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Abstract.

A study was made of the plastic deformation of
germanium single crystals, Specimens oriented for
single slip were strained in tension at elevated
temperatures (> 400°C). Deformation at a constant
strain rate is characterised by a pronounced yield
point, foilowed by an extensive easy glide region.
The size and nature of the yicld point depend sen-—
sitively on the initial dislocation density and oricent-
ation of the specimen, strain rate and tempcrature,
but are not significantly affeccted by cither the
surface condition of the specimen or the presence of

small amounts of impurity.

A yield point is not obscrved on unloading and
reloading in the easy glide rcgion. It is found that
a return of the yield point on loading is only effccted
by reducing the dislocation density of the deformed
specimen to a level approaching that of the undeformed

speccimen,

The yicld point phenomenon is ecxplained in
terms of the number and vclocity of dislocations, It
is concluded that grown in dislocations provide thc

opecrative dislocation sources.



The flow stress in the casy glide region is
found to be a sensitive function of the dislocation
density, strain rate and temperaturec. From these
results a physical model of flow stress is developed,
in which the contributions are the internal stress
field and the stress to move certain dislocation

"dragging points',

Some preliminary obscervations on the nature

of work-hardening are also made,
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I, INTRODUCTION AND REVIEW OF LITERATURE

1. Introduction.

Germanium provides a convenient model substance
for a study of the mechanisms of plastic deformation.
The commercial use of germanium in semi-conductor
devices has resulted in thc technology of the material
being well developed. Consegquently gcrmanium single
crystals can be readily'prepared by established zone
refining and crystal pulling techniques. The single
crystals produccd by these technigues arc of high'
crystalline perfection; the usual dislocation density
of an undcformed single crystal is of the order

103 cm_z. (Even after considerable deformation the

dislocation density is only of the order 10 cm™2).
These values of dislocation density arce much smaller
than the comparable valucs in most metal crystals and
facilitatec observations of dislocations during deform-—
ation., A scnsitive etching technique can be used for
the study of dislocations in germanium, As a l : 1
correlation between etch pits and dislocations on
certain planes has been e¢stablished, this compar-
atively simple techniquc cenables quantitative measure-

ments of dislocation density to be made. The special

electrical properties of germanium also provide useful
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information, A knowledge of the resistivity of a
singlc crystal allows an accurate evaluation of the

concentration of any electrically active impurity,

Until comparatively rccently 1little attention
had been given to the plasticity of germanium. In
view of the advantages of germanium as a model substance,
it was felt that a comprehensive study of the plasticity

might prove of value,

Single crystal specimens, oriented for single
slip, were strained in tension at a constant rate. To
avoid brittle fracture of the specimens testing temper-
atures above uOOOC had to be used., Deformation was
characterised by a pronounced yield point, followed

by an cxtensive easy glide region,

We first investigatcd the pature of the yield
point phecnomenon, A-study was made of the cffects on
the yield point of the initial dislocation densilty,
impurity, strain rate, temperature, oricntation and
surface, A yield point was not observed on reloading
the specimen in the casy glide region, and a survey
was made of the anncaling conditions necessary to

effect a return of the yield point,

Secondly the flow stress in the easy glide

region was investigated; the effects of dislocation



8
density, strain ratec and tempcrature being determined,
A quantitative study of this paramcter was aided by

its excellent reproducibility.

The casy glide region was followed by a region
of multiple slip and work-hardening. This region was
not comprehensively studied, but some preliminary

observations were made.

In the discussion of the results, we Tirst
develop a physical model of the flow stress. An
explanation of the yield point phenomenon is then
suggested., Finally an assessment of the nature of the

operative dislocation sources is made.

Many problems associated with the plasticity
of germanium still remain to challenge the rcsearcher.
One experimental result was that, after certain con-
ditions of fast cooling from the anncaling temperaturc,
a yield point was observed on retesting. This effect,
which is thought to be due to point defects, deserves
a morc thorough investigation. The wider problcms of
the detalled nature of dislocation nucleation and
multiplication, work-hardening and the ductile~brittle
transition arc still outstanding. It is fclt that a
combined resecarch using stress opulsing techniques
and clectron microscopy, as well as tensile deformat-

ion, would provide the most profitable approach.
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The following review of literature has two

main sections. The first section relates specifically
to the properties of germanium and other materials with
a diamond structure, The properties of germanium which
differ from the more familiar properties of metals are
described, i.e. sections are included on the nature of
dislocations in the diamond structure, and electrons
and point defects in germanium. A critical review of
the previous work on the plastic deformation of german-—

ium is made,

In the second section, a general account of the
vyield point, flow stress and work-hardening in metal
and lithium fluoride crystals is given. In contrast
to the small amount of work on the plasticity of
germanium, the problems of the nature of the yield
point and flow stress of metal crystals have received
a comprehensive study. The results obtained and the
theories evolved from the researches on metal crystals
provide a convenient starting point from which to
consider the problem of plasticity in germanium. In
the same category are the recent studies of the plastic-
ity of lithium fluoride crystals. These results are
of special interest as lithium fluoride has a crystalline
perfection approaching that of germanium. A detailed

account of all the work on metals and lithium fluoride
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would be out of place in the present literature review.
Instead an attempt is made to give a general picture

of the main effects and theories, -

2. Dislocations in the diamond structure.

2.1 Simple dislocations.:

Germanium, like silicon and diamond, has a
covalently bonded structure. The lattice is of the
diamond cubic type, which can be visualized as two
interpenetrating face centred cubic lattices., Each
atom is bonded to four neighbours situated at the
corners of a regular tetrshedron, with the valence
bonds oriented in <111> directions. The slip plane
and direction have been established as the {111} and

<110> respectively.

There are three types of simple dislocations
in the diamond structure :-

(a) 60° dislocations

This type of dislocation was first considered
by Readl’2 and SchockleyB. Fig. la shows the normal
diamond structure and Fig.lb the structure containing
a 60° dislocation. The dislocation axis runs in the
[011] direction on the (111) plane., The slip or
Burgers' vector is in the [110] direction, i.e. at

60O to the dislocation axis., Above the slip plane

is a row of atoms that have no neighbours on the plane
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below. These atoms, each of which has a dangling
unpaired electron, form the edge of an atomic plane
that ends on the slip plane.

(b) Screw dislocations.

L

Hornstra™ has considered in detail the propecrties
of screw dislocations in the diamond structure. The
simplest form of screw dislocation is shown in Fig.?2a.
The screw character may be seen by comparing the

normal hexagon 7 - 8 — 9 - 10 - 11 - 12 - 7 with the
structure 13 - 2 -~ 3 - 1 - 15 - 16 - 17, 1In the

first case atom 7 is the beginning and end of the loop,

in the latter case there is a gap between 13 and 17

(equal to the Burgers' vector).

Another possible screw configuration (shown. in
Fig.2b) is derived by breaking the bonds 2 - 3, L4 - 5,
etc. and forming double bonds between the atoms 1 - 2,
3 -4, 5 -6, etc, The dislocation is split into two
components occupying ncighbouring channels,

(¢) Edge dislocations.

The structure of a simple edge dislocation
(also due to Hornstrau) is shown in Fig. 3%a. The
dislocation axis runs in the [1I0] direction, the
Burgers vector is in the [110] direction and the slip
plane is the (001) planc. Dangling bonds are associated

with the atoms in the extra half plane (which is shown
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in heavy type in Fig. 3a). As the edge dislocation
is not a slip dislocation, it is less important in

the present studies than the 60° and screw dislocations.

Fig. 3b shows an edge dislocation without any
dangling bonds, It is derivedu from Fig. 3a by
omitting the atoms with dangling bonds and connecting

the remaining free bonds,

The two configurations cannot be simply trans-
forﬁed intb one another by clectronic re-arrangement
(as in the case of the two screw configurations).
Presumably this transformation can only occur, at a
high tempcrature, by the diffusion of vacancies or

interstitial atoms.

2.2 Partial dislocations.

It is not feasible to re-arrange a 60° dislocat-

3

ion. However Schockley~” pointed out that the nature
of the dislocation would be quite different if slip
occurrcd between the 2nd and 3rd plane instead of the
l1st and 2nd plane. This would involve breaking
threc times as many bonds per atom. The dislocation

could reduce 1ts clastic encrgy by splitting into

partials.

The number of distinguishablc partial dislocat-

ions in the diamond latticec is much grecater than in
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the face centred cubic lattice, due to the two types
of octahedral planes. The. two adjacent octahedral
planes, connccted by thrce bonds per atom , differ
from the next similar pair of planes by a rotation
around s common normal of IH/3, The regulaf stacking
is given by :

abcabc etc,

where a, b, ¢, rcpresent pairs of similar planes,

A {111} planc stacking fault can bc consiructed
by the rcmoval or insertion of a pair of planes, form-
ing an intrinsic or extrinsic stacking fault respect-
ively.

