tubes which were subsequently
lowered at the rate of 1" per hour through a. 12" vertical tube furnace.

rystals up to 18 inches in length could be grown providing numerous

samples of the same orientation.

1.2.2 Testing Procedure

Specimens were deformed on & Floor Model Instron using strain

rates that varied from 4.0 x lO_ssec-l to L.,o x 10 5sec *.

Testing media
included liquid nitrogen,cooled petroleum ether (-140 to +20°C), hot

water (+20 to + 100°C) and silicone oil(above 100°C). The bath temperature
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in each case could be contrelled to ¥ 2°C. Split jaw grips which produced

-a.very rigid testing apparatus were used for the polycrystalline specimens.
/

(Fig.2).

-Single crystals were mounted in solder in aluminum grips and
were deformed in a testing rig which allowed complete freedom of
rotation (Fig.3). The distance between grips was between 30 and 35 mm

giving a length to diameter ratio of lO/l.

-In order to facilitate comparison with previous work all

data on polycrystals is expressed in terms pounds per square inch (p.s.i.)

whereas single crystal results are given in terms of c.g.s. units.

1.3  STRESS-STRAIN RELATTIONSHIPS

1.5.1 Nature of the Stress Strain:Curves

True -stress-true. strain curves for beth grain sizes in zinc
and cadmium at a few selected temperatures are shown in Figures 4, 5, 6
and 7. . The cadmium curves are qualitatively the same as those observed by
Stoloff and Gensamer®® for .020 inch grain size material. .Specifically,
work hardening in the early regions of strain is parabelic at high
effecfive temperatures and tends to become more.linear with decreasing
temperature. . (Effective temperature is given by-TH = %ﬁ where Ty 1s
the melting point). At témperatures abéve approx'imately.4M TH = .40
there is a large amount of strain beyond the point of maximum stress which

was not observed to be associated with necking. It was also observed that

this effect is greatly reduced in the 4OOu material.



Fig. 1 Polycrystalline
specimen (true size)

Fig. 2

Polycrystal testing apparatus.



Fig. 5

Single crystal testing apparatus.
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1.3.2 . Ductility : -1 -

Ductility will be given only in terms. of percent elongation
or trestrain as it was not practical to obtain reductien in area values
because of the specimen dimensiens. .As an aid to interpretatioen,
ductility is given not only as the true strdin to.fracture but also:in
terms of the true strain to maximum stress conditiohs. This is important
when considering deformation at high values of Ty because of the large

amounts. of deformation associated with negative work hardening.
1.3.2 a) Cadmium

The effect of temperature on the ductility of 25p and 4OOn
cadmium is shewn in Figures 8 and 9. It is observed that there is an
increase in the strain to fracture as the temperature decreases to -120°C.
This increase is more pronounced with an increase in grain size. At
-120°C both grain sizes have approximately the same strain to fracture of
about 40%. Below -120°C there is a steady decrease in ductility
independent of grain size, in agreement with the results of Stoloff and
Gensamer. . This decrease corresponds to a change in the fracture mode from

ductile shear to intergranular fracture.

From Figures 8 and 9.it is also observed. that above -120°C,
1) the true strain to maximum stress is greater for 4OOu than for 25p
cadmium
2) the percentage of the total ductility which is associated with negative
hardening after maximum stress conditions have been realized 1is greater

for the 25p cadmium.
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Fig.9 The effect of temperature on the ductility of 40Oy cadmium.
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-1.3.2 b) Zinc
The results for zinc are gqualitatively the same as those for
cadmium except for the occurrence of a distinct ductile to brittle

transition due to cleavage fracture.

From Figure 10 it is observed thatvthis transition is shifted
about 50°C as the grain size is increased from 25p to 40Op. .Above the
transition temperature it is. observed that both the total strain to
fracture and the true strain to maximum stress decrease with increasing
temperature in a manner similar to cadmium; . Likewise the percentage of
the total ductility at fracture which is associated with negative work
hardening is greater for 20u zinc. than for 400u zinc. Also the true strain
to maximum stress is greater at the same temperature for 4OOu zinc than
for 20p zinc. This is in agreement with observations (1) and (2) of the

previous section on cadmium.

The effect of strain rate on the ductile to brittle transition
is shown in Figure 1l. .Changing the strain rate by a factor of 10 shifted

the transition for 20n zinc by about 25°C.

1.3%.3 Grain Boundary Effects

The observations of the previous section with regard to grain
size effects indicate that some form of recovery and recrystallization are
operative during deformation at elevated temperatures. These processes
are expected because of the high purity and high effective temperatures.
However Stoloff found no evidence of recrystallization during testing at

20°C .
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* . Figure. 12 shows the relative grain boundary structures in 25u
cadmium before and after 7% deformation at room temperature. The boundaries
have become very Jagged in appearance indicating considerable grain

boundary migration during deformation.

-Figure 13 shows other examples of boundary motion'in LOOp zinc
and cadmium. . With decreasing temperature the migrating boundaries show
a more continuous type of migration along the boundary (Fig.1l3b) opposed
to the corrugated type observed at room temperature and above (Fig.l3d).
Af a given temperature these boundary effects were much mere prominent in

fine grained material,

Figure 13(b) shows a "stepped" type of boundary migration
similar -to that observed by Chang and-Grant31 during creep of pelycrystalline
aluminum at elevated temperatures. They interpreted such observations in

terms of alternate processes of shear and migration.

In order to obtain a guatitative assessment of the importance of
shear as a deformation process, polished 4OOu specimens were finely marked
by means of ‘a soft brush and. then deformed. . As shewn in Figure 14, shear
was observed in both systems at room temperature. It was not necessarily
associated with migration. Only a few boundaries showed. visible offsets

and such offsets could only be seen at rather high magnifications. ‘ '

The effect of boundary migration and shear processes.on the

stress strain curve is not fully understood. .Shear is -basically a work
hardening process and involves the deformation and subsequent hardening of

areas adjacent to the boundaries, On the other hand migration occurs



=-20 -

Fig.12

(a) wundeformed

(b) deformed and immediately repolished

Grain boundaries in 25y cadmium before and after 7% deformation
at +20°C.



() corrugated grain

boundary in cadmium

deformed 7% at +20°C
and repolished.

X 24o

(b) cadmium deformed
7% at -30°C.

X 650

(c) zinc deformed T%
at +20°C.

X 2ko

Grain boundary motion in 40Oy zinc and cadmium.
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Fig.lh

X 700

(2) cadmium at 10% strain.

(b) zinc at T% strain.

Grain boundary shear in 400y zinc and cadmium at +20°C.
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because of a net difference in free energy across the boundary caused by
differences in the dislocation configurations associated with the work
hardened states on each side of the boundary.. If when a boundary moves
it leaves behind a strain free region into which deformation can then
proceed, the migration is essentially a recovery process acting as a
prelude to recrystallization.. Therefore any co-operative process of shear
and migration represents a hardening and recovery cycle. Very small amounts
of migration and shear were observed in cadmium at -95°C (TH = ,30), where
migration was observed more as a slight grain boundary corrugation and did
not involve gross boundary movement. More detailed studies will have to
be made to accurately determine the temperature dependence of these
processeso.Dorng2 observed substantial shear in polycrystalline magnesium-
at +20°C (TH = .32).. The possibility exists therefore that the ductility

~transition in cadmium at -120°C is associated with the cessation of
grain boundary recovery. If ductile shear as opposed to intergranular
fracture occurs because of boundary recovery then it is necessary that

the activation energy associated with migration be available down. to

T, = .26 .
H 6

The activation energy controlling boundary mobility is not
known. However Winegardgs has shown that the activation energy associlated
with grain groﬁth in ultra pure metals can be related to the liquid self
diffusion energy. This is usually in the range from .1 e.v. to .k e.v.
Although the driving force is somewhat different in each case it is not
expected that the actual rate controlling mechanism during boundary
migration will be different than that associated with grain growth. There=
fore it is probable that the energy required for boundary migration will

be sufficiently low that some boundary instability can occur in cadmium
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at temperatures down to -120 C.

Boundary migration in polycrystalline zinc poses a difficult
problem for the development of successful zinc alloys with good creep
resistance. It is desirable to obtain as fine a grain size as possible
in order to improve strength and mechanical working characteristics. With
such a structure however it is then necessary to stabilize the boundaries

by a suiteble alloying technique. -

Since climb is known to occur at temperatures above —30°C,
it is probable that the ductile-brittle transition is related to the ease
with which climb can occur as a dynamic recovery mechanism to allow for
the circumvention of points of stress concentration. This interprétation
however does not explain the known grain size dependence of the transition

temperature.

This dependence on grain size may be explained in terms of
easier crack propagation in large grained-material. It may also be explained
.in terms of the relative amount of material being recovered by the action
_of boundary migration . Cleavege‘cracks are usually nucleated at grain
boundaries, twin intersections etc. where stress concentration occurs. If
these points of stréess concentration can be removed by boundary migraticn
then cleavage fracture should not occur.  If it i1s assumed that the def-
ormation processes do not change significantly with grain size, then the
increased ductility of zinc with decreasing grain size at low temperatures
may be related to the increased importance of grain boundary miération
as a recovery mechanism; At any given value of strain and boundary migration
rate, the amount of recovered material will.increase as the grain size

decresases.
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1.3k Recrystallization

\

Grain boundary migration always preceded the introduction
of new recrystallized grains which had their origin on the grain
boundaries. A recrystallized grain which subsequently deformed is
shown growing from the boundary‘in Fibure 15(b). The growth of the new
grain appears to have been stepped similar to the migration of existing
boundaries. . Fig. 15(a) illustrates the movement of twin boundaries into
the parent grain by a diffusién process., This process is distinct from
stress dependent twin growth which is a shear transformation. .The original

twin which formed is still visible due to surface distortion.

Recrystallized grains were never observed before maximum
stress conditions, but were associated with the negative work hardening
slope obtained at elevated temperatures above Ty = Ao7, At all temperaturés
studied, recrystallization never went to completion during testing except
in the final necked area. At room temperature in 20u zinc7about-50% of
the specimen volume remained unrecrystallized after 60% deformation.
Recrystallized grains were rarély observed in L4OOu specimens at any
temperature. This is reflected by the smaller amount of ductility from
maximum stress to failure (Figure 9). The lower ductility to maximum
stress for 20 Zn and 25p Cd at high temperatures as opposed to that for
MOOp material is merely a reflection of more pronounced boundary migration
and the earlier introduction.of recrystallization in the fine grained

material.
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1.3.5 Maximum Stress. Variation with Temperature and- Strain Rate

Stoloff using 500u cadmium found a plateau in ultimate
tensile strength below about -160°C. .The results of the present  work
are shown in Figure 16 and indicate that the occurrence of this plateau
is grain size dependent. .Continuously increasing strength values can be

obtained to lower temperatures with a fine grain size.

Similar relationships are observed for zinc at high temperatures
(Fig.1l7). However with the onset of cleavagé fracture that accompaniés
decreasing temperature, there is a gradual decrease in maximum stress
which levels off at a more or less constant value when ductility becomes
less than 1%, indicating a temperature independent fracture process. The
effect of strain rate on fracture stress is shown in Figures 18 and 19.
. It is seen from-Fiéure 19 that in zinc when fracture occurs by cleavage
as opposed to ductile shear, the macroscopic fracture -stress is strain rate

independent over the range of strain rates used.

-With cadmium (Fig. 18) the strain rate aependence of maximum
stress varies only slightly above T7T7°K. .At 77°K where fracture is completely
intercrystalline, there is virtually no strain rate dependence of

maximum stress,
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1.4 DEFORMATION MODES IN.ZINC AND CADMIUM

v

In 1928 Von Mises®2 showed that it was necessary for five
independent slip systems to be operative before a polycrystalline material
can undergo a general homogeneous strain by slip. In many systems
however other mechanisms such as twinning,bending and kinking may occur

thereby reducing the number of distinct slip systems required.
1.k.1 Slip

The predominant slip system in zinc and cadmium is the basal
system (000L) £1120> . It has been a popular belief that if and when
non basal slip doesvocéur it will do so much mofe readily in systems which
have C/a ratios equal to or less than ideal. .This argument follows from
relative close packing considerations. .Seeger33 has suggested however that
in addition to the C~/5L ratio, the stacking fault energy will have a strong
influence on deformation modes in as much as it controls the cross slip

sS4 using hexagonal close packed Zn-Ag alloys

process. -Stoloff and Davies
of slightly varying axial ratios showed that the c“/a ratio is not the only

criterion.for non basal slip.

The possible pyramidal slip systems are indicated in Figure 20.
Tables 2 and 3 show the results éf previous investigations into the non
basal slip characteristics of zinc and cadmium. . A1l studies were carried
out using single crystals. Gilman®*® observed prismatié slip {;Oi@} <lléd>
in cadmium but only at higher temperatures than those used in the present
investigation. The only non basal system that has been reliably reported

as being operative in zinc is the second order pyramidal {lléa}(:ll§5:>.
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However both pyramidal systems §1011§<1120)> and {112_2}< 1123 > have
been observed in cadmium by Price using dislocation free platelets.4o_4l
This is interesting in that the first order pyramidal is a possible cress

slip plane. Algen*>7%®

using zinc and cadmium single crystals found that
zinc has a.much higher net hardening rate than padmium during alternating
tension-compression tests. This he interpreted to be due to the greater
ease of cross slip in cadmium. . However the 1lst order pyramidal system
~ has never been observed during the deformation of bulk crystals. - On the
other hand Price failed to observe any cross slip from basal to pyramidal

planes. His pyramidal disloecations were all nucleated on the pyramidal

planes.

. Metallographic studies for. this work inaicated that non basal
slip is a common occurrence. .All observations were made using LOOp material
because of the difficulty in resolving traces on fine grained surfaces.
Qualitatively it appeared that the occurrence of non basal slip increased
in frequency with decreasing grain size. . However any quantitative results

will have to walt an extensive electron microscopy replica study.
1.4.1 a) Zinc

Non basal traces were much more prevalent at +20°C in zinc
than in cedmium at an equivalent temperature. Figure 21 shows slip line
traces in zinc over a series of strains at +20°C. . Approximately 50% of
the grains in zinc showed non basal traces at fracture. Thesevtraces
were usually wavy and discontinuous in nature at +20°C and did mot
completely traverse a grain. They would start near grain boundaries
and gradually progress across the grain (Grain Ay‘Fig.vEl). . Many grains

showed two different traces and a few three (Grain B).
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(a) First-order pyram-
idal glide occurs when_dis-
locations with a 3[1210]
Burgers vector ‘move on
(1011) planes. (b) Second-
order pyramidal glide oc-
curs when dislocations with
a Burgers vector $[1123]
=c+a move on (1122)
planes.