- The partial dislocation can have various
structurcs, depending on the type of stacking fault
and its Burgers vector, All the various possibilities

4

were considered in detail by Hornstra~.

The partials, associated with a 60° dislocation
with Burgers vcctor % a [110] nave Burgers vectors of
% a [211] and % a [12I]. These partials both have
their stacking fault in a 111 plane, However an
extended dislocation lying fully in one plane is not
possible in the diamond structure. Haasen and Seeger5

have shown that a stable form of extended dislocation

can be formed by the combination of a perfect dislocat-
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ion on one plane and a partial dislocation on the

other plane of the pair, For a partial dislocation
with an intrinsic stacking fault, combination with a
perfect dislocation involves rotation of whole ribbons
of atoms, necar the stacking fault plane, through 900.

A combination of a partial dislocation with an extrinsic
stacking fault, with a perfect dislocation, is not
likely as two ribbons on successive planes must rotate

simultancously.

The stacking fault of a partial need not lie
in a §111} plane, in which case the partial dislocation
is sessile,

2.3 Other dislocations.

L

Hornstra™ has also studied the properties of
more complex dislocations. He suggested that cecvery
dislocation can be resolved into steps of the simple
dislocations discussed préviously. The alternation of
different orientations of the axis was thought of as

a series of jogs. All types of dislocations that
could be built up from two simple dislocations were
considered. An example is shown in Fig. L. There
are éix possible combinations of two simplc dislocat-

ions with the same Burgers vector (% a [110] ), which

are shown in Table 1.
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TABLE I (After Hornstra)

Axis of  Glide Angle Betwcen

Dislocation Plane Axis & Burgers Vector,
(1) <2113 (111) 30°
(2) <211> (111) 90°
(3) <211> (311) 73°
(L) <211> (110) 55°
(5) <100> (110) 90°
(6) <100> (100) 15°

The edge dislocation with a (110) glide planc
(No.5) has been observed as a constituent of a small

angle tilt boundary.

3. Experimental observations of disloéatioﬁs.

3.1 Etching technigues.

Btching is an important method of studying
dislocations in germanium. Secnsitive ctching technigues
have been developed which enable dislocations to be
revcaled as etch pits. Moreover, as a 1 : 1 corrclation
has been cestablished between the etch pits and disloc-
ations on certain planes, etching providcs a simple
method of determining the dislocation density of
germanium,

Vogel6’7 established a 1 ¢« 1 correlation
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between etch pits and edge dislocations in a low angle
boundary. The difference in lattice orientation on
either side of a small angle boundary was measured
by an X-ray technique, FProm this the expected dis-
location spacing in the boundary was derived, using
Burgers'model of a low angle grain boundary. The
agreement of the expected dislocation spacing with
the observed etch pit spacing was excellent. It was
concluded that the etch pits mark the polnts of

emergence of edge dislocations,

Later Vogel8 studied the dislocation densities
of plastically bent germanium. Single crystals were
bent to various radii of curvature(r%nd the observed
etch plt densities on {111} planes were compared with

the dislocations densities (@) calculated from

e = 1/Pb V= 3.1 a4 4 2 a
b - Burgers vector.
The results are shown in Table 2,

TABLE 2 (After Vogel)

Radius of Calculated Observed
curvature dislocation etch pit density
(em) dengity 6 o
(x 10° em—2) (x 10~ cm ©)
3.14- 7. 8 ]-2. 8
5.2 6.8 9.6
1‘]—1-03 1'9 - 5"6

28.2 ' 0.9 2.5
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From the results it can be seen that after
deformation the etch pit density was larger than the
calculated dislocation density. However a short anneal
reduced the observed etch pit density and gave a
reasonable agreement with the calculated dislocation
density.

The etching technigque also enables the dis-
tribution of dislocations to be studied. Voge18 noted
the following changes in distribution on annealing
the deformed specimens :

(1) There was a migration of dislocations
from the high density areas near the surface to the
low density areas at the neutral axis,

(2) The dislocations moved into walls normal

to the slip plane, giving a polygonised structure,

3.2 Decoration technigue.

A decoration technigue has been developed for
the study of dislocations in silicon. Dash9 decorateq
gsilicon with copper and, using an infra red image
tube in conjunction with a microscope, observed
lines of copper connecting all the etch pits on the

top and bottom surfaces,

The decoration technique enables the nature

of dislocations to be studied. Some of the observat-
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ions made by Dash were @
(1) Dislocations, in certain crystals, were

generated by Frank-Read sources.

(2) In the range 900° — 1100°C the dislocation
loops had crystallographically oriented segments 1if
the deformation was "rapid". At "slower" deformation
rates, at the higher temperatures, the dislocations

were irregular and not confined to a single gllde plane.

(3) The screw component of a dislocation loop

moved more slowly than the edge component,

3.3 Thin film electron microscopy.

Little work has been performed on the electron
micrqscopy of thin films of germanium, Philipslo
examined the dislocations in germanium produced by
indentation. He found that indentation at 55000
produced an irregular array of dislocations. Annealing
the deformed specimen at 75000 for 90 hours, caused a
re-arrangement of the dislocation lines into a more
orderly structure. Indenting the thin film at higher
temperatures (800°G) produced a fully polygonised

structure.
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L. Plastic deformation and the yield point

phenomenon in germanium.

Lol Delay time and plastic creep at & constant load.

Germanium is brittle at room temperature.
However Gallacherll demonstrated that above 50000,
germanium can be plastically deformed, with slip occurring
on {111} planes. A delay time before deformation was
observed at temperatures below 600°C. The delay time
decreased as the temperature was raiscd, from five
minutes at 500°C to a few seconds at 600°C.

Seitz12

suggested that the temperature dependent
delay time is related to the freeing, by thermal fluct-
uations, of edge dislocations locked by impurity atoms.

The delay time ig described by :-

At a constant load

t =t o exp (Q/RT) - (L.1) t o — delay time
in pure crystals.

with t o

107 sec. with no locking

Q 28,000 cal/mole. points.

Q@ - activation
energy to free
dislocations from

locks.

Patel13 also investigated the effect of delay

time. He used avpproximately the same stress level as
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as Gallacher, but found longer delay times in the
range 400° - 500°C and no delay at 550°C.  These
differences probably resulted from small variations

in the experimental conditions used by the two workers.
Later work by Tr‘eutingll‘l showed that the delay time
depended sensitively on the applied load. He found
that at 600°C the delay time decreased from 195 secs.
at an applied stress of 900 p.s.i. to 42 secs. with
an applied stress of 2370 p.s.i. Therefore the delay
times would only be comparable if the loading conditions
were exactly reproduced. Patel derived a similar
equation to eguation (4.1 ), with :

10

t o 3 x 10~ scc.

Q

[t}

39,000 cal/mole.

Patel suggested that the locking impurity may be copper$
15

Van Bueren - and Penningl6 and De Wind have
made a comprehensive study of the full creep curves of
germanium single crystals, loaded in tension and in

vending. The characteristics of the creep curve were :

(1) An "initial" period in which very little
plastic strain occurred. A real delay time did not'~
exist in carefully prepared specimens. The specimens

deformed immediately although slowly.

(2) A "steady state" period during which
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the creep rate was much larger than in the initial

period and fairly constant.

(3) A period when the creep rate decreased

again due to the onset of work hardening,

Increasing the testing temperature or loading

stress resulted in :

(1) A decrease in thc lengths of the three
periods,.
(2) An increase in the creep rate during the

steady state period.

The initial period can be described by a cubic
time law, The inverse strain rate (e:s)"1 during the

steady state period is represented by :

(1) At constant stress (o)
(és)_l ¥ exp Q/kT Q - activation

energy.
with @ 7 1.5 — 2 e.v,.

(2) At constant temperature (T)
° __1 ~ -
(8)7% * exp (- 20 )

with a ~ 1077 dyne_lcmz.

The creep curves were independent of the
dislocation density of the specimen at densities below
5 x 10° cm™ 2. At higher densities, the crecep rate was

proportional to the dislocation density of the specimen.
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Van Bucren suggested that the'"grown}in"
dislocation density has little influence on the de-
formation characteristics of the specimen, This does
not seem to be a reasonable conclusion as :

(1) At densities greater than 5 x 10° cm™2
the creep rate was proportional to the dislocation
density of the specimen,

(2) There was a considerable scatter in the
experimental results.

(3) The specimens tested were not orientcd for
single slip. Therefore any effect due to the number
of dislocations, may be observed by any work-hardening

produced by multiple slip.

The addition of oxygen to germanium crystals
decreased both the length of the initial period and
the stationary creep rate. It was suggested that

oxygen inhibited the dislocation sources.

Van Buercn®/ has suggested a theory of creep.’
On the application of a stress, dislocation sources

can emit dislocations in intervals of time (@9 given

by
ty = 0 + 8 ceenes ({jj.2) v - velocity of
v dislocation
loopse

6 — distance be-
tween succes-
sive loopse. .-

@ - possible”delay
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The expansion of the loops and the number of
loops both increase proportionally with time (%).
The total dislocation density (G’) increases quadrat-

ically with tinme,

e=8 .0vt® ... (L3
Ty
N - number of
dislocations.
The strain rate (&) is given by :
é =ebV . e a (ulu)
ZHNbvzatz (u.5
5

Ultimately the dislocation loops reach the
surface of the specimen and a "stationary state"
corresponding to period two of the creep curve is
reached., The time which must elapse before the
"stationary state" begins is of order d/v, where 4

is the dimension of the specimen,

For t < 4/v g = INbve. t° ceee (U4.6)
3t
t >4/ e =A% t-24 ... (L7)
tl z v
& = MNba® »
s T ceee (L,8)
1

Van Bueren's assumptions seem recasonable for
an experimental situation in which singlec slip is

occurring.
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lie2 Variable load experiments.

(a) Compressive loading.

Patel and Alexander18 investigated the effects
of temperature, orientation and impurity content on
the compressive stress-strain characteristics of
germanium single crystals. The load-unload technigue
was used; l.c. the specimen was allowed to deform for
15 scconds after the application of the load, the
load was then removed and the strain measured., This
method of testing is not the most suitable, in view
of the marked dependence of flow stress on straiﬁ rate,

and yield points were not observed,
The results obtained were :

(1) The rate of work-hardening decrecased with

increasc in the testing temperature,

(2) Specimens with a <€111> orientation work-
hardened the most rapidly. For orientations near
the <100> - <111> and <111> - <110> boundaries,
double slip occurred, (This was in spite of the

orientations lying in a region favouring single slip).

(3) Annealing a deformed spcecimen for 30 minutes
at 800°¢ gave a slight decrcecase in dislocation density.
After 16 hours at 900°C a reduction of a factor of

5 in dislocation density was obtained,
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(4) No difference in stress-strain behaviour
was found between intrinsic germanium ( <101t atoms/cc
impurity) and 0.06 fcm germanium ( ~1017 atoms/cc
impurity).

(5) The dislocation density of a specimen with
two parallel {1113 faces increased rapidly from

5 x 103 em™ 2 initially to 2 x 1O6c:m"2 after 1¢ strain.
The density then increased morec slowly to approximately

8 x 10 em™ 2 after 67 strain.

(p) Tensile loading.

No comprehensive study of the tensile deformation
of germanium at a constant strain rate has been made
Treutinglu deformed 0,1 i.cm germanium single crystals,
of nearly <110> orientation, in tension at 600°C under
an atmosphcre of helium gas. He found that slip
occurrcd on {111§ planes in a <110> dircction,. The
deformation was inhomogeneous, localised rotations
being obscrved. After deformation the structure was

polygoniscd with a cdomain size of ™ 2 x 107em™2.

Treuting deformed one specimen under continuous
loading and notecd a sharp yicld point, followed by
& region of work-hardening. A yield point was not
observed on unloading and reloading the specimen.
Subscquent annealing of the deformed specimen did

not c¢ffect a return of the yicld point.
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Carreker19 deformed a few 2 — 20 % ca zerianium
single crystal specimens with <111> orientation, in
air using an Instron machine. A yield point was
observed at 550°C and 600°C, but not above 625°C. The
reproducibility was not very good as a second specimen
tested at 600°C did not give a yield point. Further
the testing of specimens with <111> orientations, which
exhibit rapid work-hardening, is likely to mask any
small yileld point effects, The flow stress was
sensitive to the rate of straining. At 650°C with
an elongation rate of 0.005"/min. yielding occurred
at 2000 p.s.i. and fracture at 7% clongation, at
0.05"/min. fracture occurred at L5000 p.s.i. with no
apparent elongation. Stopping the clongation caused

the stress to relax to a lower value.

Treuting and Carrcker sugpested that the yield
point can be explained in terms of the impurity
locking of dislocations (See section 6.1a) Certain
of the experimental results arc typical of the effects
due to impurity locking. They are

(1) A sharp yield point is produced on
continuous loading.

(2) The yield point is not observed on unloading

and reloading aftcr the lower yleld point.

However a return of the yield point by strain
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ageing has not been effected. Further, the smallness
of the number of specimens tested and the scatter in
the results obtained, indicate that a far more com-
prehensive series of experiments is required to under-

stand the nature of the yield point mechanism,

Lhe3 Other current rescarch.

Since our research was started (1958), Patel
and cd—workers have been continuing their study of
the plastic deformation of germanium. The full
details of this work have not yet been published and
a critical review is not possible. However the
information obtained from the published abstracts

is considered in the discussion section.

L.h The flow stress of germanium single crystals.

A model of flow stress at a constant strain rate
has been proposed by Van Bueren2o. The model was based
on his creep results and some flow stress measurements

of Alcxander. (Sce Discussion).

The creep results (cee Section L4.1) indicated

that the stationary crcep rate (és) is given by

° : 2
e = IIND
S _—t_d—- ® o o s s an (LI-OB)
1
also t; =06 + & e (4.2)
v
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hence assuming 6 is small

é = HNbd2 L] V L I ) (LL-9)
5] Y S 5

It was also found that the stationary creep rate
(és) depends exponentially on the stress (o) and

temperature (T)

E = &. eXp - (G = oV)/kT .... (4.10)

Gy

V - activation volume

— activation energy.

e, — constant.
0

The flow stress results indicated that the flow
stress at a constant strain ratec varies
(1) exponentially with temperature,

(2) with the logarithm of the strain rate..

Van Bueren extended equation (4.10) to include these
results by considering the variation of the activation

volume with tempecrature.

The activation volume (V) is given by :

'\I‘:lbz I ) (LI'011)

where 1 is the distance between "dragging points'" along
a dislocation line. The dragging points are sites at
which the dislocation mobility under stress has become
limited. The points can only be made ﬁo move by

supplying the stress depcndent activation encrgy (Q),
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given by :

Q = Ql - oV . T (LI..]_Z)

Van Bueren suggested that the distance 1 wvarics

with temperature given by :

1=1, exp (= /kT) e (L4e13)

where B is the frce energy difference between a mobile
and immobile dragging point.

Rearranging equation (4.10) gives :
+ kT 1ln ¢

1 -
v v

G =

O

Ceeaaae (L4e1h)

mo|
n o

o
substituting V for és (from equation L.9)

1 " Vv (from egquation 4.13)

gives 3

6 = Qp + kT In 655 1 exp (WkT) ...(4.15)

tv——

2 2
Mba“v_ b1
o] Y]

Van Bucrcen then assumed that a similar experiment-
al situation prevails in a tcnsile test, and that the
flow stress (Ot) at a constant strain rate (ét) is

given by :

0, = Q + kT 1n 6§S 1 exp (U/%T) ... (L.16)

2
HNbd.vo bzlo

Ql was defined as the energy to remobilize a

dragging point, containing apart from U an energy term
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related to a re-arrangement mechanism. It was
suggested that if the dragging points were diffusion
locks due to vacant atomic sites, the energy differ-
ence could represent the migration energy of an
intecrstitial atom or a vacancy. The derived values

of activation encrgy werc :

Ql 1.7 e v
U =~ 0.6 ¢ v.

Van Bueren considercd that equation (L.16) only
applies to the post yield flow stress and not to the

initial yield point,

In its basic form (equation L.1llh) Van Bueren's
egquation is similar to that derived by Seeger for
thermally activated dislocation motion (see Section
6.2). It differs in the absence of a term due to
the internal stress field and the use of a variable
activation volume. Van Bueren's model is further
examined and its validity tested in the Discussion
section,

Haasen21 has proposed a simple theory of the
post yield flow stress. He considered that a 60°
dislocation has a micro crack along its axis. As
the dislocation moves the micro erack has to diffuse

along with 1it. The following egquation was derived :
U

Op = ¥KI ¢ ¥F e (L.17)

2
b DO
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v — dislocation velocity.
DO - diffusivity of crack.

U - activation energy to move
crack.

L.5 Plastic deformation of "heavily-—doped" germanium.

Only a few cxperiments have been performed on
the plastic properties of "heavily doped" germanium

18 3 impurity). The results arc

(i.e. > 107" atoms/cm
conflicting and lacking in detail., The upper yicld
point at BOOOG of germanium heavily doped with gallium
was found22 to be approximately twice that of germanium
doped with arsenic in the same concentration. The
results were intcrpreted in terms of the effect of the
impurity on the concentration'of vacancies, and possibly

on the size of condenscd vacancy loOpSe.

Cummerow and Cherry23 lightly deformed dislocat—
ion frec arsenic doped (1019 atoms/cmj) and gallium
doped (lO19 atoms/cmB) germanium, in bending at 500°¢,

A well defined necutral region, with no etch pits, was
observed. On annealing at 6£00°C for 5 minutes, dis-
locations, as rcvealed by ctch pits, spread into the
neutral region in the p-type (gallium doped) spcecimen.
No movement of dislocations in the n-typec (arsenic
doped) specimen was obscrved until the annealing

temperature was raised to 70000. The higher temperature
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required to move the dislocations in the n-type
specimen was interpretcd as due to arscnic providing
a more effective impurity locking of dislocations.