. . . . . v 39
Fig, 20 Pyramidal glide systems in zinc and cadmium (after Price ).



- TABIE 2

Non Basal Slip Systems Observed in Zinc

Author Temperature " Loading Non Basal System Remarks
. Rosenbaum®5 +20°C Bending {1152} <1153 > etch pitting on
basal planes
Bell and Cahn°° +20°C ‘Tension 11 to 51122} <fll§3;> slight departure from

basal planes

1122} - slip plane may
be irrational

Price37’3873% +20°C —»-150°C "Tension {1122}<:llé5:> dislocation free
platelets
Predvoditelev42 +20°C Compression {1152} (lléﬁ)— ~etch pit studies
11 to c . axis
. 43 - : q 5 = e
Gilman o o Compression {llgE} <llg5 > Frismatic only
20 C—= 4150 Cl 17 10 basal {lOlO}<fllQO)7 at elevated temperatures
planes » ' '
Stofel, - Wood 25°C and =78°C Tension and {lléé? <llé3:7 rate of work hardening

and Clark44

Compression 11

- to ¢ axis

=7.5 x.10° psi.
decreases -with decreasing
temperature

_gg-



TABLE 3

Non Basal Slip Systems Observed in Cadmium

Author’

Temperature

Loading

Non Basal System

Remarks

Stoloff and

bending and

(11508 < 1153 >

Single crystals used

Thomas4®

Gensamers? +20°C — -196°C - compression
Price®C ~41 +20°C — -150°C tension {llé2} <llé3> Digslocation free platelets
§10113 <1120> | {2011} predominates at
elevated temperatures
 Gilman*® +150°C —=275°C tension {1010} <1120 Only at elevated
' temperatures
Wernick and +25°C —= -150°C compression {;1?2} <1133 etch pit studies

-ﬁg-



Grain A Grain B

(a) schematic diagram

(b) 1.7 % strain

Fig. 21 11224 <1123) slip in 4OOu zinc at various straine.
Temperature = +20°C. Magnification X 400
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(¢) 7.1 % strain

Fig. 21 §1192¢ £1123)> slip in 400u zinc at various strains.
Temperature = +20°C Magnification X 40O
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By a trace analysis technique similar to that described by
Reed-Hill and Baldwin,®® all non basal traces were identified as
originating f;om {11@2} <:ll§5:>slip. The technique can only be used if
at least 3 twgn traces and the basal slip traces can be observed. .Then
by an appropriate measurement of angles it is possible to arrive at a
possible solution for the non basal traces. Because of the slight
ambigui%y associlated with this procedure, it was checked against X-Ray
determination of the orientation for two selected grains showing non
baéal traces. In both cases, the two techniques indicated 2nd order

pyramidal slip.

.Price observed that screw dislocations with a Burgers vector
'%' [iiEBj “cross glided frequently between planes containing the [iiEBJ
direction. This could explain the wavy nature of the traces at room

temperature.

With decreasing temperature the non basal traces became
straighter and tended to concentrate into bands, an observation made
previously by Stoloff*? in cadmium and Gilman*3 in zinc. These bands may
easily be mistaken for fine twins. However as seen in Figure 22 they

readily intersect one another and were removed by polishing.
1.h.1. b) Cadmium

At 30°C and above non basal slip was less extensive in cadmium
than in zinc. -With decreasing temperature it became more prevalent as
shown in Fig. 23. These low temperature markings were very similar to

those observed in zinc at equivalent temperatures. .As in zinc,trace
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analysis showed them to originate from {1152}(1155) slip. In no case was
first order pyramidal observed.

The observation of extensive {}l§2}<ll§5> slip in zinc and
cadmium is not unexpected. As reviewed by Dorn86, this system is the only
one which can promote extensive deformation parallel to the c.axis. The
contribution that twinning can make is not significant in terms of the
total strain. No combination of {0001<1130Y, f1010§<1120), and {1011}{11207
can provide the five independent systems required for homogeneous deformation.
However the operation of éilEEi(lléB) is sufficient by itself in providing

the number of required systems. Table 4 shows the number of independent

systems for each of the prominent slip systems .

TABLE 4

Slip Systems in Hexagonal Metals

No. | - 81lip System Burgers Vector Number of Independent
Systems
1 {0001} 11207 a 2
2 (10108 <11307 a 2
3 §10113<11207 a | L
L 112281125 | c+a 5
5 1 " 2+ 3 a L

- (after Dornes).




X 240
Non basal traces near fracture surface.

twins

(b) As above after polishing.

Fig.22

$11528 C'1123>> slip in 40Oy zinc at -196°C.

cleavage crack
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Fig. 23 §1152§ <1125) traces on 4OOu cadmium deformed 7% at -196°C.
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1.4.2 . Twinning

In both zinc and cadmium twinning occurs on the {10122 planes
in the <lOIl> directions. - However slight differences occur in the two

systems in the frequency of twinning.

-In the absence of general grain boundary migration the amount
of twinning did not vary appreciably with temperature. - As the temperature
decreased the tWins became finer indicating restricted twin growth with
decreasing temperature. A comparison of the deformation markings after 7%

strain at +20°C and -196°C in 400 ju cadmium is shown in Figures 24 and 25.

The amount of twinning under equivalent conditions of
temperature and strain was slightly less in zinc than in cadmium. However
Price observed thatlin dislocation free platelets, twins formed more
readily and grew to larger sizes in zinc than they did in cadmiuﬁ. - This he
explained in terms of the greater shear associated with twinning in cadmium
(.171) as opposed to zinc (.139) and the possibility therefore of a more
difficult process of twin nucleation in cadmium. However one could easily
argue that twins should nucleate and grow more readily in cadmium because

they represent a more effective deformation mechanism.

The lower frequency of twinning in zinc may also be due to the
fact that second order pyramidal slip occurs more readily in polycrystalline
zinc than in cadmium and the amount of twinning needed to meet Von Mises’

requirements is therefore reduced.



Fig. 2k

- Lo _

Microstructure of 400y cadmium deformed 7% at +20°C.




X 100

Fig. 25 Microstructure of 40Oy cadmium deformed 7% at -196°C
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The amount of twinning in both systems was always governed by
the relative temperature and s?rain. . In the region of room temperature
with increasing boundary migration accompanying increasing strain, twin
formation became much less frequent. Once distinct fecrystallization started
twin formation was not observed. Therefore cadmium which had fractured at
20% strain at -196°C always showed more twinning than cadmium deformed to
20% stréin at- +20°C since at the latter temperature migration is occurring.
.Migfation‘affects twinning due to its recovery effect on greas of stress
concentration reguired for twin nucleation. Therefore true comparisons of
relative twinning could only be made either at low values of strain before

extensive migration had started, or at low temperatures.

.On this basis of comparison and keeping in mind the greater
tendency for migration and recrystallization with decreasing grain size
it was observed that the amount of twinning did not vary significantly

with grain.size.

. At temperatures above +20°C,where extensive migration occurs.
D 7 ?

very little twinning occurred as shown in Fig. 26.

.Stoloff observed less basal slip in twinned regions with a
decrease in temperature. This was not observed as indicated in Figure 27
which shows extensive twin basal slip at -196°C. The finer nature of basal

traces at low temperatures makes them more difficult to resolve.

When twinning on one particular twin plane was stopped by a twin
on another plane as shown in Figure 27, extensive slip would occur in basal
planes of the latter and eventually cause twin nucleation on the opposite
side of the twin.  This process of twin nuéleation-was a common occurrence

especially in cadmium.
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X 260

Fig. 26 Lack of twinning in the presence of boundary migration.
( 25u cadmium deformed 10% at +60°C.)

X 120

Fig.27 Twin basal slip and twin nucleation.

( 4OOn cadmium deformed 7% at +20°C )
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1.4.3 The Formation of Low Angle Boundaries during Deformation

Low angle boundaries have been observed to form during -the
deformation of both single crystals and polycrystals in many materials.
Such boundaries have been referred to by a .variety of nomenclatures which
has confused their nature of formation and their importance as a

deformation process,

The formation of "kinks" in single crystals of cadmium was

first observed and discussed by Orowan®*. .Hess and Barrett®, Gilman®> >°

and Washburn and ParkerSl"53

studied the nature of kinking in zinc single
crystals. . Gilman distinguished between compression kinks and tension kinks,
postulating that the latter form only due to crystal inhOmogeneities.
Compression kinks were further subdivided into "ortho" (formed. under low
stress conditions) and'"pard' (formed at high stresses in crystals which have
been extensively deformed). Compression ortho kinks were observed by
Gilman in &hich the kink planes were always perpendicular to surface basal
traces. They were observed to form in zinc at temperatures aéwn to -196°C
indicating that the process of their formation is more likely one of stress

induced dislocation rearrangement on the basal planes-than one of

dislocation climb which is thermally activated.

Boundary formation in polycrystals is more complicated because
of the nature of the stresses. It has therefore been referred to by a
variety df terms such as mosaic walls, cell formation and non crystallo-
graphic boundary formation. Gifkins®® reported the formation of "cells™
21-22

during the deformation of polycrystalline zinc above 200°C. Dorn

studying magnesium observed temperature independent "non crystallographic'
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“boundary formation which in many cases crossed grain boundaries. He
.postulated that these boundaries formed because of the bending of the
lattice associated with the non homogeneous deformation of underlying

grains.

The observations of the presentrﬁork indicate that the
formation of boundaries .is similar in degree and type in both zinc and
cadmium. "Non crystallographic” boundaries similar to those observed by
Dorn are shown in Figure 28 énd‘29. From Figure 28 it is also observed

that these boundaries can cross grain boundaries,

On close examination of Figure 28 it is observed that some
boundaries seem to be "crystallographic” in that they are perpendicular to
the basal slip traces. Similar boundaries are shown in Figure 30.  These
boundaries are similar to the ortho kink planes of Gilman. .They were
distinguished by three aistiqct features:

1) The misorientation of the basal traces was always greater across
the crystallographic ”kinks" than across non crystallographic -+ -
boundaries. |

2) Crystallographic boundaries formed in those grains which had the
most prominent basal traces and few if any twins.

3) The boundaries were sometimes observed to be composed of two or
more smaller boundaries.(Figure 30) similar to those of Washburn

and Parker.

It would appear that the "crystallographic kinks" from only
under fairly simple stress conditions such as-bénding or compression of the

basal planes. The boundaries become non crystalloegraphic however where
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Fig.28 Low angle boundaries in cadmium deformed 7% at -30°C .

X 120

Fig.29 The formation of non crystallographic boundaries in cadmium
due to underlying small grains.

( deformed 15% at +20°C.)
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Fig. 30

X240

(b) zinc deformed 7% at +20°C.

Crystallographic boundary formation in 400p Zn and Cd.
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boundary restraints.on a given grain become more complicated. The extensive
non crystallographic boundary formation of Figure 29 is due to the restraints

impoesed by the underlying fine grain structure.

1.5 YIELD STRESS AND WORK HARDENING

1.5.1 The Temperature Dependence of Yield

The flow stress-temperature relationships found by Steloff are
shown in Figﬁre.jl. He found that the yield stress was independent of
temperature below about -80°C and that the work hardening rate was censtant

over an incréasing strain region as the temperature decreased. . The results

at 4.2°K are somewhat in doubt due to the different specimen geometry.

The definition of yield in polycrystalline zinc and cadmium is
difficult because of the gradual nature of the yield process. Therefore the
yield stress for the purpose of this work was defined by an offset technique
using .l% strain as the yield strain. . In order to compafe the temperature
dependence of yield in zinc and cadmium, the yield stresses were normalized
in each case by dividing by the shear modulus G. -Shear modulus. values were
obtained from.the tables of KostefST The yield stress-effective temperature

relationships are shown in Figure 32.

It is seen that below the critical temperature where yield is
completely thermally activated the yield stress appears to increase linearly
with decreasing temperature. The temperature dependence of yield for both
grain sizes is slightly greater for zinc than fer cadmium. . The normalized

yield stress is also somewhat higher for zinc. .In MOQp-material the
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Fig.3l Flow stress-temperature relationships for 0.020 inch
grain diameter cadmium as found by Stoloff.
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critical temperature (Tc) is approximately the same for both zinc and
cadmium(Ty = .520). Tests could not be done on fine grained material

above about Ty = .5 due to grain growth at these temperatures.

1.5.2 Temperature Sensitivity of the Flow Stress

_ Bullen®®7®° using polycrystalline copper.found a linear
relationship between the flow stress (at constant strain), and temperature
over a range of temperature from 4.2°K to 450°K. He postulated that the
hardening mechanism in copper remained the same over the temperature range
studied but that the lower flow stress values obtained with increasing
temperatures were due to either a. different rate of obstacle formation
with strain, or to a temperature dependent dynamic recovery process which
tended to remove obstacles once formed. On the other hand Russell4, again
using polycrystalline copper found that the work hardening rate was linear,
and temperature insensitive below a certain critical temperature. The
amount of strain involved with this constant linear hardening was also a
function of temperature, and increased with decreasing temperature. His
results are shown in Figure 33. Stoloff (Figure 31) also -indicated a linear
and temperature insensitive werk hardening rate for cadmium at low

temperatures where the flow stress itself was not a function of temperaturé,
1.5.2 a) Cadmium

Flow stress-temperature relations for 251 and 400n cadmium

Obtained during this study are shown in Figures 34 and 35.
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It is seen tha£ as-opposed to Stoloff’s results, the flow stress
continues to increase with decreasing temperature down to -196°C. -Until
tests can be performed below -196°C it is not known-whetﬁer this trend

continues.

. In order. to obtain a more direct comparison of the stress strain
relationships, the yield stress was subtracted from the flow stress for each
point giving plots of the work hardenihg parameter (O pigy - O’_l% strain)
vs, temperature. These are shown in Figures 36 and 37. . It is seen that in
both cases, a region of temperature independent work hardening develops
below -120°C'-similar to that observed by Russell. .With increasing
temperature the amount of strain involved decreases. The temperature
independent work hardening region‘covers_the same temperature range for both
grain sizes.. However larger amounts of s£rain in 400n material show
temperature independent work hardening than that found for 25p (i.ef 149

strain at -196°C for 4OOp and 7% for 25u).