This result is in conflict with that of Patel.

Suzukizu found that the size of the yield point
decreascd as the concentration of doping impurity was
increased, At a concentration grecater than lO19 atoms
/cmjy no yield point was observed. Suzuki confirmed'
the observations of Cummcrow and Cherry, p-type samples
did not exhibit a yield point sbove 600°C , whereas
n-type samples gave a yield poin up to 800°C. The
locking cnergies were estimated as 1.4 e,v.for p-type

and 1.8 e.v.for n-type germanium,

" L.6 Dislocations produccd by crystal growth.

Singlc crystals of germanium are generally
preparcecd by the Czochralskitechnique, in which a sced
1s slowly withdrawn from the mclt under an argon
atmosphere or wvacuum, The usual dislocation density
of the grown crystal is 107 - 10& cm— 2, Using after
heater techniques to reduce the cooling rate, crystals
of even higher perfection can be prepared,

26 have studied the

Billig25 and Penning
naturc of the as grown dislocation arrays. The

distribution obtained depended on the crystallographic
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orientation and the experimental conditions. Dis-
locations are produced during the cooling of the crystal
drawn from the melt. The inhomogeneous temperaturs
gradient in the crystal produces thermal stresses,

which are released at high temperatures by the gener-

ation and movement of dislocations.

The geometry of the observed dislocation
patterns can be explained in one of two ways. These
are :
(2) Only a small part of the thermal stress is
released by plastic flow, Then the deformation pattern
is determined primarily by the elastic stress distribut-

ion and the geometry of the available glide systemé, i

(b) Complete plastic release occurring. The fldw
pattern then no longer reflects the original elastic

distribution,

It was found that the observed dislocation
distributioné could best be explained by assuming only
a little plastic flow occurred., Hence we can conclude
that even at very high temperatures near melting point,
dislocations in germanium have only a restricted
mobility.

4.7 The yield point phenomenon in silicone

The similarity in structure of germanium and

silicon make any observations of yield point effects



3l

in silicon of special interest,

27 et al. tested silicon rods and

Pearson
whiskers in bending over a range of temperature., fbove
6OOOG both rods and whiskers deformed plaStioally with
a sharp yield point, The yield point could be regained
by ageing; rods tested at 800°C and held at a constant
stress for 2 hours, regained about one half of the yield
point. Pearson suggested that the results can be
explained by the impurity locking of dislocations. It
was suggested that the oxygen content was about 1018

atoms/cc, which was more than enough to saturate all

the dislocations.

The yield stress was the same for rods annealed -
at 800°C and 1200°C. It was suggested that this in-
dicated that all the dislocations were still saturated
at the higher temperature, and that the condensation
temperature was > 1200°C,

From ¢ = cy exp (U/KT) cenen (6.2)

U > 1L e.v. (See section 6.1)

It was concluded that the binding energy (U)

is chemical rather than clastic,

However this experiment 1s not very conclus-—
ive, The load was applied by hand, and as the de-

formation properties of germanium (and probably also
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of silicon) are particularly sensitive to the applied
strain rate, this method is not likely to produce very
critical results. A critical experiment would be to
test an‘oxygen frec specimen, with a low dislocation
density, at a constant strain rate.

28 yas deformed <111>

Recently Sylwestrowicz
oriented silicon specimens over a range of temperature.
He found that samples with a low oxygen content gave
elther a very small yield point or no yield point at
all. The initial dislocation density did not affect
the stress-strain characteristics. However, these
results are not very significant. The deformation
properties of germanium, and probably also of silicoﬁ,
are very scnsitive to the specimen orientation. As
the <111> orientation produces very rapid work-hardening,

any effect due to thc number and velocity of dislocat-

ions was not likely to be observed.

5. RElectrons and point defects in germanium,

5.1. Introduction.

In germanium at the absolute zero of temper—
ature the valence band is exactly full and the conduct-—
ion band (C.79 e.v. abo%e valence band) is empty. At
room temperature there are sufficient freec electrons
and holes to produce an intrinsiec conductivity approx-

=

imately a factor of 10’ smaller than in metals., The
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product of the concentrations of electrons and holes
is 2 constant. Foreign atoms, i.e., trivalent (acceptor)
atoms or pentavalent (donor) atoms also produce a
finite extrinsic(positive or negative carrier) conduct-
ivity. The conductivity (@) (of extrinsic germanium)
depends on the number (n or p or both) and mobility (M)
of the charge carriers.

Z =nMe (5.1)

£ = charge on
carrier.

Hence a knowledge of the conductivity (or resiétivity)
and the mobility enables an evaluation of the concentrat=:

ion of electrically active impurity to be made,

5.2 The effect of nlastic deformation.

Plastic deformation inercases the number of

lattice imperfections and results in @

(1) A reduction in the mobility of charge
carriers due to increased effect of scattering by
dislocations.

(2) An increase in acceptor concentration
(n-type germanium is converted to p-type after

sufficient deformation).

Tweet29 measured the temperature variation of
the resistivity and Hall coefficient of plastically

bent and annealed germanium., Part of the acceplors
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introduced by the deformation annealed out in 1 hour
at 7OOOC. It was suggested that these acceptors

are vacancies, the residual acceptors being associated
with dislocations. High température deformation

produced only dislocation type acceptors.

5.3 The effect of guenching.

It has been found that the acceptor density
in germanium can be increased by rapid cooling from a
high temperature. The possibility of point defects
having an effect on the yield point phenomenon makes

a review of this work useful,

Theurerer and Scaffjo noticed that rapidly
cooling n-type germanium from 85000 caused a conversion
to p-type. Annealing the specimen at BOOOG causged a
reversion to n-type. The results were interpreted
in terms of an increase in acceptor density due to the
quenching, followed by an annealing out of acceptors,
Acceptors were obtained in experiments where the
cooling rate varied from quenching31 to radiation
cooling32.

Later Workjj’jl‘L showed that copper has similar
broperties to the acceptors, i.s. solubility, diffus-

ivity and annealing propcrties. It was concluded that

copper causes the conversion (copper has a maximum
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solubility in germanium at 850°C. Quenching from this
temperature causes the retention of copper in solid
solution which acts as acceptor centres. Annecaling
causes the copper to precipitate and reduces the

acceptor density).

Later workers took great care to remove copper
impurity before starting quenching experiments. It
was found35 that 95% of the copper can be removed by
heating at 92000 in vacuum.

36

Mayburg found that radiation cooling from

830°C produced 2 x 101)'L acceptors/cc, which were
37

thought to be vacancies, Logan guenched germanium
into ethyleneglycol, giving a much faster cooling rate
than Mayburg, but found the acceptor density to be

about 5 timesg less. It was not possible to quench in
acceptor centres in germanium of high dislocation density

6 cm—z), the centres presumably being annihilated

(10
on dislocations during the quenching. Hopkins and
Olarke38, taking great care to avoid contamination,
guenched at l?OOO/min. and obtained even fewer acceptors
than Logan. It was suggested39 that the different
acceptor densities obtained were due to different dis-
location densities, rapid guenching possibly giving

some plastic deformation.

L0

Letaw identified quenched-in acceptors as
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vacancles with an energy of formation of 2 e.v. The
point defects introduced by quenching annealed out in
a few minutes at 35000. This annealing time was much
smaller than that required to anneal out acceptors
produced by plastic deformation. It was suggestedu1’5
that thc nature o0f the defects is different, quenching

producing single vacancies and deformation divaccneies.,

6. Plasticitv of metals and 1lithium fluoride.

6.1 The yield point phenomenon,

(a) Impurity locking of dislocations

The nature of the yield point phenomenon in
metals has becen rigorously investigated, Some of the
mctals and alloys in which the effect has been observed
are

(1) Mila steel, containing carbon or nitrogen.

L2

(2) Single crystals of iron containing carbon,

L3

(3) Polycrystalline molybdenum containing

nitrogen,

LL

(4) Single crystals of B brass ', zinc

L6

cadmium

L5

and
containing nitrogen,

(5) o brassuu,
47,48

(6) Aluminium alloys.
The main fcatures of the phenomenon are :
(1) 4 fall in stress from the upper to lower

yield point during the first loading.
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(2) The absence of a yield point on immediate

recloading,

(3) The return of the yield point after a

suitable ageing treatment,

Cottre].].LL9 has proposcd a theory of the yield
point in terms of the locking of dislocations by
impurity atoms. The presence of an impurity atom pro-
duces a distortion in the metal lattice, which enables
it to react with the stress field around a dislocation,
With sufficient impurity atoms, the dislocations are
anchored along their entire length to fixed positions
in the crystal, To produce plastic flow the dislocat-
ions must be pulled away from the atmospheres of the
impurity atoms. The strong affinity between a dis—
location and its atmosphere, means that the force required
to separate the dislocations from their atmospheres
will be greater than the subsequent force required to
keep them in motion, The release of dislocations
makes the start of plastic deformation and as the dis-
locations can move under a rcduced load, the material
yields under a decrecasing stress. On unloading and
immediate reloading, the dislocations are no longer
anchored by impurity atom atmospheres and a yield point
is not observed. On ageing the impurity atoms diffusec

back to the freed dislocations, which become locked
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again by the atmospheres, A yield point is then
obtained on retestinge.