1.5.2  b) Zinc

Because of the limited duetility of LOOw zinec, no similar
evaluation could be made. However the results obtained for 20u zinc are
shown in Figures 38 and 39. Temperature independent work hardening is
observed below approximately -95°C.  Table 4 shows a cémparison between
zinc and cadmium of the maximum temperature for this region at the~
arbitrary value of 1% strain. It is seen that temperature independent work
hardening occurs below a common equivalent temperature of Ty = .26 in both

systems.
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‘Fig. 36 The variation with temperature of the work hardening

parameter in 25p cadmium.
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Thé.comparison of the work hardening behaviour of zinc and
cadmium in the temperature insensitive hardening“region is shown in
Figure 4O, -Taking into acéount the sﬁeaf'modulus of each system, it is
seen that the weork hardening of fine grained zinc and cadmium-is identical.

Except for a parabolic:region below 1% strain, the hardening is also linear.

TABIE 5
Upper temperature limits for. linear
hardening in polycrystalline zinc and cadmium

Zinc ' " Cadmium
. Maximum Temperature for linear
.hardening =95°C -120°C
‘Maximum Equivalent Temperature
TH .26 .. .26

1.5.3 Strain. Rate Sensitivity of the Flow Stress

The effect of strain rate on the flow stress was . .investigated
for 20p Zn and 25p Cd over the temperature range from -196 to +20°C. .Tests
were not done with 4LOOp material because of the poorer reproducibility of

-1
and

flow stress values. Five strain rates between 4.0 x 1073 sec
4,0 x 10°® sec ' were used. Linear relationships were obtained for all
test conditions between flow stress at constant strain, and the natural
logarithm of the strain rate as illustrated for 20p zinc in Figure 4l.
AT was chosen as a strain rate parameter and values obtained as a
Alng’

function of strain are shown in Figures 42 and 43 for. cadmium and zinc

respectively.
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From Figure 42 for 25pu cadmium it is seen that at -196°C there
is an almost constant value of strain rate sensitivity up to about'ﬁ%g
strain above which the.sensitivity increases., This implies a strain rate
insensitive rate of work hardening in this regibn.. This region of strain

at -196°C is approximately the same that showed temperature insensitivity

of the hardening rate.

Between -95°C and <l96°C.there is a continual increase of
sensitivity with increasing temperatufeland strain. . At about -60°C and
above however it is seen that, at high values of strain the increase in
sensitivity with strain is much less. It is in this region that grain

boundary migration is known to occur to a significant degree.

The results for zinc are qualitatively the same (Fig. M}).
Below -95°C the strain rate sensitivity does not vary with strain. This
again is the same temperature region which gives a temperature independent-

work hardening rate.

1.5.4 . The Deformation of Cadmium Single Crystals

Russell has proposed that the deviations which occur from linear
hardening at high values of strain or with increased tempereture in copper
are due to a dynamic recovery mechanism involving cross slip. He has
assocliated the initial linear hardening region of polycrystals with second
stage single crystal hardening. Therefore in order. to have a betfer
understanding of the deformetion behaviour of cadmium it was decided to

undertake some study of single crystal behaviour.
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Resolved shear stress-shear strain curves for cadmium sipgle
crystals of identical orientations are shown in Figs. 44 and U45. The
orientation used was as shown in Fig. L4 with the angle between tensile
axis and slip plane and tensile axis and slip direction being 36° and 389
respectively. At +20°C a three stage hardening curve was obtained (Fig.L5)
in which the initial stage is subdivided into two regions similar to that'
observed by Seeger25 in zinc at room temperature. He also postulated that the
transition from Stage I to Stage II hardening is due to the establishmépt of

a. critical. density of immobile dislocation‘loops due to vacancy condensation.

At -SOOC and below the nature of the curves is somewhat
different (Fig. Lk4). Stage I was linear at all temperatufes down to -196°C
and did not show the "S8" type of hardening observed in magnesiuml3. Of about
20 crystals tested all showed extensive twinning during Stage II. All
possible care was taken in order to avoid crystal damage prior to testing
and no obsérvable twins were present. Therefore at low temperatures it must
be concluded that twinning is a geﬁeral feature of Stage I1 hardening. Lall$9

has reached a similar conclusion with respect to magnesium.

An interesting observation is that the resolved shear stress
on the basal plane associated with initial twin formation was virtually
independent of temperature as shown in Table 6. The shear strain increased

with increasing temperature due to the lower rate of work hardening.

Although the maximum rate of hardening during Stage II is a
function of the nature and extent of twinning, thé transition from Stage I
to Stage II cannot be associated with twinning. This follows from the
experimental observation that a considerable proportion of the crystal

remains untwinned in the transition region. The flow stress is derived
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-therefore only from the nature of the dislocation configuration in untwinned

regions..

Due to the above reasoning it is more accurate to say that it
is the stress associated with the end of Stage I whichiis. independentniof. -
temperature . Twinning therefore is an "after the fact'consideration?

10k4
Somewhat similar observations were made by Lucke.ek-ali:

during the deformation of zinc single crystals. They found that the stress
associated with the end of Stage I hardening is independent of strain rate

at +20°C. The related shear strain increased with decreased strain rates.

TABLE 6

Basal shear stress required for
initial twin formation.

Temperature Shear stress on basal -Shear strain
plane  gm/mm? %
+20°C 260 | | 550
-50°C 280 2l
-78°C 280 . 190
-120°C 285 145
-196°C 300 | 2130

No attempt was made to calculate the macroscopic stress on
the twinning system. It is known>® that such calculations produce values
that are at least an order of magnitude lower than the stress thought
to be required for twin nucleation..It is impossible to estimate with any degreg

of accuracy the stress at points of stress concentration which is required


http://ffb.iffih.lis

. | - 71 -

for twin nucleation in bulk crystals. .However if one assumes a .constant
relationship between macroscopic shear stress and'the-vélue-of stress at
points of stress concentration it is then possible to predict a temperature

independent twinning stress.

1.5.5 Temperature Dependence of Work Hardenipg

The temperature dependence of the rate of work hardening in

G
that below -120°C the work hardening rates are constant. -Above this

Stage I (gba and Stage II (fan) is shown in Figures 46 and 47. It is seen

temperature for both hardening regions- the rate of hafdenlng:decreases.
Fahrenhorst and Schmidsz, and Seeger and Trauble®® have found similar
relationships for Stage I hardening of zinc. The data of Seeger after
normalizing for sheer-mpdulus changes is compared with that obtained during
this study of cadmium in Figure 48, It is seen that the drop in the

hardening rates occurs at the same equivalent temperature of TH = .26 in

boph systems. .This is. the same temperature below which temperature and

strain rate insensitive hardening began in polycrystalline zinc and cadmium.

If this decrease in hardening rate is associated with some dynamic recovery
mechanism it would appear that such a mechanism is similar in both polycrystals

and single crystals.

From Figure 48 it is also noted that this work hardening

transition region has an upper temperature limit of about TH =-.40 in both
systems.
1.5.6 The Grain Size Dependence .of Hardening at -196°C

2
Clarelrough and Hargreaves have attempted an analysis of the
similarities of Stage II hardening of f.c.c. single crystals and the initial

deformation characteristics.ef polycrystals.  This was based to a large



- 72 -

extent on the results of Feltham and Meakin3 who observed a linear hardening
regioﬁ_during the early regions of strain associated with the deformation

- of poiycrystalline copper. They also observed that the magnitude of the
polycrystalline linear hardening rate was comparable to that of Stage II
hardening. - There was therefofe no appreciable effect of grain size on the
work hardening rate. Similar conclusions were reached by Russell who also
correlated the stress at the end of polycrystalline hardening to that at

the end of Stage II single crystal hardening. - Parabolic. hardening as opposed
to linear hardening, occurs in f.c.c. pdlycrystals_ therefore, due to the

action of cross slip in a similar manner to single crystals.

In order to test this concept, cadmium of 5 grain sizes was
tested at -196°C. Since the specimen dimensions were held constant it was
thought that any consistent trend towards single crystal data .might be

Observed.

Due to the extensive twinning during 2nd stage single crystal
deformation at -196°C the meaning of the resolved shear stress-on the basal
planes is clouded. Therefore for comparison with polycrystalline material
it was decided to merely report the single crystal Stage II hardening in
terms of the tensile hardening rate. This also avoids the difficulty

associated with assigning some average shear stress value for polycrystals.

The polycrystalline stress strain curves obtained are shown in
Figure 49. It is seen that with increasing:grain size a two stage hardening
curve gradually appears. Since iﬁ was desired to compare the 2nd stage
hardening, the maximum hardening rate was used in all cases as shown. With

decreasing grain size the region of linear hardening decreased to smaller
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values of strain.

1
-The comparison. of hardening rates is made by a d°2 plot as shown

in Fig. 50.. It is seen that the rate of hardening varies linearly with a2
and extrapolates to the single crystal value at d-%= 0. There is an increase
by a factor of about 3 in the hardening rate from the single crystal value to
25n material. Since all crystals are twinned to about the same degree, this
increase reflects the nature of the hardening change with increasing grain
boundary area pér unit volume and decreasing proportion of grains with a free
surface.- Since no pyramidal slip was observed in single crystals: and an
increasing amount occurs in polycrystals.as the grain size decreases, the
increased hardening rate can be explained in terms of a gradual change

in the nature and extent of the deformation mechanisms. However in copper

single crystal and polycrystal hardening rates can be compared directly

because the deformation mechanisms do not change with grain size.
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PART II

2. MECHANISMS OF HARDENING IN ZINC AND CADMIUM

2.1 INTRODUCTION

Many techniques have been used in recent years in an-effort to
: /
evaluate the hardening mechanisms that control deformatioﬁ.-Some of the more
prominent inciude the use of transmission electron microscopy,.the study of
Cottrell—étokes’LaW~obeyance, and the application of rate theory to determine

the rate controlling mechanisms. All have their limitations depending upon

experimental procedufes and theoretical assumptions.

-Although transmission microscopy techniques have proven to be
valuable in observing dislocation motion and behaviour, considerable difficulty

'é6567
is encountered in preparing specimens which truly represent bulk samples .

- Several authors have made detailed studies of the Cottrell-

6,11-13y68=72
Stokes. Law

. However there is considerable controversy as to the
exact meaning of Cottrell-Stokes. obeyance.,
‘The application of rate theory to deformation processes has been
. . 11;73-78 . N :
plagued by a multitude of formulations .2ll of which :reguire certain
simplifying assumptidns to arrive at mathematical expressions which may be

easily used to interpret experimental data.

79 -
.Seeger originally postulated that the applied stress could. be

considered as the sum of two components such that

where JJ* is associated with short range obstacies which can be
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overcome with the aid of thermal energy ( forest
dislocations).. Therefore it may be referred to as the
thermal component of the applied stress. '

and 'IG is the athermal component of stress which arises due to
long range elastic interactions such as those between
parallel glide dislocations at distances large compared
with "b". Such obstacles cannot be overcome with the aid .-
of thermal energy.

.The temperature dependence of yield as postulated by Seeger when

" the mechanism of yield does not change with temperature, is shown in Fig. 51

.The internal stress Ub' varies with temperature only through a change in the

shear modulus. The increase in 35 below the critical temperature reflects the

decrease in the amount of thermal energy available and subsequently the

increased effective stress necessary for activation..

Yield \
stress

T |
T k.

C

Temperature

- Fig. 51 The temperature-dependence of yield in terms of the stress
components (after Seeger).

Miuch of the work in deformation in recent years has been concerned
with obtaining a better knowledge of the nature and origin of the stress

. components in various systems.
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Basinski17 postulated that becauseoffcbﬁtrsdé>Stokes obeyance in
certain f.c.c. metals, the two components Ja and j*’arise from a single
source ( ‘the interaction of glide and forest dislocations.).-Seeger66 has
since modified his original definition of jb to include a short range elastic
interaction term . However he maintains that a major portion of the flow
stréss of single crystals is still derived from longe range interactions

between parallel dislocations (Fig.52 ).

Shear
stress

T

:rG ()

e

e —

(d e

__________—, *
—_ —— . A——

- Shear strain {

Fig.52 . The components of the total flow stress in f.c.c. crystals.
3é5= contribution of the long range internal stress
3EW= elastic interaction between glide and forest dislocations
T* = thermal component of the stress (effective stress):

In the only consistent study to date. Mitra and Dorn have with the
aid of rate theory separated the two components of the athermal stress in
5,80
aluminum and copper single crystals. It would appear that short range elastic

stresses as proposed by Basinski account .for. al.greater proportion of the



- 81 -
total flow stress than has been indicated by Seeger.

In 1954 Cottrell and Stokes using aluminum single crystals found
that the reversible change in flow stress (ZST? during a. temperature change
test was directly proportional to the total flow stress and that the value of
J%?f was not only independent‘df strain but also of the prior thermal and

mechanical history. Cottrell-Stokes obeyance occurs therefore when with

increasing strain

_ﬁ = _Tlnlﬁz = 1- T = a constant.....(2)
4 & T

.Cottrell aiso recognizedlthat when two identical specimens are
deformed to the same strain at different temperatures, the total flow stress
difference is made up of a reversible component due to the different amount
of thermal energy available and an irreversible component due to the different

dislocation configurations produced at the different temperatures (Fig. 53.).

. irreversible difference

Stress in flow stress

b... reversible difference
din flow stress

-Btrain

- Fig. .Components of the difference in flow stress when two
identical specimens are deformed at different temperatures.
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Cottrell=Stokes obeyance’has been interpreted69 to mean that the
type of dislocation configuration must remain constant during deformatioen
‘with only the scale changing. Obeyance has also been shown to require that
a éonstant proportionality exists between jb and jd‘ during deformation;78

Basinskzashowed that a Cottrell-Stokes test could be carried.out
at a constant temperature by periodically varying the strain rate ana that
such tests might be more accurate in that they eliminate some of the
difficulties associated with temperature change tests ( the necessity of
stopping the test to change temperature and the difficulty in defining flow
stress due to yield point effects ).