Cottrell and Bilby

cons idered the elastilc
interaction between solute interstitial atoms and the
hydrostatic stress field of an edge dislocation, 'If
the hydrostatie pressure of a stress field at some
point is p and the change in volume produced by a
solute atom 1s A v, the atom is bound to thils point

by an energy @

U = pAV s essacan (601)

In the case of carbon and nitrogen in body
centrcd cubic iron an additional effect is important,
The distortion produced by the solute atom is not
spherically symmetrical, a local body centred tetragonal
conflguration being formed, By producing this tctragonal
distortion, as well as a volume expansion, these atoms
can interact with both shear and hydrostatic stress
fields. This enables them to react with screw disloc-
ations (with stress fields of pure shear) about as

strongly as they react with edge dislocations.

Each dislocation gathers around itself an
atmosphere of solute atoms. The equilibrium concen-
tration (c¢) of solutec atoms at a point where the binding

energy is U, is :
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¢ =c. exp (U/kT) .. (6.2)

o
cy - average
concentration,

If the temperature is lowered the atmosphere
of solute atoms becomes saturated, i.e. (c - cy) AV
approaches the limit set by the maximum dilation at
the centre of the dislocation. When the atmosphere
becomes satﬁrated the Maxwellian distribution of
coguation (6.2) is no longer satisfied and the atmos-
phere condenscs into a line of solute atoms, lying
parallel to the dislocation at the position of
maximum binding.

For iron

substituting ¢ 1

i}

U

U ~ 0.5 €.V
Cd = 10~u

gives the condensation temperature

To = 700%K.

The reaction of carbon and nitrogen with dis-
locations in iron gives an exceptionally large binding
energy. 1In face centred cubic metals the binding is
weaker and the cdndensation temperature occurs at low
tomﬁeratures. This is becausec many substitional
solute atoms, particularly in face centred cubic

metals, producc only spherically symmetrical distortions
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and so should hardly interact with screw dislocations,
Indirect anchoring of screw dislocations can occur by

51

the formation of two partial dislocations”™, one of

which must have a substantial edge component.

(v) The release process

Yielding occurs by nucleation in an area of
high strcss concentration and subsequent spreading
through the rest of the material, Careful observations
have shown that the abrupt yielding of certain metal
crystals only occurs after a delay time, The occurrence
of a delay time and an uppér yield point have been
interpretcd by Fisher52-in terms of a thermally
activated release process. Fisher suggested that
under the action of a shear stress, a thermally
actlvated breakaway of dislocation segments fram their
pinning points occurs. It was assumed that this is a
consecutive process, as a certain number of pinning
points have to be relcased successively., The cnergy
required for this process reaches a maximum value as
a function of the length of the dislocation that has
broken loose. The maximum energy is rcgarded as the
activation energy (to be supplied by thermal vibration)
for the breakaway of a dislocation segment. No more
energy is reguircd to further extend the free length,

The assumption of a consecutive process means that
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the rate of the process depends strongly on the stress.,
The activation energy is inversely proportional to the
stress, and the delay time and inverse strain rate
depend on the stress (o) and temperature T through

. C/orT
an cxponential factor of the form ¢

Cottrell”?” criticiscd Pisher's theory on the
ground that the concept of line tcension cannot be
applicd to very short dislocation lengths. He suggested
that the important factor is the change in core energy
of a dislocation when it pulls loose from an impurity
atmosphere. Such a derivation lcads to a less strong
dependence of activation energy (Wo) on stress

1
(Wo ™ ¢ %)

(c¢) Other dislocation-impurity interactions

Other types of impurity atom-dislocation
interactions have been suggested.

(1) Suzuki interaction5LL

In face centrcd cubic metals the dislocations
may be split into partial dislocations sepﬁrated by a
stacking fault, The difference in structure of the
stacking fault compared with the matrix, may mean that
the solubility of the impurity atoms in each is
different. Such a2 free encrgy difference may produce
an effective binding energy of the impurity atom

to the extended dislocation. -
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(2) Snoek ordering55

It has been suggested that the interstitial
carbon atoms in iron can occupy three types of position,
which differ according to the direction of tetragon-
ality caused by the interstitial atoms, Normally these
three positions are equivalent, but in the stress
field of a dislocation, a state of order in the dis-
tribution is crcated depending on which direction of
tetragonality complies best with the local stress
conditions., To move a dislocation, the order must be

removed, giving a higher yield stresse

(d) Unloading effects.

The Cottrell theory of impurity locking suggests
that unloading, followed by immediate rcloading, is a
reversible process. However interrupted tensile tests
vat low temperatures on aluminium and copper single56’57’58
crystals, havc shown that a small yicld point may be
obtained on reloading. Haasen and ?Kelly59 noted
yield points in.interrupted tensile tests on nickel
and aluminium and suggested that the effect is of
general occurrence in face centrcd cubic single crystals
at low temperatures (< 300°K). They suggested that
on unloading, sessile dislocations arc created by

dislocation interactions., The sessile dislocations

anchor thc relaxing dislocations and produce a yield
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point on rcloading. Later work by Makinso supporfed
this thcory.
61,62 found an unloading effect

63

Other workers
in alloy single crystals. Bolling suggested that

the effect is likecly to be of general occurrence,

(e¢) Work softening cffects,

Cottrell and StékesGu’65 found a work softening
effect in aluminium single crystals, A sharp yield
point was produced on straining at 3000K aftcr cold
working at 9OOC. Intermediate annecaling reducecd or
climinated the yield point drop. It was suggested that
the effect is due to a work softening effect. The
combined influence of stress and temperature produces
-an unlocking of the sessile dislocations at the head
of piled up groups (produced by cold working). The
piled up groups can then partly collapsc and many

dislocations are relecased for slip.

6.2 The flow stress and work-hardening of f.c.c.mectals

The stress strain curve of face centred cubic

single crystals can be divided into threce parts @

(a) Stage I - this is the casy glide region with
only one operative slip system.

(b) sStage IT - multiple slip occurs, the slope

do /de is practically indecpendent of the temperature

and impurity concentration.
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(c¢) Stage III - the slope dg/de is a function of

the temperature.

The present study has been mainly of the flow
stress of germanium in the casy glide region, isCe
corresponding to stage I of the stress-strain curve
in f.c.c. metals. Howcver a general review of the
currcnt theories of stages II and III in f.c.c. metals

is included for completeness,

The contributions to the flow strecss of a
metal may be ¢

(1) The Peierls force, i.c., the forcc to move
a dislocation in a perfect lattice. It is thought to
be small in f.c.c; metals, but large in b.c.c. metals

at low tomperatures,

(2) The clastic interaction betwcen parallel
dislocations producing an internal stress field given
by ¢

o] = ob GT{S P (6.3)

o —~ depends on nature
of dislocations,

G — shear moduluss
© ~ dislocation density.

(3) Impurity locking effects.

(4) Lattice obstacles such as precipitates or

forcst dislocations.
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The flow stress of a deformed metal increases
with the amount of strain, i.e. the metal work-hardens.
Taylor66 suggested that work-hardcning is due to the
elastic interaction of parallcl dislocations. Asg the
dislocation number increases, the internal stress duc
to elastic interactions also increases. Taylor cquated
the internal stress field to the applied shear stress
(o) and derived a parabolic equation :
c = constant &_ cienaan (6.4)
L
I, — distance moved
by each dis-
location.
Such a relation does not describe the obsecrved linearqux
stress~strain rclation in the easy glide and stage II?

rcgions.

67

Various workers, notably Seeger ', have shown
that a linear work-hardcning law can be obtained
using a model in which piled up groups of dislocations
act as sources of internal stress., As deformation
proceeds, the number of Cottrell-Lomer barriers (which
originate from the coalescence of two extended dis-
locations on intersccting slip planes) incrcases,
Tasy glide continues until each operative dislocation
source 1s completely surrounded by barriers. The

extent of the easy glide region depends largely on
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the orientation of the specimen.

Sceger suggested that during stage IT the mean
path length of successively released dislocations
dcereases, duc to the continuous formation of new
Cottrell-Lomer barriers, - The work-hardening is deter-
mined by the elastic interaction of parallel groups
of piled up dislocations. The constant rate of work-
hardening is assumecd to be duc to a constant number
of piled up dislocations per source,

Friedel68

‘ also assumed that the main source of
work~hardening in stage II is the obstruction of Cottrell-
Lomecr barriers, He assumed that the barriers are all
formed together at the beginning of stage IT and then
remain constant in number, with the number of dislocat-
ions per pile up increasing continuously. This theory
gives a large work-hardening coefficient, Friedel
reduces this to the order of the observced work-hardening
coefficient by considering the effect of the back
stregs of the dislocations on their own source.