.The origin of T*ithe thermal component may be due to a numbér of
processes all of which can be thermally activated. Therefore raﬁe theory has
been used in an attempt to establish the rate controlling process for various
systemSO«SincefT* is the stress associated with thermal activation, studies
of the strain rate and temperature dependence of T*’can be carried out in
order.to determine such rate parameters.as activation energy, activation
volume and activation distance. By comparing experimental values with those
theoretically predicted, it is sometimespossible to postulate the rate
controlling mechanism.. Mechanisms that can be thermally activated and there-

fore rate controlling include the following:

‘1) cross slip

2) forest intersection

5) the non conservative motion of jogs:in screw dislocations
L)  climb

5) overcoming of the Peierls stress
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If a single activation process is rate controlling over a
' ‘certain temperature range then the strain rate associated with deformation

may be expressed as

. -AG/kT
X = X;e et eee e e eoe (3)
-AG/kT
¥=Nabve ......... e (4)
where _
N = number of sites per unit volume where activation occurs
A = area swepf out per successful activation event
b = Burgers vector
Y = frequency with which barrier is attempted
G = Gibbs free energy of activation

The development of equation 3 to give useful mathematical
expressions is outlined in -Appendix I..The relationships to be used in

the present work include the following:

. Activation volume v = bdl e tteiaisie et N )
=k’I‘(a lnng'g) B N €Y
- ar* T
= 2kT (Aln € /€, ) e (T)
Aoc™ T
Activation enthalpy AH = - sz ( 0 1n X/Xo ) ( aT* ). ceeeee (8)
o7 T\ OT Yy
v = -.vT ( AO'*) N )
2

AT é/E'o
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.Thermal component of the activation energy

Ac AH =T NS v (10)

AH + i —aaiTTv

wloo T, (11).
T _On
1 o —
. or
Apparent activation energy = Z&G = [&G. -+ V]db ....... (12)

where
d = activation distance
1l = dislocation length involved in thermal activétion
8 = sghear étrain rate
é = +tensile strain rate
T = shear stress
C = .tensile.stress
» = -shear modulus
As =

entropy change during thermal activation

It has been assumed that the shear stress in polycrystals can be : ...

approximated by taking one-half of the tensile stress. .Such an approximation
will not affect the calculated values of AH, AG, or AG_ sirnce the
conversion must be made in both numerator and denominator. It will however
affect the values of the activation volume in that fr* appears in the

denominator of expression 6 . This will be discussed in more detail later.
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2.2, /TEMPERATURE CHANGE TESTS

Temperature change tests were undertaken noet only to check the
validity of the Cottrell-Stokes law but also.to obtain a better knewledge
of the effect of prestrain at elevated temperatures on the subsequent def-

ormation behaviour at low. temperatures.
2.2.1. Procedure

In cadmium -196°C was used as a base temperature ﬁhile_the upper
cycling temperature varied from -140°C to -30°C..Strain increments between
.1.5% and .2.0% were used af each temperature. After deformation at the upper
temperature,‘fhe specimens were cooled to -196°C as rapidly as possible
in order to minimize recovery effects. . This cooling could usually be accom-
plished within 30 seconds. During the temperature change operation, the
load was maintained-at about 20% of the flow stress. Since static recovery -
is negligible at -196°C, the specimens were.heldvfor-l5 minutes prior to
resumption of testing in order to equilibrate £he‘testiﬁg device. ZXonalues
could not be obtained during an increase in temperature due to recovery
during the time necessary.forvtemperature equilibration.

Because of the limited ductility of zinc, the Cottrell-Stokes:
law for temperature change tests could not bé investigated. Therefore tests
were limited to prestraining 20u zinc to a given value of strain at some
elevated temperature between +20°C ana -95°C and subsequently deforming the

specimen to fracture at -120°C.

2.2.2. .Cottrell-Stokes Tests

For the various temperature change tests on 25u and 400n cadmium,

the ZXO* values obtained were corrected to take into account the change in
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Ao~ due to the temperature dependence of the shear modulus, Shear modulus

57
values were obtained from the work of Koster

.The A,cr* values were then normalized to AO“* in order to give
, . AT
values of the reversible change in flow stress per °K..When these are exam-
ined .in terms of the flow stress at the standard temperature of —196°C,

Cottrell-Stokes plots as shown in Fig. S5k are obtained.

- It is observed from Fig. 5& that the Cottrell-Stokes law is not
strictly obeyed for temperature change tests. . Z&G* values decrease
o7 AT
slightly during the early stages of deformation and increase again at higher-

values of O3-. This is true for both grain sizes. The dotted lines indicate

ideal Cottrell-Stokes.obeyance.

From Fig. 5% it is also noted that the ekperimental value of

Ac™ at a given value of flow .stress at -196°C is independent of the
AT . '

upper cycling temperature. This is true for both grain sizes although the

values of Aur* are considerably loWer:for“hOCp material.
o7 AT '

The results of the temperature change tests are therefore very

similar to those reported by Bullen et al for-polycrystalline copper deform-

ed between 173°K and 373°K and subsequently. deformed at 775K)58’59’60

They noted a deviation from.ideal Cottrell-Stokes behaviour at high values

of stress which gave increased values of Axr* . They also found values
" 677 AT .
of Ao which at a given value of stress at 77°K were independent of the
AT '

upper cycling temperature between 173°K and 375 °K. They therefore concluded
that the same seQuence of"obstacle" formation occurs during deformation
independent of the temperatureAbut that the rate of obstacle production with
increasing strain may be temperature dependent due to the removal of obstacles

by some process of dynamic recovery. They made no attempt to identify the
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- ® ... (-120..-196)
5 0oeeee- (-95...-196)
~ NI (-60...-196)
;‘ 60 I P (-30...-196)
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bl ~ € =L4.0x 10 sec
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- — B 0 - . ‘
T AN 400y cadmium obeyance.
- -—A:g — .
— : ] - 1 i » ; I
1.0 ' 2.0 N 3.0
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Fig.'zh .The relatlonshlp between the change in flow stress per °K and the resultant stress at 196 C

]

()

obtained during the temperature cycllng of. cadmium. =~
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"obstacles" but postulated that recovery was associated with the annihilation
and- rearrangement of dislocations by the action of point defects.
.Although Bullen found no grain size dependence of Ao‘* -, only
' o AT

a rather narrow range of grain sizes was used. It also appeared that there

was no effect of preferred orientation.

2.2.5. The -Mechanical Equation of State

If the sequence of events occurring during deformation is the same
at any two temperatures, then one would expect that the irreversible compon-
ent of the flow stress difference astshown in Fig. 5% would be zero. The diff-
erence in flow stress at a given strain at two different temperatures is
therefore due only to a difference in cf*..Uhder such conditions it is ex-
pected that a mechanical equation of state might be valid. The floﬁ stress
can then ée expressed as a unique fgnction of the instantaneous value of the
strain, strain rate and temperature and is independent of the prior strain

81
history . Therefore

o =g(EET

Bullen in fact did observe that during temperature cycling below
approximately 300°K there was always an "incubation strain" during which the
irreversible component of the flow stress difference as shown in Fig. 53 was
zero. His results for various temperature cycles are shown in Fig.55. The
inéubation strains taken from his results are shown in Table 7 . It is
observed that the magnitude of the incubation strain increased as the upper —
cycling temperature decreased. .In this region of strain therefore, the dis-
location configuration at a given Vélue of strain is independent of temper-

ature which leads to temperature insensitive work hardening and the obeyance
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Fig. 55 The effect of elevated temperature prestraining on the stress-
strain curve of polycrystalline copper at 77°K (after Bullen® ).

Incubation strain required. in polycrystalline -copper prior
to the appearance of an irreversible component of the

TABLE 7

difference in flow stress

Lower cycling - Upper cycling Incubation
temperature temperature strain
T7°K C173°K 9%
T7°K 233°K . 5%
T7°K 293°K 1%




- 90 -
of the mechanical egquation of state. The insensitivity of the hardening rate

to temperature and the increase in.incubation strain with/decreasingitemper-
ature are in qualitative agreement With%the results of Russell although the
temperature range of insensitivity as found by Russell extended to somewhat

higher temperatures than those found by Bullen.

2.2.3. a) Cadmium

Fig. 56 illustrates the flow stress cycling obtained when 25p
cadmium is deformed alternately at -140°C and -196°C. For comparison the n
normal stress-strain curves at the two temperatures are also indicated..It
is seen that in the early regions of strain where dynamic recovery does not
occur at either of the temperatures involved;‘the total flow stress diff-
erence is due entirely to the difference in Gj' .. The slight yield peints
obtained on releading at -196°C are due to an unloading effect as described
in Appendix II and can be ignored.

As deformation proceeded int6 the region of dynamic recovery,
the reversible‘flow stress difference could not account for the total diff-
erence in the stress at a given value of strain. As the upper -cycling temp-
erature was increaéedvabove -120°C, irreversible components of the flow

stress difference were evident immediately after yielding.
2.23. b) Zinc

The results of the prestrain tests on 20u zinc are shown in
Figs. 57 and 58. Fig. 57 illustrates the effect of prestraining at -95°C to
five different strains on the subsequent deformation behaviour at =120°C. It
is observed that in all cases the flow stress at -120°C after prestraining

at -95°C , was exactly that found. on straining exclusively at -120°C to that

particular value of strain.
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Broken lines indicate normal
stress-strain curves.

é -1
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b
L.0 x 10 sec.
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Fig. 56 Temperature cycling of 254 cadmium between -140°C and -196°C.
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Prestrain values

A..... 6%
B..... .95%
C.vvvn 1.3%
D..... 1.65%
E , 1.9%

| : ] | ] - |

Fig. 57

5 1.0 1.5 2.0 2.5
% strain

The effect of prestraining at -95°C on the subsequent
deformation behaviour-at -120°C in 20p.zinc.

E=4.0x lO-ASec.

-1
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Fig.58 The effect of prestraining at -70°C on.the subsequent

deformation behaviour at -120°C of 20M zinc.
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- The results are therefore similar to cadmium in. that the flow
stress at a particular value of strain at temperatures belovaﬁ.= .26
arises due to a common dislocation configuration and the change in stress
with temperature merely reflects a change in the thermal compoenent of stress
o¥ . However in this temperature range for zinc, fracture occurs before an

irreversible effect is obtained with increasing strain as is observed with

- cadmium.

-Prestraining above TH = .26 as shown in Fig. 5&,'produced an

irreversible component of the flow stress difference at all values of strain.

It would therefore appear that in the regions of strain below
TH = .26 where linear hardening occurs in both zinc and cadmium, that "equi-
valent states'" are obtained at equal strains. In this region therefore it
is probable that a mechanical eguation of state could be formulated. A
mechanical equation of state for metals is rarely valid except during
Stage I and Stage IT hardening of f.c.c. single crystals at low temperatures.
Once parabolic hardening associated with dynamic recovery begins, the mech-

anical equation of state becomes invalid.

5
.Mitra and ‘Dorn  have stated that equivalent states are obtained

in pblycrystals only when o&iand "1" (the average dislocation lenéth being.
thermally activated) are consﬁant. Since the results belOWfTH = ,26 indicate
that the flow stress differe%ce is Jjust due to a difference in o® , then

% Mo must be constant independent of temperature at a given value of

Hr
strain. Tests were not comprehensive enough to establish the constancy of "1".

2.2.k. Equivalent States above Ty=.26

It may be as suggested by Bullen that in a given system the
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- sequence of events occuringgdufing.defOrmation does not change wifh temper-
ature but the rate at which the sequence proceeds might be temperature dep-
endent. Under such a definition, the results,of'the-previbus section would
be interpreted in terms of a constant rate of obstacle production below

.

H

T
H

ary to equate states at different values of strain at any two temperatures-

.26 in the temperature insensitive hardening region. However above

.26 where dynamic recovery occurs at all values of strain, it is necess-

J . .
in order to .satisfy Bullen s- postulate. This.cendition is illustrated. in

Fig. 59..

~Stress

Strain

Fig. 59. Equivalent states at different strains,

The irreversible difference in flow stress then develops because
of a different rate of obstacle production at different temperatures..The
state of the crystal at "E" deformed at To is the séme as.the state obtained
at "A" when defommed at T,. CE represents the difference in the thermal comz

pronent of stress and CD can be related directly to AB. The eguivalent strain
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values at T; and T, are then given by @Tl anad 6T2 respectively.

-Using this above method of analysis, the amount of prestrain
6I,at various elevated temperatures was related to an equivalent value of
strain at -120°C in 20p zinc. The results are shown in Fig. 6%..With increas-
ing temperature of prestrain,an: increasing amount of strain is required to‘
give a certain équivalent strain ét -120°C. When the sections CD and AB were
superimposed, the hardeniﬁg rates in all casés were the same. Tietz and Dornsz
using aluminum found that the hardening rate €D was slightly greater than AB.
On the other hand Sylwestrowicz83 using ﬁolycrystalline copper and aluminum
was able to qualitatively show that the Ao value (AA) obtained  on decreas-
ing the test temperature from 300°K to 77°K was identical to the Do value

!
(BB) obtained on increasing the temperature at a stress corresponding to

A (Fig. 60). This suggests equivalence of states at A and B.

3 PsI
50 x 103 PS )

TRUE STRESS

o { | i {
0 5 10 . 15 20 25%
STRAIN
—Stress-strain curves of copper specimens, strained
at different temperatures. Curve No. 1:--at 300°K; Curve
No, 3 —at 76°K; Curve RN —at 300°K after pre-strainingat
76°K; Curve NR —at 76°K after presenting at 300° K.

_Fig. 60 Reversible temperature change tests at eguivalent states in
polycrystalline copper.

. .83
(after SylwestrOW1028 ).
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Fig. 61 The correlation of strains.at different temperatures
in 2010 zinc.
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Although.such an analysis might appear unwarranted at this

point becausé of the lack df detailed experimental data, it 1s thought that
there is some merit in the idea of equivalent states at various strains at
different temperatures in zinc and cadmium above THf= .26..This is not to
be construed as applying to all metal systems where dynamic recovery can
affect the nature of the hardening..Mach would depend on the exact nature
of the recovery process. If it involved a process which caused a distinctive
change in the nature and character of % then it is doubtful if such an
analysis can be made. However if recovery is linked to the observations of
Pricsszoncerning the rearrangemeﬁt and gradual disappearance of debris then
the above ideas may have some merit. Price observed that>basal dislocations
and debris interact strongly. Because of the rearrangement and removal
of debris in a temperature region of recovery, larger values of strain are
therefore required to arrive at an equivalent obstacle density to that
produced at a given value of strain when recovery does not occur. .Since the
rate of rearrangement of debris as observed by Price increased with increasing
temperature, it is expected that the "equiﬁalent strain" as observed in Fig.6l

will increase with increasing temperaturs.

2.5. STRAIN RATE CHANGE TESTS

The accurate determination of the reversible change in flow
stress accompanying a change in strain rate is of prime importance since the
experimental value of 4Aof 718: used not only in determining the validity of
the Cottrell-Stokes law but also to determine the experimental values of
activation volume and activation energy. A discussion of the difficulties

encountered in correctly determining Aoj is given in Appendix III.
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For the purpose of this work, Ac™ was obtained during an

increase in strain rate. For polycrystelline zinc and cadmium the strain

-4

rate was cycled between L4.0 x lO_5 and 4.0 x 10 sec_l corresponding
to a crosshead speed change from .002 to .02 inches per minute. Cadmium

single crystals were cycled using crosshead speeds of .02 and .2 inches per

4

minute corresponding to initial shear strain rates of approximately 3.8 x 10”7

-1 - -1
sec.,” and 3.8 x 10 sec.

2.3.2. Cottrell-Stokes Behaviour in Cadmium at -196°C.

Single crystals (%o= 36°, Ag= 38°) and polycrystalslof three
different grain sizes ( 25u, LOOp 1250pn ) were tested for Cottrell-Stokes

behaviour at -196°C.
2.3.2. a) Single Crystals

Three single crystals of identical orientation werevteéted
and all showéd similar behaviour to that shown in Fig. . It is seen that
during basal glide in Stage I, there is a gradual decrease in the value of
_é{g:_ with increasing strain. However in Stage II the Cottrell-Stokes law

T 61
is obeyed confirming the results of Davis . With the beginning of Stage III

T

Although it may be argued that this apparent increase could just be a result

it would appear that there is a slight but consistent increase in AT
T

of the experimental error in determining 133‘ , it will'be shown ‘in the
ensuing results for polycrystals that dynamic recovery following linear

hardening is associated with continually increasing values of Do
o
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2.3.2. _b) Polycrystals

The three stage behaviour for single crystals is also observed
during the deformation of polycrystals (Fig. 63). In all cases there is a
region of strain in.the first few percent of deformaetion during which Ao
decreases. The extent of this initial region increases with increasing grs;n
size and at 1250u corresponds rather well to the change in work hardening
slopes observed in Fig. 49.This initial region in polycrystals may therefore

be related in some manner to the basal glide region of single crystal deform-

ation.

From Fig. 6% it'is seen that the Cottrell-Stokes law is obeyed
in intermediate strain regions similar.to that observed for Stage II of

single crystals. This region of obeyance ends with a gradual increase in the

value of Ao .. The stress and strain values at which this occurs for each
o
grain size are summarized in Table 8 . .They correspond very well to the

beginning of parabolic hardening observed in'Fig.,49f It would therefore
appear that the initiation of dynamic recovery at -196°C in single crystals

and polycrystals is associated with increasing values of the Cottrell-Stokes

ratio. . :
TABLE 8 _
Grain size dependence of Cottrell-stokes behaviour (cadmium at -196°C)
- Strain at Strain at .Stress at Constant '
Grain Size| beginning of | beginning of beginning of | Cottrell-Stokes
C.S. obeyance | recovery recovery ratio
25p 2.5% T% 19,000 . .0195
p.s.1i.
Loop 4 .5% 13% 14,500 .0180
1250n 10% 20 11,000 .0155
Single 130% shear 100% tensile 5,500 p..s.ié
crystal 180% shear 1,1((>gh§z;;l{x§m. - 015
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2.3.3., The Effect of Temperature on Cottrell-Stokes. Behaviour - 105 -

The results of strain rate changes on polycrystals above -196°C
are shown in Figs. 64 and 65 for 25 and 400p cadmium respectively. Regard-
less of the temperature or grain size there is a decrease in Ao in the
initial regions of deformétion previously related to Stage I deg;rmation of
single crystals. Fig. 66 shows that Ao | decreases during Stage I deform-
étion of a single crystal deformed at -;b°C where recovery is known to affect

hardening..Theréfore whether dynamic recovery occurs or not, .the Cottrell-

‘Stokes ratio decreases during Stage I deformation.

As the temperature increases above -196°C, there is a decrease’

in the amount of strain showing Cottrell-Stokes obeyance until above -120°C

(TH = .26), this region disappears completely..Above TH = .26 for cadmium
regardless of the grain size, the values of Ao increase immediately
‘ font

after the initial region associated with Stage I. Therefore the strain rate
and temperature insensitive hardeningsregions.below'TH = ,26 described in

Part I would seem to be associated with Cottrell-Stokes law oObeyance.

.Several strain rate change tests were performed on 20u zinc
at temperatures between -70°C and -120°C. The relationships shown :in’Fig. 67
indicate that the results are qualitatively the same as those for cadmium.
However at -95°C and -120°C (below Ty = .26) fracture occurs before any
general increase in Ao indicating the absence of dynamic recovery.
- At -70°C there was a slig;t increase in Ao similar to that observed

o
during dynamic recovery above'TH = .26 in cadmium.
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Loop cadmium
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2.4, .HARDENING AT -196°C IN CADMIUM - 107 -

Since linear hardening in polycrystéls at -196°C is not affected
by dynamic recovery, the experimental determination of activation volume and

activation energy is simplified and more accurate than at higher temperatures.

2.4.1. - Activation Volume

In order to calculate the activation volume it is assumed that

the shear stress in polycrystals is equal to one-half of the tensile stress

T = _o . The correct factor for the conversion is controlled by the degree
2 84
of preferred orientation and therefore can vary with grain size . However it

85 -
will have a value somewhere between 1/2 and 1/L . Since the activation
volume is experimentally determined from the expression

v = kT [ AlnEfE,
( Av* )T

the values. of "v' obtained represent the lowest possible values if the con-

version factor of 1/2 is used.

The manner in which the activation volume varies with the applied
stress for polycrystals is shown in Fig. 68). To a first approximation, v
is a function of the stress, decreasing in an almost exponential manner with
increasing stress. At any constant value of stress, v increases with increas-
ing grain size, an observation expected due to the decreasing values of AC_
with.an increase in grain size (Fig. 6%). 7

.The grain size (stress) dependence of the activation volume at
yield is shown in Table 9 . If a simple assumption is now made that the
activation distance "d" can be approximated by the Burgers vector b, then

2
v = 1b
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TABLE 9
Grain size dependence of the activation volume at- yield in cadmium at -196°C.
: Activation Activation Forest density Average activated | Activation
Grain Size volume at yield | volume at yield at yield length "1" at volume at start
3 3 , 2 yield of dyn. recovery
(cm.™) (b ) lines/cm. (cm.) (cm.?) '
-20 10 : -6 -20
25n .30 x 10 110 9.0 x 10 3.3 x 10 .20 x 10
-0 9 -5 -20
~Loop 1.20 x 10 450 5.5 x 10 1.3 x 10 .26 x 10
. - 9 -5 20
1250n . 2.70 x 10 1900 1.1 x 10 3.0x 10 . .38 x 10
. =20 - 7 -4 -20
Single crystal 30.0 x 10 11,000 1.0 x 10 3.3 x 10 1.75 x 10
%= 36°, A= 38°

- 60T -
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Fromithis an estimate of some smeared average of dislocation
length being activated per event at yield can be obtained. These values
along with single crystal data are shown in Table 9 . It is seen that there

s -
is a consistent increase in "1" from 3.3 x 10 cm. to 3.3 x'10 cm. as

the grain size increases from 25u to single crystal dimensions.

If it is further assumed that the rate controlling mechanism
is one of forest intersection, then an estimate of the forest density at

yield may be obtained since p = is a good approximation of the forest

1
=
: 1 10 2
density. From Table 9 it is seen that O varies from 9.0 x 10 lines/cm .

7 2
for 251 cadmium to approximately 10 lines/cm. for single crystals. These
values are realistic for the initial forest density. Mitra and Dorn found
that intersection is the rate controlling process during the deformation
of aluminum and copper single crystals at T7°K. For crystals initially
oriented for easy glide, they calculated a forest density at yield of the

9 2 S
order of 10 lines/ém. For aluminum polycrystals they found an initial

10 2
density of about 10 lines/cm.

The activation volume at the end of Stage 1 deformation in
cadmium was found to be 5.0 x 102° cm® On the basis of the previous . assump-

8
tions this would indicate a forest density of approximately 3 x 10 lines

2 .
per cm, This représents an increase in the forest density during Stage I

of slightly more than an order of magnitude.

By assuming an activation distance of d = b the density values
calculated for cadmium may be slightly low in that "d" may be somewhat
larger. Price found that the stacking fault energy for cadmium is probably
between 15 and 30 ergs/cm%»This is considerably lower than previously believ-
ed. Therefore before intersection can occur there must be a recombination of

the basal partials. This tends to give a more gradual slope to the force-
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distance curve than would be expected if the stacking fault energy was high.
-This in turn effectively increases the possible activation distance. How-
ever at 77°K, a signifiéant proportion of the energy required for intersect-
ion is supplied by the effective stress since the thermal component of the
activation energy AG should be quite small. This therefore limits the
value of the activation distance dﬁring thermal activation and the assump-

tion that d = b is not unrealistic.

It has been assumed up to this point that intersection is the
rate controll@ng process governing yield and linear hardening at -196°C.
This will be discussed more fully in subsequent sections with regard to

possible alternative mechanisms.

2.4.2. .Activation Energy

With the known values of the activation volume it is now. poss-
ible to calculate a value of the apparent activation-energy AG, at yield

for 25u and 400u cadmium. The [yy* values required for the calculation
AT

were obtained from the yield stress-temperature relationships of Fig.. 32.
They agreed very well with the extrapolated values at yield of [Lcﬁ
AT

obtained from Cottrell-Stokes temperature change tests.

-The values obtained for the various rate parameters are shown

in Table 10 and were calculated using equations 9,11 and 12.
" TABLE 10
Energy values at yield for cadmium deformed at -196°C.

Grain size AH e.v. Ac e.v. vy e.v. AGO e.v,

251 .10 .08 .28 .36

 4OOu .08 .06 .33 .39
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.The values shown in.Table 10 can be considered-accuraté to

at best * 10%. Within exﬁerimental error the apparent activation energy
AGo. appears to be independent of grain size..This suggests that the force-
distance curve‘does not change significantly with grain size and therefore
that the mechanism of yield is independent of grain size.. The change in
activation volume with grain size therefore merely reflects the variation
of the forest spacing "1" aslpreviously assumed. - The significahce of [&Go
will be discussed later. However it is noted that the thermal component

A G is much smaller than the vj’ term. This is to be expected since with

decreasing temperature an increasing proportion of the energy AG will

be associated with the work done by the effective stress.

'2.5.  HARDENING ABOVE -196°C IN ZINC AND. CADMIUM

2.5.1. .Yield Behaviour in Cadmium

. The values of v, AH, AG, AG, and v at yield in 25pn cadmium
at temperatures above -196°C are shown in Table 11. Values are quoted to
two significant figures Wﬁich is unjustified because of experimental
limitations. This procedure was followed only to provide a method of
comparison between values calculated in the same manner using consistent
fechniques of analysing experimental data.

It is seen. that below -120°C there is a steady increase in AG.
and vjfﬁith increasing temperature..This increase is consistent wﬁth an
energy barrier as shown in Fig. 69a in which there is a fairly gradual-slope
of the force distance relationship..With this type of barrier it is expected

that both.AG0 and vﬁfwill increase with increasing temperature as indicated



TABLE 11

Energy values at yield in 25u cadmium.
N -Activation
Temperature AH NG vT AGO volume
(°C) (e.v.) (e.v.) (e.v.) (e.v.) (cm. )
=20
-196 .10 .08 .28 - .36 .30 x.10
140 ko .35 4o 17 .60 x 10 2°
120 7 b1 41 .82 70 x 10 20
95 A2 37 .26 .63 .55 x 10 =°
-60 .50 L3 .20 .63 55 x 10 -0
20
30 .57 .50 .12 .62 .50 x 10

- CTT -



' - 114 -
by the two random temperatures T; and Ts.

Under such conditions it is therefore impossible to predict a .
rate controlling mechanism strictly from the values of zlGo.‘It was-for this
reason that AGO was labelled "apparent".. It does not include the work'rdone
by:the effective streés before thermal activation. In order to calculate

,AG?, the total activation energy, it is necessary to know the critical
temperéture TC where = 0. Under such conditions
AG = Ac, = DaS
Alternatively Z&G: may be calculated simply by knowing the strain rate de-
pendence of the critical temperaturess..Therefore all that can be said about

Z&G: below -120°C is that it is something in excess of .8e.v. (the value of

*
AG. at -120°C)..

.Above -120°C AG, tends to remain constant at apbroximately
.6 e.v. This temperature independence might suggest a rate controlling pro-
cess above -120°C which is associated with an energy barrier as shown in‘
Fig. 69b for which neither zﬁGo nor “d“ changes appreciably with temperature.
* Under such conditions ZXG? may be approximated byAGo and is therefore

equal to .6 e.v..t .l e.v.

This proposed change in the rate controlling mechanism.at -=120°C
in 25p cadmium is illustrated quite clearly by the dependence of AG at yield

on temperature as shown in Fig. TO.

Before such a proposed interpretation can become acceptable

two major inconsistencies with theory must be explained.

First of all the rate theory results indicate a change in the

rate controlling mechanism of yield at a .temperature of -120°C. However the
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yield stress has been found to vary linearly with temperature (Fig. 32).
-This linearity suggests a common mechanism controlling yield. It may be
however that the change at -120°C causes only a slight change in the yield
stress-temperature slope which falls within the experimental scatter of the
. linear relationship shown in Fig. 32.. Further tests below -196°C should pro-
vide a more complete understanding of the temperature dependence of yield.
.Stoloff actually did observe a change in slope at approximately -120°C but

his experimental scatter was too great to accurately establish the change

in Ao

AT

The second -inconsistency concerns the nature of the temperature

dependence of AG below -120°C..From the relationship

AG = kT 1n _X_

. Xo
if XO is not a. function of temperature,,then AG should vary in a linear
manner with temperature..However from:Fig. 72 it is seen that a linear rel-
ationship does not exist below -120°C. Either deformation is not controlled
by a single mechanism which would place in doubt any calculation based on
rate theory or the nature of the forCQ—distanée curve changes with temper-
ature. This latter possibility could occur without a change in the basic
rate process if for instance.ths stacking fault energy changes with temper-
aturels. At this point there is considerable doubt as to the magnitude of

the stacking fault energy in cadmium let alone any possible temperature

dependence.

68
.Thornton and. Hirsch have proposed that the activation dis-

tance will vary with temperature due to a change in the stacking fault energy.
This would alter the shape of the force-distance curve without affecting the

basic rate mechanism.
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‘14315
Conrad

using an intersection model for magnesium single
crystals has shown that the nature of the force-distance curve may vary
slightly with temperature (stress) due to the influence of stress on the

amount gliding dislocations bow out in the slip plane thereby changing -the

effective forest spacing "1".

-Another possibility is that thepre=exponential term &= NAby
varies with temperature. However in the development of rate theory express-
iens, Xo must be assumed. temperature independent in order to arrive at use-
ful mathematical expressions. If in fact Xo does vary,then the derived form-

ulations must be modified.

-At this time not enough experimental data are available . =.
because of the limited test temperatures available below -120°C in order
to distinguish between the above possible causes. A liquid helium cryostat

is now nearing completion which will allow for a more extensive testing

program.