Objections to Friedel's theory are :

(1) The inherent instability under stress
reversal of the dislocation distribution. -

(2) The observed inverse proportionality of

slip line length with strain,

In stage ITI the rate of work-hardening decrcases
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with increasing temperature, Thermal fluctuations
arc required to overcome :

(1) Cottrell-Lomer barriers by break through
or cross slip.

(2) Interscecting dislocations.

Seeger67 hags considered the theofy of thermally
activatcd dislocation motion., He considered that the
activation energy (U) depends on the net stress, i.c.
the applied stress (o) minug the internal strcss
field (g, ) duc to the clastic interaction of parallel
dislocations. |

U=TUo=V (0 =0C) eevunes (6.5)

Uo - energy to form a
jog or con-

striction.
V is the activation volume given by :
V = 1ybd (6.6)
1, - distance between

obstacles.

d - distance through
which work is
done in "eutting!
obstacles.

The rate of strain (e) is given by :

e = N A bm)o exp —Uo = V (0 - Ga) cenua (6.7)
kT

N — number of dis-
locations per
unit volume.
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Hence

c = OC\+UO"kT 1an‘.\.b'.Do/é IR RSN | (608)

-
A - arca swept out.

» - atomic frequency
factor.

Thus the flow stress is composcd of a temperature in-

dependent elastic term and o temperature dependent term,

When T > To where To = Uo/k 1n NAD :»O/é

(o] - OQ R EEEE R (6l9)

The electron microscope studieg of thin films
of mctals by various workers have indicated certain
objcections to the work-hardening theory of Seecger.

These objections are

(1) In single and polycrystalline metals, in
stages II and III, the most characteristic arrangemecnt
of dislocations is in thick tangled regions scparating
recgions comparatively frec from dislocations. Arrangé—
ments of dislocations on slip lines arc seen only in
metals of vecry low stacking fault cnergy (Cu + 7% Al
austenitic steel).

(2) piled up groups of dislocations arc
observed at grain boundarics in metals of low stacking
fault cnergy, but not in the body of the grain., There

is no cvidence of cottrell-Lomer locks long enough to
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anchor piled up groups,.
Bailey and Hirsch69 showed<that the flow stress

of copper and silver single crystals is given by :
0 = GJGb/l . % % 4 0 & u N ,(6010)

1 - distance between
dislocation in the
dense region.

Hirsch7o showed that wvacancy jogs can exert
a resistance to the movement of a screw dislocatiog.
The intersection of two screw dislocations pro&uceé a
jog, which is a pure edge dislocation. However, the
activation energy for the jog to move conservatively
along the screw dislocation, is greater than the
activation energy for non-conservative motion, Hence
the jog moves with the dislocation, creating a row of
vacancies and exerting a resistance to the movement,
The resistance is temperature independent, as due to
the restraint of the row of vacancies, temperature
fluctuations can only move the dislocation a single
atomic distance. A temperature dependence occurs only
when the vacancies can diffuse away from the dislocation.
Interstitial jogs move more casily, in a conservative
manner, along the dislocation and only affect the

dislocation motion at low temperature.

It was suggested that in stage I1 :

(1) Considerable secondary slip occurs.,
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(2) The dislocations move until the jog
density stops them. )

(3) The dislocation network, much of which
is produced by the secondary slip, is responsible for

a conslderable part of the flow stress,

Clearly the problems associated with the work-
hardening of f,c.c. metals are not yet resolved and
further work is required to test the validity of the

competing theories.

6.3 Plastic deformation of lithium fluoride,

Johnston and Gilman71’72’73’7u’75’have made a

comprehensive study of deformation mechanisms in lithium
fluoride single crystals., These studies are of interest
for the new ideas evolved, particularly as lithium
fluoride has a crystalline perfection approaching that

of germanium,

The movements of individual dislocations
(revealed as etch pits), were studied under various
stress pulses. Measurements of the distances moved
enabled the dislocation velocities to be calculated.
The dislocation velocities obtained ranged from 107/

to 107 cm/sec. The main results were

(1) There was a minimum stress for
dislocation motion.

(2) The dislocation velocity was very
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sensitive to the applied stress,
(3) At a given stress the edge components

moved faster than the screw components,

The stress and temperature dependence of the
dislocation velocity (v) from 25°C to -50°C is
given by

-E/XT
v d, Orn e IR E R (6.11)

where E ~ 0.7 €.V, o - applied stress.
m - a constant for a
given crystal, but
varies from 15 - 25
for crystals of
different hardness.
The multiplication of a glide dislocation,
as it moved'through the crystal, was a function of the
applied stress and the dislocation velocity. A glide
band formed which widened as deformation proceeded.
The dislocation density in the glide band reached a

saturation value which was not exceeded until the

specimen was covered by glide bands.

A mechanism for dislocation multiplication
was proposed, involving the formation of jogs on screw
dislocations by cross glide, The smaller jogs ﬁove
with the dislocation leaving behind point defects.
Jogs of intermediate size (3 ~ 300 b) are immobile
and remained connected to the moving dislocation by

pairs of closely spaced dislocations. These pairs
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require an appreciable stress to by pass one another
and form new loops. The multiplication rate increases
with stress because more pairs can be separated at
higher stresses, With very large jJjogs multiplication

follows continuously from cross glide,

The average dislocation density increased
linearly with the plastic strain. It was suggested
that the strain hardening 1s caused by the defects
that are left behind by the expanding dislocation loops.
The number of such defects is proportional to the area
swept out by the moving loops and therefore to the

plastic strain.

The yleld stress of lithlum fluoride was
influenced by :
(1) Impurities,
or (2) Clusters of vacancies, which providé resistance

to dislocation motion,

The yleld stress was not influenced at all by
the number or distribution of the grown-in dislocations,

which were not observed to move during the deformation.

The macroscopic plastic_properties of lithium
fluoride were also determined by bending tests at a
constant strain rate in a hard machine., The nature
of the deformation depended on the surface condition

of the specimen. The two limiting cases were :
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(1) Specimens with a polished surface gave

a large yield point.

(2) Specimens with surfaces containing large
numbers of defects and dislocations yielded at a lower

stress and gave only a small or no yield point,

It was suggested that the yield point is a
function of the number and velocity of the dislocationse:

The applied strain rate (&) is given by :

£ = be;; eas s (6012)

-

© - dislocation densityi;_

v -~ average dislocation
velocitye.,

b - Burgers vector,

Ags dislocation multiplication occurs;hﬁhe
dislocation velocity required to maintain the applied
straln rate decreases., The stress for dislocation
motion is a function of the dislocation velocity. Hence
the decrease in stress is accompanied by a decrease
in stress, giving a yield point. As the change in
velocity governs the size of the yield point, a
specimen with a high initial dislocation density gives

only a small yield point.

Stress strain curves were calculated from the
observed dependence of dislocation velocity on stress

and of dislocation density on strain, These were
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found to differ from the obscerved curves by an amount

attributable to work-hardening.

The importance of the lithium fluoride work
is in showing that the deformation characteristics of
crystals of high perfection can be understood simply

in terms of the number and vélocity of dislocations,
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II, EXTERTIMENTAL METHOD.,

7« Specimen preparation.

7.1 Growth of gecrmanium single crystals.

Germanium single crystals were suppliecd by
the Royal Radar Establishment. The crystals were
grown by the Czochralski technique; i.c. by the steady
withdrawal of a seced from a crucible of molten germanium,.
The orientation of the geed was such that the growth
axis of the crystal was along the direction at the
centrec of the unit stereographic triangle. (This
enabled a maximum number of specimens oriented for
single slip to be prepared from a single crystal). An
argon atmosphere was used to minimise oxygen contaminat-

ion. The usual dimensions of the crystals were

length ~ 5 cm.

diamcter ~ 2 - 3 CHa

Thrce types of germanium single crystal were
sunplied, as follows :

‘(l) 50 & —-cm, intrinsic.

(2) 5 ® —cm, doped with indium.

(3) 0.05 R —cm, doped with gallium,.
nowing the resistivity of germanium, an evaluation

of the elcctrically active impurity conccntration can

be made. The a.proximate correlation ig as follows:
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50 & em < 1011‘l atoms/cc impurity. .
5% em ~10%7 v "

0.05% em ~1O17 " i

The first crystals supplied had a grown-in
dislocation density of 1 x 10%em™2, An improvement in
the growth technicue reducced the grown-in dislocation

density of later crystals to 5 x 10 Zem™2,

742 Preparation of specimens from single crystals.

The following procedure was cemployed to prepare
tensilc specimens, oriented for single slip, from the
single crystals. Great care was nceded at all stages
of the preparation, due to the brittle nature of
germanium at room temperature.