At this point no attempt has been made to discuss the sign-
ificance of the experimental value of AG, = .6 + .1 e.v. at. temperatures
above TH = .26. .This discussion will follow in section 3.2. which includes

a comprehensive survey of the possible mechanisms of dynamic recovery.

2.5.2. The Variation of AH with Strain in 25u Cadmium.

The manner in which AH varies with strain at different
temperatures is shown in Fig. 71. Because of the unknown variation of T*-
with strain the values of AG and AG. cannot be obtained. However the
strain dependence of l&G. will be similar to that of AH in that the

entropy factor is not expected to lower AH by more than about 20%.
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From Fig. 71 it is observed that the linear h&rdening regions
below -120°C are associated with strain independent values of AH. This
is as expected when the Cottrell-Stokes law is obeyed. When dynamic recovery

occurs AH decreases substantially.

-2.5.5. Yield Behavior in Zinc.

The experimental values of the various components of the
activation energy at yield in 20u zinc are given in-Table 12, It is observed
that the results for zinc are similar to those for. cadmium.. Both indicate
a temperature independent value of £ﬂ% of about .6 e.v. in the recovery
range above TH = .26. The values onk}fbr zinc are slightly lower than
those for cadmium but do show a similar temperature relationship as shown
in Fig. 72. The break in the AG - temperature relationship for zinc

H

temperature. The activation volume values for zinc are comparable to those

at T_ = .26 is not as obvious because of the limited data below this

of cadmium with the zin¢ values\be;ngmabOutu25% smaller.

¢
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-TABLE 12

Rate parameters at yield in 20p zinc.

Temperature - AH NG v 0G, v
°C €.V, e.v €.V, eV, cm.3
. -20
-120 .26 .21 17 140 .57 .36 x 10
-20
-105 .28 27 .23 b2 .65 41 ox 10
-20
-95 .30 .29 24 .ho .64 43 x 10
-20
-70 .34 .33 .27 .3k .61 .40 x 10
' -20
-30 A1 e .36 .24 .60 40 x 10

- '[8'[' -
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3. DISCUSSION

Before any discussion of the present results is attempted, it
is desirable to review the electron transmiséion dbservations of Price
on dislocation structure and motion in platelets of zinc and cadmium. Since
the flow stress is generally thought to arise from some combination of long
and short range elastic interactions between dislocations énd fromza short
range thermal comgonent of stress, Price's obéervgtions on the formation
and behaviour of éislbcation loops and their subsequent interaction with

dislocations are thought to be significant with regard to the mechanisms

of hardening in zinc and cadmium. -

3.1 Loop Formation and Annealing

Dislocation loops can form on specific atomic planes by a

variety of processes.

(i) Price observed that prismatic loops can form behind moving basal

edge dislocations by a process illustated in Fig. T3> .

for
1o
o

{o) (v (c)

Fig. T3 The formation of a prismatic dislocation loop by an edge
dislocation which is held up at an obstacle.
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This loop formation is thought to be éssociated with the cross
glide of the screw components (c) and the subsequent annihilation of‘thése
components by glide on a pgrallel glide plane. This typevéf loop will be
sessile because: of its edge components on non basal planes. The kinks on
the original dislocation (d) are expected to retard its further motion.
Loops thought to be formed by this type of mechanism héve been observed

by Lally 89 during the Stage I deformation of magnesium at 20°C.

(ii) Price also observed loop formation behind moving basal screw:disloca-
tions. A .jog:.on.a.screw  may affett thetmotion of the screw depending on

the size of the jog as shown in Fig. 74 .

Fig. [M- The effect of jogs of various heights on screw dislocation motion.

Small jogs (1b-2b) can move non conservatively along with the
dislocation leaving a row of point defects behind (a). This process may be
thermally activated and therefore rate. controlling. Very large jogs do not
move and can act as pinning points for single ended Frank-Read sources.(b).

Intermediate jogs (3b-3000) however can lead to the formation of an edge
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dislocation dipole (c) and after pinching off;, +to the formation of an
elongated loop on a non basal_plane. Such dipoles and loops have been

observed in a variety of metal systems.

(iii) Sessile dislocation loops which contain a stacking fault and have
a Burgers vector % c + p , may be produced by the collapse of vacancy
discs as postulated by Seege:c"-25 . Bérghezan63 has observed such loops
on basal planes in zinc foils wh;ch were heavily deformed at +20°C.
Similar loops were observed to form by Pric&3due to ion damage in the
electron microscope. The temperature range studied by Price extegded down
to -100°C. Whether such loops will contribute to work hardening will
depend on the rate of loop production compared to the strain rate imposed
on the system. The rate of loop production in turn will depend on the

supersaturation of vacancies in a given area and the thermal energy

avallable for vacancy migration.

(iv) A fourth type of loop formation was observed in considerable detail
by Price. Elongatéd sessile loops with Burgers vectors c + a were
observed to form on the basal planes by the multiple cross glide of {;lééf
‘<ll§3> dislocations. The stages in the formation of these 1loops are
illustrated in Fig. 75 . It was observed that the loops acted as strong
barriers to the motion of basal dislocations on the same glide plare and
also produced a strong elastic interaction with other basal dislocatilons
on parralel glide planes as long as the distance between the plane of the

dislocation and the loop plane was not greater than the loop width.

A summary of the various types of loops is given in Table 13
The different types of dislocations possible in the hexagonal system are

illustrated for clarity in Fig.76 .
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(a)

{b)

(c)

Fig. 75 Stages in the formation of an elongated loop on the basal
plane by the cross glide of a §1122¢ <1123> screw dislocation

The various types of loop formation have been described in
detail because it is thought that this debris may be a principal source of
obstacles leading to hardening due to the lack in the hexagonal system of

strong Cottrell-Lomer barriers.

Compfehensive studies concerning the annealing behaviour of
loops during deformation have only been carried out for those formed as a
result of {il§23<(ll§37 dislocation motion. Price has come to the following

conclusions regarding the behavior of these loops in zinc and cadmium.

(i) At temperatures below T, = .27, the loops are completely stable

H

and can act as strong barriers to the motion of basal dislocations.



TABLE 13 Loop formation in zinc and cadmium.
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Method of Formation

Plane of Loop

Burgers Vector

. Behind moving basal Non basal a
(1) edges as in Fig.73
..y Cross glide of basal Non basal
(i1) screws :
..., Condensation of Basal %c + p
(1ii) vacancies
Cross glide of Basal c + a

(iv) {ll§2} {11337 screws

can decompose to

R

or

1
2

c + p

Kind Type
AB = a
Perfect ST = ¢
SA + BT =c¢ t g
Ao =p
Imperfect {- oS =1/2 ¢
AS = 1/2 c tp

Number

6

1
6
5
2
5

86,
Fig. 76 Dislocations in hexagonal close packed crystals ( after Darn. ).
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(ii)" At temperatures between TH = .27 and TH = .40 the elongatéd loops
break up into rows of circular loops by a process of pipe diffusion.. The
driving force for splitting is supplied by the potential decrease in line
energy. The area within the elongated loops is conserved. during the splitting
opera£ion and the rate at which splitting occurs increases with increasing
temperature., Price envisaged that the activation energy for such a process
will be equal to Uj + Up .Where Uj is associated with the required jog
formation and Up is the pipe diffusion energy..Implicit in the concept of
loop splitting as opposed to loop shrinkage is that Uj'+ Up must be less

than the self diffusion energy -UD .

(iii) . At temperatures above TH = .40 the circular loops gradually dis-
appeared by a process of climb.. The measured activation energy for the

shrinkage of loops was found to be equal to the self diffusion energy.

The observations of Price are of particular significance with
regard to the present work in that the temperature region above which loop
splitting occurs (.27), is similar to that above which temperature and
strain rate independent linear work hardening disappear in. polycrystalline
zinc and cadmium aﬁd above which there is a decrease in the hardening rate

associated with both Stage I and Stage II deformation. of single crystals,

%.2. DYNAMIC RECOVERY

In & very broad sense dynamic recovery may be related to either
of the following processes:
i) cross slip

ii) diffusion controlled processes
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3.2.1., .Cross Slip

Cross slip is known to be a dynamic recovéry mechanism in

f.c.c. mefals..In hexagonal metals, cross slip must be looked at from a
slightly different point of view.. It may be a reguired mechanism to permit
basal dislocations to move readily onto non basal planes and thereby allow
for the operation of additional slip systems..On the other hand it may
operate as an adjunct to the operating systems in order to allow dislocations
to move around barriers and therefore relieve poeints. of stress concentration.
- Only under. the latter condition would cross slip be classified as a dynamic

recovery process.

.Cross slip has not been observed under normal light microscopy
in either zinc cadmium or magnesium. However Lally using replicas has observed
it during the stage I deformation of magnesium at +20°C..Therefore replica
studies on polycrystalline zinc and cadmium are currently in progress to
establish whether cross-slip occurs to a significant degree. It must occur
on a limited scale in order to account for the loop forﬁation behind moving
basal dislécations described in the previous section. However such isolated
ihstances are not expected to materially affect the flow stress.. Although it
is true that such cross slip does allow for the circumvention of obstacles
the net result of the overall process is the production of sessile loops
which will act as strong barriers to further dislocation.motioﬁ.

a9
The observations of Lally and Hirsch indicate that during the

Stage I deformation of magnesium, the dislocation structure consists of a
high density of elongated edge dipoles..Very few screws were observed. It
was postulated that the edge dipoles were formed by the trapping of edge

components from different sources on nearby glide planes. Screws of opposite
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sign on the other hand can annihilate leading to a low screw density. Under
such conditions, it could be postulated. that dynamic recovery in magnesium
is associated with the temperature at which cross slip can occur leading. to

a lower overall dislocation density and a different dislocation configuration.

Similar observations to those of Lally cannot be made on zinc
or cadmium because of the higher effective temperature at +20°C which will
give rise to a considerable dislocation rearrangement during the time
necessary for foil preparation. The observations on magnesium however are
of importance in that it is tempting to invoke cross slip as the mechanism
of dynamic recovery. However on a more macroscopic scale the interpretation
becomes more complex. Conra&é’¥§as observed a similar tem@erature dependence
of Ol/G in magnesium to that observed in zinc and cadmium. Specifically
O/G remains constant below approximately TH = .23 and deéreases above
this temperature .. 7 . Therefore the effective temperature above which
the hardening rate decreases in all three metal systems is approximately
the same. However the ease of cross slip is related to the stacking fault
energy in that the partials must recombine before the process can occur.
Although there is considerable controversy with regard to the magnitude
of the stacking fault energies in the three systems, it/is generally thought
that the stacking fault energy of magnesium is appreciably higher thaﬁ that

of either zinc or cadmium.

Because of the association between the stacking fault energy
and cross slip it would not be expected that all three metals will undergo
dynamic recovery at the same effective temperature. Therefore it is not

possible to link dynamic recovery to cross slip.
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.3.2.2. Diffusion Controlled Processes

Dislocation climb when governed by the self diffusion energy
UD was not observed by Price at temperatures below JTH.= U4 . Therefore
it cannot be considered as a dynamic recovery mechanism in the region of

Ty = .26 .

Kroupa and Price®® have obsefved.that above TH = .26 in zinc
circular ¢ +a or c¢ loops produced behind {11523<1l§5> SCrews can move
under the stress associated with the‘interaction of the loops with approach-
ing basal dislocations (Fig. 78 ). .This motion was termed. conservative climb
since it did not involve self diffusion but rather the generation of wvacancies
on one side of the loop and their subsequent motion along the loop to the

other side. The activation energy for conservative climb Will.therefore

be the pipe diffusion energy»Up.

- Such loop instability is a mechanism of dynamic recovery since,
as observed by Price, the normally sessile loops act as strong barriers to
basal dislocation motion. Loop motion by conservative climb should therefore
result in a éonsiderable relief of the back stress assoclated with pile-ups

behind the loops.

.In the present work, extensive {1152}(1155} slip was observea
in polycrystalline zinc and cadmium. Therefore a significant concentration
of basal loops should be formed.. The value of AG, at yield for poycrystals
at temperatures above TH = .26 was determined to be almost identical for
both zinc and cadmium at .6 + .1 e.v. Friedelgias stated that the expected

values of the pipe diffusion energy.in zinc and cadmium are .62 e.v..and

:.57 e.v. respectively. From an energetic point of view it is therefore
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s c 0-1
Fig. 77 (€) p
Sequence of transmission electron micrographs showing the ‘conservative
climb ’ motion of a dislocation loop with a [0001] Burgers vector due to
its interaction with a moving edge dislocation with a }[1120] Burgers
vector. The plane of the micrograph is parallel to the basal plane of the
zine platelet.

(after Price ).
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possible to postulate that dynamic recovery is associated with the conserv-
| .
ative climb of basal loops. Since the eﬁergy required for elongated loop
breakup ( Up + Uj ) is greater than tha% of conservative climb (Up); it
may be argued that the rate controlling'process is actually that of loop
breakup.However because of the higher dislocation density in real crystals
as opposed to Price’s specimens, it is probable that the edge dipole will
|

tend to pinch off earlier in the sequenée of loop formation.. Therefore the

process of loop splitting is not as important a process.

'In order for such a conservative climb interpretation to be
valid for single crystals, it 1s neccessary to postulate that some {lléé}
{ll§5> slip can occur during both Stage I and Stage II single crystal

deformation.

13
Basinski has shown that the Cottrell-Stokes law is only

strictly obeyed in magnesium at temperatures below 46°K. However the dev-
dations that occur at higher temperatures are not particularly severe. In
any case there is a considerable increase in ]ﬁeduring both stages of def-
ormation which was interpreted by Basirski in terms of an increasing

forest concentration.

Essentially similar results were obtained during this work on
cadmium single crystals. Although the Cottrell-Stokes law was not obeyed
duriné.Stage I, there was a considerable decrease in the activétion volume
at all temperatures studied. At -196°C "v'" decreased from 30 x 107%° cm.2®
to 5 x 10-2O cm.3 Baséd on an intersection mechanism this corresponds
to approximately a 30 fold increase in the forest density during Stage I.

- It would appear therefore that there is some non basal activity during

Stage I and this could lead to a significant concentration of basal loops.
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DynamiC recovery to this poeint has been associated only with
the conservative éiimb of basal loops produced behind End order pyramidal
screws, However the pipe diffusion process may also have a significant
effect on the nature and mobility of the other types of loep debris men-
-tioned in the previous section..Since this debris is produced only as a
result of basal dislocation motion, if similar processes involving conserv-
ative climb can Occur, then .it is not necessary to postulate a change in
the forest density during single crystal deformation in order to explain

dynamic recovery. Before this interpretation can proceed it will be

necessary to know more about the annealing characteristics of debris.

-As an alternative to a pipe diffusion mechanism, there is a
distinct possibility that recovery may be associated with the annealing
characteristics of excess vacancies produced during deformation. Resistivity
studies made by Sharp, Mitchell and~Christiaioon cadmium single crystals
and polycrystals deformed 12%, indicated,the existence of an anneaiing
peak in the vicinity of TH = .25 . They determined the activation energy

to be .25 * .2 e.v. and associated the peak with single vacancy migration.

;9182
-Peiffer and Stevenson 1in a similar study observed two

annealing peaks, one at TH = ,2% and another at TH»= .28. The activation
energies were.24 and .30e.v. respectively. They believed that one of the
peaks was assoclated with single vacancy migration although they were not
sure which one. Tée expected value for the energy associated with vacancy
motion in cadmium is .41 e.v.‘97 This is somewhat lower than the .6 + .1
e.v. activation energy found to control the dynamic recovery.of zinc and
cadmium. However due to the approximastions involved in the rate theory
expressions when applied to deformation, it is not outside the realm of

probability that vacancy migration and dynamic recovery are scmshow linked.
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.The exact nature of such a relationship is rather vague. If
the net result of migration is the production of basal dislocation loops by
vacancy condensation, then it would be expected that such loops will con-
tribute to hardening and will not lead to a recovery effect. On the other
hand by annealing out at edge dislocations excess vacancies can cause climb
allowing for the circumvention of obstacles. Climb therefore can occur at
lower temperatures than TH = .4 and under such conditions is controlléd
only by the vacancy migration energy.- Although Price did not observe climb
below TH = .4 , it is probable that the excess vacancy concentration in the

platelets used for study was quite low due to the low dislocation density

-and the availability of the specimen surface.

. In summary. it must be concluded that the exact cause of the
dynamic recovery occuring in the vicinity of TH = .26 cannot be definitely
established at this time. However because of the better correlation of
energies, it 1s thought that the most likely process is one involving
pipe diffusion leading to the conservative climb of normally sessile

basal dislocation loops.

5.3, -THE MECHANICAL EQUATION OF STATE

It was shown in section 2.2.3. that a mechanical equation
of state éould be formulated for polycrystals in the regions of linear
hardening below TH = ,26 ..0Only under these conditions is it possible to
obtain equivalent states at an equal value of strain when deformation occurs

at different temperatures,

The concept of dynamic recovery being associated with the
conservative climb of loops is consistent with the above observations.

Basal loops should remain stable in the linear hardening regions. The
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P |
overall dislocation configuration gt a given value of strain will therefore

be independent of temperature.

However once conservative climb can occur, it is not expected
. that equivalent states will be found. at equal strains because of the temp-

erature dependence of the rate of loop annealing as observed by Price.

3.4, THE COTTRELL-STOKES LAW

It was obsefved_that at all temperatures the Cottrell-Stokes
law was not strictly obeyed during the Stage I deformation of cadmium
single crystals or during the early strain regions of polycrystals. In both
cases the lgg; rétio decreased. with ihcreasing strain, In effect this
.means that the rate of increase of o was somewhat less than the rate of
increase of O‘G . In polycrystals this may be related  to. grain boundgry
effects, This early region of strain is associated with the gradual buildw.
up of a stable dislocation configuration at the grain boundaries (pile ups).
. This contribution to stress will be athermal, contributing only to o’G
- It is therefore expected that the increase in o will be somewhat in excess

of ¢ which is associated with intragranular processes.

Although’ Jgg; decreases during Stage I hardening there is
a significanf decrease irL{he éctivation volume. This implies. that there
is an increase in the value of ?)‘ with increasing strain although not as
great as the increase in d}} .-This observation is not consistent with the
theory Qf Séeger 24regarding'8tage I hexagonal metal deformation.. He assumes
that Gﬁ/G can be calculated. by only considering.the elastic interactions
between individual parallel dislocations and that the contribution to QI/G

from Udiis negligible. -For such a theory to be correct, the activation

volume must remain constant during Stage 1. Because of the marked change
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in "v" in cadmium, it must be concluded that QI/G represents an important

contribution to the observed rate of hardening and cannot be neglected.

3.,4.1,  Obeyance

The Cottrell-Stokes law is obeyed only during.the linear
hardening regions of pelycrystals and during the Stage II hardening of
single crystais below -TH = .26 ..In order to postulate the origin .and
relationship between o*and -O‘G it is necessary to know how twinning may ¢.
affect the two stress components.-As observed in single crystals the
formation of a twin does not affect. the flow stress required for further
deformation. Basal slip:within—a twinned region therefore must represent

“an important contribution to deformation only immediately after the twin
formation before the macroscopic observed stress returns to its previous
value. Therefore although twinning may affect the work hardening rate,it
does not .change.the instantaneous relative values of the two stress com-

ponents.

This :s8tatus quo" condition during deformation may also be
applied to the nature of the dislocation configuration in the neighbourhood
of grain boundaries. Once a stable configuration is obtained it will be
assumed that hardening becomes intragranular and the component- of G’G
associatkd with boundaries need not be considered.with regard to the

Cottrell-Stokes law,

The athermal component of stress is therefore associated
with some combination of the following components:
i) the interaction of forest and glide dislocations

ii) the interaction of loops and glide dislocations
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It will be assumed, that o;r arises due -to an intersectién
. mechanism, The Cottrell-Stokes obeyance can therefore be interpreted in
- terms. of an increasing forest density with increesing strain . . o remains
proportional to both athermal stress components because the basal loop

density will be a function of the forest density.

3.4.2. .Dynamic: Recovery

It has been shown that in both single crystals and poly-

crystals, dynamic recovery is associated with increasing values of As
o

‘This means. that the rate of increase of o is somewhat less than that of

G

* o If recovery is related.to loop instability and if a significant

-
proportion of G'G is derived from the nature of loop-dislocation inter-
actions, then it is expected that G'G_will increase at a lower rate
because of the relief of back stress which occurs because of obstacle_

motion.

.5.5. -RATE CONTROLLINGIPROCESSES“BELOW.TH»= .26

It was proposed.that forest intérsection is the rate cont-
rolling process governing yield in single crystals and pelycrystals below
TH = .26 .- This was done without any consideration of possible alternate
mechanisms. These will now be discussed.

3.5.1. .Peierls Stress

3

The Peierls stress for the motion of basal dislocations is
very low because of the close-packed nature of the basal plane. It cannot
therefore be considered as a rate controlling process. However during

polycrystalline deformation when non basal slip must occur, the Peierls
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stress associated.with movement on the corrugated pyramidal planes may be

significant and rate controlling.

The activation volume at yield in 25 cadmium at -196°C based
‘ : 20 3
on a shear stress conversion of 4§ = o , was .30 x 10 cm. .. In terms of
: 2
. ' 3
a basal dislocation where a = 2.97 A , this gave a value of 110b . I However

3
in terms of a cta pyramidal dislocation this reduces to about 17b a much

more acceptable value for the Peierls mechanism.

-However it was also observed. (Table 9) that the activation
volume increased with'increasing grain size, a trend not expected for the
Peierls mechanism..From Fig. 68 it was observed that for a given grain size
L

v’ decreased substantially with increasing straiﬁ.AIf the Peierls mechanism

is rate controlling .the activation volume should not vary with strain.

. Since the ‘Peierls mechanism.is not compatible with all of the
experimental observatiéns,.it can be rejected as a possible controlling

‘mechanism.
.5.5.2. Cross. Slip

Crosszslip has béen considered in seétion 5.3.. a8 a possible
mechanism of dynamic recovery.. It may also be argued that cross slip could
control yield at temperatures below TH.= .26 if it is required in order for
basal dislocations to move onto non basal planes and thereby control the
extent of non basal slip. Howeverthis argument cannot be &alidated in that
ﬁhe only non bhasal traces that are observed in zinc and cadmium arise from
@léé§<1l§5> slip. This is not a cross slip system. . Also as pointed out
in section 1,4.1., when {ll§é}<ll§5>slipvoccﬁrs, the number of independent

systems that can operate is sufficient .to promote extensive polycrystalline
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deformation. Therefore cross slip is not a necessary process in order for

deformation to proceed.

.3.5.3. .The Non Conservative-Motion of Jogs

98
Frank first postulated that a jogged screw dislocation can

move only if the jog leaves behind it either a row of vacancies or inter-
-stitials depending on its sign and direction of motion. The conservative
motion of vacancy jogs is thought to be associated with a relatively high

activation energy and therefore need not be considered.

. It is usually not possible to distinguiéh between a jog or
an intersection mechanism merely from the values of rate theory parameters.
Both prbcesses are expected to have similar values of activation vOolume

3
in the range from .lOZbS to 10* b .

The concept of a jog mechanism being rate controlling is not
strongly supported by experimental observations..It was advanced by Mot£99
mainly to explain the nature of the flow stress variations in copper single
crystals.. In copper it has been observed that the flow stress is almost
temperature independent between TH = ,2 and TH = .5 .. At higher temperatures
there is a significant drop in stress. Mott therefore proposed that at temp-
eratures below TH = .5 , the self diffusion process required for.the mech-
arism to procede cannot occur at an appropriate rate in terms of the applied
strain rate. The vacancy nucleation at the jog is therefore completely
athermal leading to a temperature independent flow stress..It was aiso
assumed by Mott that energy is not available for vacancy migratioh away

from the region of the jog. Under such conditions any thermal fluctuation

will tend to move the Jjog forward a single atomic spacing but if the vacancy
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produced is not mobile, the .jog can be pulled back by the interaction with
the vacancy produced. Therefore the flow stress should not be temperature
dependent below  TH‘="5 . -Above this. temperature however where the energy
fdr self diffusion is available, the vacancies produced should be mobile and

a temperature dependent flow stress should result.

.There are some questionable features of this theory. First of
all it is not clear why the nucleation of a vacancy at a jog should be a
completely athermal process. The thermal energy available in this temperature
range should be sufficient to provide a portion‘bf the energy needed for

vacancy nucleation.

Secondly, even if vacancy nucleation is an athermal process,
the temperature at which a temperature dependent flow stress occurs should be
associated only with the energy for vacancy migration. This should occur at

temperatures well below TH“= 5

In zinc and cadmium it is believed, that single vacancy motion
can occur at appreciable rates above TH = ,25 ,.Therefore below this
temperature according to the jog mechanism, the flow stress of zinc and
cadmium will be governed by the athermal process of vacancy nucleation.
This should lead to a temperature independent flow stress..This was not
Observed .. There is a considerable increase in the flew stress in both
systems below TH = ,26. It is therefore unlikely that the non conservative
motion of jogs is the rate controlling process at low temperatures in zinc

and cadmium.

3.5.4. Intersection

The postulate of forest intersection was not made merely
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. because other mechanisms could not explain all of the experimental observat-
-ions..There are no major inconsistencies with the forest mechanism. The
estimate of forest spacings of Table 9 madé from activation volume data are
reasonable for the systems involved..The variation of activation volumes

at -196°C from . 1.1 x 102 bé for 25n cadmium to 1il::x lO4b%3 for single crystals
:is. within thg expected range for intersection.  The variation has been shown
to arise from the expected difference iﬁ the forest spacing as the grain
size changes and is not due to a change in the force distance curve.. The
non. linear variation of AG with temperature can be interpreted from the
forest mechanism to be due either to a‘change in the stacking fault energy
with temperature or to a éhange in the effective value of the forest spacing
due to the manner in which a dislocation bows out under the influence of a

stress.
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4. SUMMARY AND.CONCLUSIONS

The observations and interpretations of the deformation char-

acteristics. of zinc and cadmium may be summarized.as follows:

1) DNegative work hardening beyond .the point of maximum stress in polycrys=: -
talline zinc and cadmium at temperatures above TH = .4 is associated
. with recrystallization. However at temperatures up to at least TH = .5
recrystallization does not go to completion during deformation. At least

50% of the structure outside the necked area remains unrecrystallized.

2) Grain boundary migration can occur in the initial hardening régions and
is particularly important as a recovery mechani?m above TH'= Ny
Slight bbundary corrugations were oObserved in cédmium‘at temperatures
down to -95°C suggesting. that the change in fracture mode from ductile

shear to intergranular fracture which occurs at -120°C is associated

with the cessation of recovery by boundary migration.

3) {ilﬁQ}(llﬁB) is the only non basal slip system observed during poly-
crystalline deformation.. It is more prevalent as the temperature
decreases. At +20°C it is more extensive in zinc than in cadmium. at an
equivalent temperature. The non basal traces are wavy and discontinuous
at elevated temperatures.-At low temperatures they are straight and tend
t0 concentrate into bands. Qualiﬁatively-it appears that the amount of

non basal slip increases as the grain size decreases.

Ly The formation of low angle boundaries during deformation is similar in

both systems.and does not vary in nature or extent with temperature.
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In cadmium single crystals the resdiwed basal shear stress at which

"Stage 1 ends is independent of temperature in the range from -50°C to

fl96°C.

Twinning is a general feature of Stage II cadmium deformation at temper-

atures below -50°C. o novno ot 0L inas

A region of temperature and strain rate independent linear work hardening

develops below T .= .26 in both polycrystalline zinc and cadmium. The
'y ‘

amount of strain associated with linear hardening increases as the temp-

erature decreases. The rate of hardening is similar in both systems.

_Cadmium:single crystals also show constant Stage I andZStage II hard-

ening rates below T = .26 and continuously decreasing hardening rates
’ H
above this temperature. This is similar to the behaviour of zinc and

magnesium.

. The maximum:linear hardening rate of polycrystalline cadmium at -196°C

: - ' , : -1
varies linearly with 4 é..The extrapolated value of 0 to 4 2 =20

-corresponds to the tensile Stage II hardening rate of single crystals.

This change in hardening rate can be explained in terms of a change

in the frequency of {11284<1153)slip.

The Cottrell-Stokes law is not strictly obeyed for either temperature
or strain rate change tests. Obeyahce is only'observed.during the linear

hardening. of polycrystals and during Stage II single crystal hardening

below ‘TH = ,26..Dynamic recovery is associated with increasing values
of Ao
o

In polycrystalline zinc and cadmium equivalent states at equal strains
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-are only obtained during linear. hardening..Therefore only in these regions

can a mechanical'equation of state be formulated.

12) Yield at temperatures below 'TH = .26 can be interpreted in terms of s
forest intersection mechanism.. The total activation cannot be estimated but

220 is somewhat in excess of .8 e.v. in cadmium .