(1) A back reflection Laue X-ray of the crystal
was taken. From the X~ray, a stereogram was plotted
to check that the growth axis of the crystal was oriented
along the direction at the centre of the unit sterco-
graphic triangle.

(2) The crystal was cut, with a diamond coated
slitting whecel, into 3 mm. wide slices parallecl to the
growth axis, i.c. the length of each slice was approx-
imatcely oriented along the direction at the centre of
the unit stereographic triangle,

(3) A back reflection Laue X-ray of each slice,

mounted on an aluminium pad, was taken, the stereo-
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gram plotted and the orientation of the slice accurate-
ly determined. The aluminium pad was then attached
(in an equivalent position to that on the specimen
holder) to the table of a wire saw, which could be
adjusted in a horizontal and vertical plane relative to
the cutting wire. The table wasg suitably adjusted and
a rcctangular section (26 mm x 10 mm x 3 mm) cut from
the slice, with the length oriented accurately along
the direcection at the centre of the unit steresographic

triangle.

[The details of the wire saw, shown in Fig. 5,
are as follows :

A continuous length of 0.005" tungsten wire is
wound around a grooved drum (A) with a single strand of
wire near the centre of the drum passing over the two
pulleys (B). The wheel is driven by a motor, which is
reversed by a switch about every 10 seconds. jhe
erystal (D) is mounted on the adjustable table (E) and
can be cut along most crystallographic planes by suitable
adjustment. Carborundum abrasive ig fed to the wire to
cut through the crystal, the specd of cutting being
controlled by the position of the weight (M) along the
pivoted rod (F).]

(4) The 3 mm dimension of the rectangular
section was reduccd by hand grinding until the section

Just fitted into a glit of width 2.7 mm, in a simple
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jig. The Jjig consists of a stainless steecl plate with
a slit along its centre. The plate, which is supported
by two bearings mounted on a steel base, can be rotated

through 3600 and locked in any position.

The section was secured in the slit with
resinous wax, with its two long cdges parallel to the
length of the plate. The jig was mounted on the magnetic
bage of a grinding machine, with the section normal to
the 4" diamond coated wheel., The plate was locked in
the horizontal plane and a portion removed from near
on¢ c¢nd of the specimen, forming a shoulder. Thep the
plate was rotated through 180°, locked, and a shoulder
formed in an ecouivalcnt position on the other side of
the scecction. This proccdurc was repcated to form two
shoulders at the othcr end of the section. Hence we
obtained an I shaped swnecimen., The usual dimensions
of the specimen were :

Total length - L4.0 om.

Gauge length (distance between
shoulder - 2.5 cm.

Cross sectional arca - 5 - 8 sq.mm,

The above procedure gave very uniform shoulders,

which were square to within 0.001".

(5) Thc specimen was cleaned in toluene

and then hand ground with successively finer
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carborundum powdecrs to give a smooth surface,
Particular attention was paid to the corncrs of the
shoulders, thesec were carefully radiused with carbor-

undum powder carried on a fine silica rod.

(6) A back rcflecction X-ray was taken, the
sterecogram plotted, and the orientation of the tension
axlis of the specimen accurately determined, Most of
the specimens had orientations within 2° of the direction

at the centre of the unit stercographic triangle.

(7) The ground specimen was chemically polished

for 2 minutes in CPL solution (30 c.c. HINO,, 15 c.c.. .

39

HF, 15 c.c. CH,COOH, 0.5 c.c. Br2)9 which produced &

3
bright, smooth surface,

7«3 Resistivity measureménts.

The resistivity of the tensile specimens, in
the ground condition, was determined using the 4 probe
technique76. The principle of the method is shown in
Fipg. 6.

Four colinear point contacts () are made on
a flat surface (8). The voltage (V) dcveloped between
the two inner contacts is measured when a current (I)
is passed through the sample via the outer contacts.

It can be shown that for a scmi-infinitec sample :

V o= Iﬁ 1 -+

— —

21 W

- 1 - 1
- - e e nae (7-1)
W+X X+Y

»1 ]
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where © is the resistivity of the sample. With uniform

spacing W =X =Y = 2 +this reduces to :

vo= I (7.2)
21U 27

The probe head used consists of four equally
spaced stecl needles, with each needle individually

sprung to accommodate any surface irregularitics,

The voltage betwcen the inner probes was measured
by means of a potentiometer, using a null deflection
method. A current (I), variable up to 1 m A, was passed
to the outer probes. This produced a current (I,)
between the two inner probes, the magnitude of which
could bec varied up to 1 m A by varying a séries resistor.
The potentiometer galvanometer deflection was reduced
to zero by adjusting a series of standard resistors to
obtain the balancing resistance R. The ratio of I,/I

was adjusted so as to give a large balancing resistance.

The balancing voltage V = I,R .... (7.3)

Hence resistivity D =V . 201 2 ... (7.4)

I
The resistivity was measured at various positions

along the specimen to determine the reproducibility.

The variation along a specimen was usually < 107.

7.4 Dislocation density measurements.

The dislocation density of a section from each

crystal was determined by microscopic etch pit counts
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on 111 planes., A back rcflection Laue X-ray of the
crystal was taken, and the crystal was sectioned on a
111 plane, using the adjustable wire saw. The cut

surface was then ground and etched with CD4 solution.

8 The tensilc machinc.

8.1 The general arrangement.

The hard beam tengile machine was designed
by Dr. R.L.Bell and constructed at the Royal Radar
Establishment. The basic arrangement of the machine

is shown in Fig. 7.

The machine is mounted on a solid base (A),
which is carried onvthree adjustable supports (B).
Three columns constitute the external frame members (Q)f
Two rods (D) pass from the cross head (2), through
plates (3) and (h) to the bottom plate (5). »Plates (3)
and (4) arc coupled together by two sleeves (F). The
three innermost rods (@) pass from plate 6 +to the bottom

plate 5.

The central pull rod (H) is in two scctions. ..
The top section is sccured at one end to the 200 1b.
beam (10" x 1" x 0.3L7") mounted on plate L, and at the
other end to the top of the tensile specimen. The
bottom section is secured at one end to the tensile
specimen, and the other end has a ball which mates with

a spherical socket in the bottom plate,
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A 6" diameter furnace (I) is symmetrically
placed around the pull rod. The counter weight (J)
is secured by three tension wires to the top of the
furnace.

The lead serew () (20 t.p.i. x 3/4" diameter)
is securcd to plates (1) and (3) and passes through a
threaded hole in the cross head., Back lash in the
lecad screw is prevented by 3 tension wires (E), which
are locded by weights situated in the columns (C).
The circular rod (L), supportcd by two bearings (i),
has a central worm which connects with the lecad screw
(X) through a toothed wheel. This rod (L) can be
rotated by hand or connected via a flexible coupling

and connceting rod to a motor.

Particular features of the machine are as
follows :

(a) Furnachb

A schematic arrangement of the furnace is
shown in Fig:. 8.

The pull rod (H) is centrally positioned within
a 1" diameter cuartz tube (?), which is threaded
(10 t.p.i.) and wound with 20 S.W.G. Kanthal wire
(total resistance = 102 ). The top and middle thirds
of the winding arc shunted with resistances to obtain
a uniform tempecrature gradient. A fixed resistance

(3@ ), selccted by trial experiments, is placed across
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the middle third of the winding.- The top third of the
winding is shunted with a variable resistance which
enables small adjustments to be made during the experi-
ments. The guartz tube is secured to the top plate of
the furnace by a molybdenum flange and hangs free in
the furnace.. Cooling water (U) from a constant head
tank passes around the outside of the furnace, and is
also circulated\through the top and bottom platcs of

the furnace and a small spiral around the pull rod.

The temperature of the furnace is determined
by two thermocouples (R) secured to the top and bottom
of the specimen., Argon gas, to prevent oxidation of the
specimen, is introduced into the furnace through a hole
(T) in the base plate. A small positive pressure is

maintained to counterbalance gas leakage from the furnace..

Grecat care was taken in the early experiments to
ensure a constant voltage across the furnace winding.
The furnace current was drawn from six 12 volt accumulat-
ors, which werc constantly charged at a current just
legs than the discharge current. This systom gave only
a small variation of voltage with time. Later tests
were generally performed at a faster strain rate,. For
these tests it was found that the a.c. mains supply,
stabiliscd with a voltage regulator, gave an adequately
stable voltage. The furnace input was controlled by

a variac and a serics rhcecostat, -
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(b) The extension of the specimen

Rotation of the rod (L) causes a rotation of
the worm, which connects through a toothed wheel to
the lead sérew (K). A clockwise rotation of the lead
screw moves the cross head (2) and the bottom plate (5)
downwards, whilc the plates 3 and L remain fixed in
position. The result is that the specimen extends and
the beam dcflects to accommodate the movement. The
deflection of the beam was calibrated in terms of the
applicd load by a dead loading technique (Sec Scction
9.1). Hencec measurements of the deflection of the

;beam enable the loads on the specimen to be determincd.