13) It is probable that dynamic recovery-above TH = .26 is associated with
a diffusion controlled process. The most likely mechanism. involves the
conservative climb of normally sessile basal loops by a process of piﬁe
.iwndiffusion. The experimenfal activation energy for yield in polycrystalline

zinc and cadmium is .6 % .1 e.v.
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5. - SUGGESTIONS FOR FUTURE WORK

Several lines of investigation are immediately recognized

.from the results of this work..These include:

1) An extension of testing to temperatures below -196°C in order to

completely establish the flow stress-temperature relationships.

2) A thorough electron microscopy replica study on slip traces in order
to establish the significance of cross slip in polycrystalline zinc and

cadmium.

3) An extensive resistivity study of various deformed states in order to

establish the relevance of single vacancy motion to dynamic recovery.



APPENDIX I
wtRate. Theory

As mentioned in section:- 2.1. when deformation is goverened by

a single rate controlling”process, the shear strain rate may be expressed by

» 81
A more general expression as indicated by Dorn , is given by

’ , AGi /xT
XL Xoi'e t/ ................ e e caseene (2)

th
where "i" refers to the i ' kind of mechanism.

-Several different thermally activated processes can operate at the
ééme time..If_they occur sequentially then the steady staté straip rate
observed during creépfwili be associated with the slowest process, i.e. the
process with the highest activation energy. If-the strainirafe is fixed as is
usuél in a tensile test, then the magnitude of the stress will reflect the
particular controlling process in that any activation process occurs under
the combified influence of thermal erergy and the effective stress.
| An example éf‘sequential processes would be the movement of a
Jogged screw dislocation during pyramidal glide in a hexagonal metal. Energy
mﬁst_be supplied for the non-conservative motion of the jog, for forest
intersection, to overcome the Peierls stress and for possible cross slip
around obstacles. If this. sequence of processes. must oeccur. before deformation
can proceed, then oné of the processes will be rate controlling..Which one
will depend oﬁ the nature of the effecti?e stress. on.the dislocation at any
stage of the process. The stress will increase to a Value at which the thermal
énergy available at that temperature is sufficient to continue defofmation

.
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at the reguired stréin rate. Under such a sequential system it is. quite
possible that the.rate-controlling process can change during deformatioen
from one of the aforementioned processes to another.

. If however. two or more independent processes contol the strain
rate, then the total strain rate is given by y :=2£i;¥ ; and the
application of simple rate theory to deformation is not possible.

 If it assumed that a single process is rate controlling then

from (1)

AG

i
§
by
L=
l_l
a
O
o<
~
N

If it is now assumed that at a constant dislocation configuration the.

strain rate is given by

¥

I
oL
\‘r—Zl
=

then by differentiating. (4) withirespect to temperature at constant effective

stress and recombining

AG = -sz(aln 2[% ( c)tr*.) + T <&AG) 7 (5)
| PT* T o T V? T* B

Since in general the activation entropy 1s given by

then the activation enthalpy is given by

AE = x7 [ O 1n XY 37" e e, (7)
' o1x T OT X/g



The activation volume defined as

v = bdl 0 L i it cecceenecenonn A,(8)
.where

= Burgers vector
activation distance
length of dislocation

. undergoing activation.

H oo
i

is given by the stress dependence of AG such that

v‘=§—< AAG) = kT { dln X’(Xo ) .................. (9).
oT¥T drr )T -

. Therefore activation energy and activation volume can be
determined from reversible temperature and strain rate changes during
deform&tion. Probably the largést source of error in this type of calculation

’

can be traced to the lack of reversibility in some systems. If X

p» Which

is a function of the active dislocation density, changes during the strain
rate change, then the measured value of A'Y and subsequent calculated values

of v, AG, and AH will be in error.

In order to calculate AG, it isvneceséary to develop an expression

whereby the entropy term . ( c)ﬁﬁ})r can be readily evaluated from experiment-
80 oT /x* '

al data. Mitra and Dorn using a graphical technique have attempted such'a
calculation but in the process appear to have interchanged free energy and
74

enthalpy. Schoeck 4pn a consistent thermodynamic treatment has arrived at’

the following expressidn for the free energy change (thermal component).

AG= AH + T 0o
0
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" This he claims makes possible a simple calculation of AG since
it only contains terms that can be easily determined from experimental datsa.
However his formulation is based on the questibnable reletionshi
Y = Y (o, Vo) ceeeverneeeneinena(11)
This differs from (4) in the use of the applied stress J _ instead of the
effective stress T*—. The strain rate for a given system uander certain
conditioné of temperature and applied stress is associated with a certain
rate controlling mechanism. This mechanism. operates under the combined
influence of the thermal energy available and the effective stress ff*,
Ultimately therefore the strain rate and the effective stress are dependent
variables and the dependence of ¥ on the macroscopic flow stress jé is
unJjustified.

If T¥—is substituted for qé in Sehoeckps expression (10), a
relationship similar to (10) but containing Tj—instead of ffa is obtained,
Because of the unknown nature of 3ﬂkduring deformation, it 1s difficult to
make any reasorable estimate of AG.

Much of the confusion in the literature concerning rate expressions
involves the statement of the basic rate equafion (1). It has been copmon
to substitute AE, the enthalpy change for AG in (1). When this is done,

, ' S//k,
it is assumed that the entropy term e is incoerporated into the pre-

sxponential term XL . This approximation of +he rate equaticn is valid only
if the entropy change does not represent a significant coantribution to the
overall free energy change and if it does not vary appreciably with temperature
or stress.
73
‘As outlined by Conrad , attempts have been made t0 calculate the

energy of activation including the work done by the effective stress during

thermal activation. In this case this "total” activation ensrgy is usually
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expressed as

AB.,= AH + Fd P @ =)

where
. F= the force on the dislocation
segment

Since Fd

- »
lbdy = vX¥ , therefore
o *
AH, = AH + vY e (13)

where V“T*—represents the work done by the applied stress during'thermgl'
activation, . |

- However the energies represented in (13) should be free energies
s0 that . |

Ac, = Ac + T (14)

A typical force distance diagram is shown in Fig.T78 to illustrate
the various energy terms. The term [&Go must be labelled only as the"apparent"
activation energy since it does not include the work done by the effective
stress before the activated event. The true activation energy is given by

»

the total area under the force distance curve (AGo ).. This can be ascert-

‘ e »
ained only if the conditions under which T =0 are known. When ¥ = 0,
R » ¥
AG = AG, = AG, . However even if the critical temperature where 7T = O
can be accurately established, it must be assumed that the force distance
. *
curve does not change with temperature if the value of AG, found at TC
is applied to other temperatures where the same rate controlling process
is thought to occur. Even if the same process is thought to occur over a
range of temperatures, if the stacking fault energy changes with temperature
then for some processes the shape of the force-distance diagram can change
with temperature.

The calculation of AG, Is therefore restricted to conditions
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: v
of yield when T can be estimated from the yield stress-temperature relation-
ship.
T 11
Gregory developed a similar relationship to expression (13)
in order to calculate the"total" activation energy. However he used the

*
applied stress Ta instead of 7 in the last term. This is unjustified

_ : »*
and can lead to serious errors especially when ’J‘a >> 7.
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AG = ABCA
. AC A
vy = XXy
NG, = XIABCXEXl
AGe= X ABCxzx,
B
Force
Force W | eeeeao —__ A
= 5*1p
X %] Xz
— d -

‘Distance

Fig. Z8 .TypicalﬂForée-Distance curve for a thermally activated deformation
: ' process. o
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APPENDIX 2 '

Unloading Yield Points in Cadmium.

During the early stages of deformation when cycling 25p and L0OOn
cadmium between -140°C and--196°C, -slight yield p@int; as shown in Fig.79

were observed on reloading at -196°C.

stress

Fig. 79 -Unloading yield point!in'poiycrystalline cadmium

. : ' o ®»
- These made the determination of Ao difficult because of the

ambiguity of the yield stress at -196°C.

Several esuthors have observed unloading yield points in f.c.c.
_ 100 101 ' '
metals. Haasen and Kelly - and Makin obgerved yield points in single
crystals of aluminum, copper and nickel produced by unléading and releading.
They postulated that Cottrell-Lomer sessiles are produced during unleading

causing a higher yield stress on reloading.

102
Bolling using polycrystalline Ag;“A;, Cu, Ni and Pb, found that
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unloading yield point phenomene .is a commen occurence in f.c.c. metals. He
further observed]thét the magnitude of the stress,increase was depeﬁdent on’
ihe amount of-unloadihg aﬁd~independent of time. Yield points were only observed
'howevef Vhen recovery during the unleoading cycle Was negligible.

Birnbaumip%esting zinc and magnesium single crystals between 77°C
and.293°K found no yield points after reloading. Further he observed that in
copper single crystals, the magnitude of the stress increase was orientation
ihdependent,=an observation not consistent with the concept of Cottrell-

- Lomer sessile production. He therefore'postulated that a change odcurs{during
unloading in the nature of glide-forest dislocatien interactioms.

In order to>0btain a:beﬁter understanding of the yield phenomena
in éadmium,-25p and 40O0pn specimens were examinedrat -196°C. They were def-
ormed using 2% strain incééments followed by unloading to a given percentage .
of the flow stress. Specimens were then held for variog? periods of time
“before reloading.

It was found that the'holding time uﬁ to five minutes had no effect
on thé-mégnitude-of the flow stress on reloading. However the occurrence of
yield points was a functien of the amount of unloading as previously observed-
by Bolling. No. yield phenoménanwas observed until .at least 4O% of the load
waé removed. ‘

- At low values of strain o ,= o (Fig.80 ), However with
increasing deformation, O a became somewhat greatér than o‘c..Bolling
observed similaf behaviour and explained it in terms of creep during the
unloading cycle.

-Fig. 81 1illustrates the variation of OB/OE with ihcreasing
strain. In all cases specimens were uhloaded.to 10% of the flow . .stress and
held for five minutes before reloading..$he unloaeding operation was ;ontinuous

and took about ten seconds.
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Fig.80 Unloeding yield point terminology
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It is observed from Fig.81 that the yield effect is considerably
'greatér'inAhOOp cadmium than in 25u. The_values of Og)ba remain approx-
-imateiy constanﬁ up .to a value of strain which has Been previously identified
with the start of dynamic recovery at —l96°C.,Beyqnq this value of strain,
03/03 decreased and the yield effect gradually disappeared.

- Specimens were also tested at -95°C and no yield effects were
observed. In fact slight static recovery occurred. The drop in stress assoc:
iated.ﬁith unloading and: thirty second holding at 10% of the flow stress,
ié.shown as a function of-the flow stress iﬁ Fig. 82 .Therefore during
Cottrell-Stokes tests, appropriate-corrections were made to fig: to take
into account the static recovery occurring during the operatioéng changing

temperatures.
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Fig. 81 ‘The variation of P /oy ~ with strain at -196°C.
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Fig.82 ‘The decrease in flow stress due to static recovery during
interrupted testing of 25p cadmium at -95°C.

( 30 second holding at 10% of the flow stress ).



=160 -
APPENDIX 3

The Determination of Ao from Strain Rate Change Tests

'_An'ideal strain;rate change should occur in an instantaneous
- fashion without an intermediate drop in load. or a measurable time lag during

.the change. These factors become of extreme importance if one is attempting

to analyze materials at high effective temperatures where recovery can occur.

'When using an Instron mechanical difficulties are sometimes
responsible fbf a considerable error in the determination of[hf.»Although
the Instron usgd during‘tﬁis work wés equippeg with an automatic push buttén
crosshead speed chapge,‘afconsidefable time lag was observed during a de-
crease iﬁ strain raﬁe,,Wheh the crosshead speed was changed from .02"/min.
to .OOQ"/min. there was a delay time of 1.6 seconds during which time the
machine stopped. When changing from-.2"/min. ?o .02"/min. the delay time
was .8 seconds. However at these higher speeds there was also a slight
reversal of thé screﬁs during the change whic% caused a.drop in lead on

the specimen.

There was no measurable delay time associated with a change
ﬁo an.increased crosshead speed.. Therefore all; Ao values were obtained
during an incréase in stréin rate. Invmany mat%rials it is necessary to
obtain Ao from a decresse in strain rate beca%se of the appearance of
distinct yield points on increasing the strain!rate..For this work it was
aecided that any error arising from any slight yield phenomenon would: be

much less than that resulting from the time deﬂay during a.decrease in strain

rate.
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- Fig.83% - illustrates the nature of the change in flow stress

during. strain rate changé tests under various conditions.

(a) below TH = ,26 in linear hardening regions

(b) between TH.= .26 and ‘T, = .40 and in dynamic recovery regionms

below -TH = .26 .

H

-

immediately

reloaded

)
|
|
I
I
{ unloaded and
‘ I
(c) above T _= 40 I
H |
|

3
-Fig.83 - The nature of the flow stress obtained during strain rate change
-tests in polycrystals
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Obtaining [30’ valu?s at low temperatures was relatively easy
because of the abrupt nature ofv§ield after a change in strain rate (Fig.
83 a) .’With increasing strain however yield became more gradual similar
to that obtained at all valués of strain at temperatures above TH = .26 .

Under these conditions Ao was obtained by extrapolating the elastic

and work hardening regions.(Fig.83 b)

-As the temperature increased to the region of TH = 4o
it became extremely difficult to obtain reliable values of Ao because
of the almost completely parabolic nature of yield after an increase in

strain rate (Fig.83% c). For this reason rate -theory calculations were

not’ attempted sbove T, = Lo .

. Some work softening.oécurred on decreasing the strain rate
at all temperatures above TH.= .26 .=This gave rise.to a more gradual
decrease in the observed flow stress after the strain rate change had
been made. This became more pronounced with increasing temperature (Fig.
783 c). If the load was removed and immediately reapplied there wasvno
evidence of any yield point which is usually associated with work
softening. However yield points were observed during strain rate changes
on‘cadmium single crystals similar to those reported by Langeneckeguin
aluminum and zinc.. It would therefore appear that in polycrystals at
elevated temperatures considerable dislocation rearrangement can occur
in the time necessary for a decrease in strain rate. One is faced with the
difficulty of establishing the flow stress along a-b (Fig.83 .c) at which
yield is occurring at the reduced strain rate..Since this region usually
involves up to at least .5% strain there is considerable doubt if any such

determination really reflects a reversible change.
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.Some ambiguity is also aséOciated‘with an increase in strain
rate. However it should be somewhat less due to the absence of the delay
- times observed during a decréase_in strain rate. At temperatures above
Ty = .40 the work hardening rate after an increase in strain rate is not
sufficiently linear to allowaor an e#trapolation as in-Fig.83 b . Under
- such conditions Ao should be obtained by extrapélating the work ha;dening

rate at a certain constant walue of strain (Fig.83 c).
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