The rotation of the lead screw is measured by
a carriage calibrated in 360 divisions (Onc complecte

rotation of the lead screw gives a vertical movement

of 1/20")

(¢) The measurement of the beam deflection

The details of the deflection measurement are
shown in Fig.9. A hardened steel rhomb is cnclosed by
a plate (W) attached to the pull rod and a semicircular
scetion (X) attached to plate 4.  The semicircular
scetlon is carricd on a copper-beryllium support, the
position of which can be varied by an adjuster (Y).

As the beam is deflected, ™ moves past X causing a

rotation of the rhomb. A mirror, forming part of an
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optical lever system, is fixed to the end of the rhomb
and its rotation causes a deflection of a light spot on
a graduated scale. The optical lever system, which
gives a magnified beam deflection of about ¥00 : 1,

is shown in Fig. 10,

(d) Straining mechanism.

The rod (L) is connected, via a flexible coupling
and connecting rod, to the output shaft of a motor
driven gear box. The specd of the motor is maintained
congstant with time by a servo control mechanism, Five
motor spced settings arc available from LOO r.p.m. to
5300 r.p.m. Thec motor can be run in a clockwise or

anti-clockwise direction.

The schematic arrangement of the gear box is

as follows :

A) 1 5-=1: 100

Y]

20 t.p.i.

Motor — 1 : 2 B) 1 3: 1~ 1: 100 1 : 100 — lead screw.

LY

C)

Using different gear trains and motor speed settings,
the rate of motion of the eross head can be varied from

2.4 x 10*u "/min to 1.6%/min. The detalls arc as

follows : -
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Motor
Setting 1 2 3 L 5
e Gear
g'g train
8> 4 o.ux107H G.ogxio™H 1.2x1077 2.8x1077 3.2%x107°
85 B 1.2x1070 3.4x1070 5.9x1070 L.4x1072 1.6x107°
5a -1 -1 -1
oY C 1.2x107° 3.4x107 " 5.9x10 ~ 1.4 1.6
g

9. Ixperimental technigues.

9.1 Calibration of apparatus.

The magnified decflection of the beam for a given
load, was dctermined by dead loading of the pull rod.
The load was increased in increments of ~ L.7 kg. up to
a maximum of about 42 kg. The maximum load gave a de-
flcetion of about 33 cm. The deflecction of the beam was
dircectly proportional to the applisd load (Fig.li).“ A'

very small hysteresis loop was observed on unloading.

e deformation of a "dummy' molybdenum specimen,
at a constant strain rate, showed that the clastic
deflceetion increascd. linearly with the extension of the

speeimen,

9.2 Sccuring the specimen in the tensile machine,

Great care hes to be taken in sccuring the

specimen to the pull rod, due to the brittle nature of
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germanium at room temperature. The arrangement employ-
ed is shown in Fig.1l2. Two split molybdenum chucks

are used to secure the specimen to the two sections of
the pull rod. Each chuck has two rccesses, one to
receive the specimen shoulder and the other the flange
at the end of the pull rod. The halves of each chuck
are scecured together with molybdenum wire, Small holes
in the chucks allow the thermocouplcs to make contact

with the surfaccec of the specimen.

9.3 Experimental procedure.

The ¢ross sectional area of the specimen was
measured with a micrometer, +the variation of the cross
sectional area along the gauge length (distance
between shoulders) also being determined. The gauge
length was measured with 2 ruler (which gave suffic-
ient accuracy).

Then the specimen was sccured to the pull rod
and the thermocouples placed in position. The position
of the specimen in the furnace was adjusted until the
ball of the bottom section of the pull rod was nearly
touching the socket in the bottom plate. This en-
sured that correct alignment was maintained when the

load was applied.

Argon was passed into the furnace for 30

minutes to completely expel all the air. Cooling
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water was also allowed to circulate during this period.

Then the furnace current was increased gradually
until the reqguired temperature was attained. The
temperaturcs at the top and bottom of thc specimen werc
measurcd, The tcecmperature gradient along the specimen
was minimised by adjustment of the top shunt to about
100, after which the furnacc was allowed to equilibriate

for 15 minutes.

The specimen was then straincd at the selected
strain rate. The deflection of the light spot on the
graduated scale was noted for each 5 or 10 divisions
of the calibrated carriage, Temperature measurements
were made before, during and after the test to check

the uniformity of the conditions.

After the test, the specimen was unloaded by
hand anﬁ the furnace currcent switched off, %the specimen
cooling at about 70°C/minute to room temperature. The
surfacc of the specimen remained bright during the test
and the nature and distribution of the slip lines

could be examined,

From the results a granh of beam deflection
(load) versus carriage position (extension) was plottéd.
Reference to the calibration graph of beam deflection
versus load enabled the load (P) at any point on the

graph to be determincd. Hence knowing the cross
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sectional area (A), the tensile stress (Ot) at any
point could be determined

C, = "essenaean (9&1)

t

it

The resolved shear stresg7is given by

o = sin X cos \. ceaaae (9,2)

£
A
X - angle between slip plane

and tension axis.

A~ ~ angle between slip
dircetion and tension

axis.
These angles could be obtained from the stereogram of

the spceecimen and the resolved shear stress calculated.

The plastic elongation at any polnt was dc-
termined by counting the number of divisions from the
elastic region to the point. The number of divisions
(d) could be converted into the plastic specimen ex-—

tengsion from :

e = 4 / 7200" Ceeeanes (9.3)

Knowing the gauge length (I) the tensile
strain (at) was determined from

g = £ R Ry (9.4)

The glide strain (e) is given by

e =1 (4 a® - sin® Ay = cos M) a.... (9.5)
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XO -~ initial angle be-
tween slip plane

wherc D = L + ¢ : and tcension axis.
L A, - initinl angle be-

tween slip direct-
ion and tension axis.

The angles could be obtained from the stercogram of the

specimen and the glide strain calculated.

9.4 Dislocation density measurcments

The dislocation density of a specimen was
dctermined by microscopic etch pit counts on a 11l
plane intcrsecting the primary slip plane. The dis-
location density at various stages of deformation was
determined by stopping the straining, unloading and
sectioning specimens across the gauge length. At
least two specimens were scctioned at cach stage of

the deformation.

9.5 Annealing treatment.

Doformed'specimens were sealed in an
cvacuated quartz tube, to avoid contamination and
heated in a resistancce furnace. The anncaling temper-
ature was regulated to £ 5°C by a controller. A
rceorder was used to provide a check of the temperature
conditions during long time trecatments. The specimens
were heated slowly to the annealing temperaturc and

furnace coolcd (SOC/min) aftecr the anneal, The surface
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of the specimen was not affected by the annealing

and remained bright,
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ITI., EXSERIMENTAL, RESULTS,

10. Introduction.

The terminology used in the rcesults section

is defTined as follows

The tcrm yield point represents the fall in
stress from the upper yield point éo the lower yieldA
point,

The tcrm elastic limit represents the point on
the deflection (load) - carriage position (extension)

graph at which the extension ceases to be linear.

The post yield flow stress rcpresents the flow
stress in the easy glide region after the lower yileld

point,
The relaxed stress reprcesents the stress to

which the machine relaxcs on stopping the straining,

The experimental results arc divided into four
gections, as follows :

(11) The vield point »henomenon,

In this scetion there is a description of the
yield point observed on first loading, the effects of
unloading and rcloading after the lower yield point,
-and the conditions necessary to effect a return of the
yield point. The effécts of other factors on the yicld

point such as initial dislocation density, impurity
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strain rate, temperature, orientation, surface and

rate of cooling, are also described.

(12) The post yield flow stress.

This scction contains an account of the effects
of dislocation density, strain rate and temperature
on the post yield flow stress. The rclaxed stress

effects are also described.

(13) Work hardening in germanium.:

The preliminary observations made on stage I1

work-hardening are given in this scction,

(14) Experimental errors.

The final scection contains an assessment of

the various experimental errors,

11, The yield point phcnomenon.-

11l.1 The yield point on first loading,-

(2) The stress-strain curve.

Tensi®le specimens, oriented to a direction at
the centrc of the unit stereographic triangle, wecre
prepared from three types of germanium single crystals:

(1) 50R —cm intrinsic germanium (with an

eclectrically active impurity concentration
of < 10%H atoms/cc. )

(2) 5% —cm indium doped germanium (with an

clectrically active impurity concentration

of approximately 1010 atoms/cc. )
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(3) 0,05 @-cm gallium doped germanium
(with an electrically active impurity
concentration of approximately

17

107" atoms/cc.)

The specimens were straincd in tension at a
constant rate of 1 x ZLO—LLsec"1 at 560°C. Deformation
was characteriscd by a pronounced yicld point, the
stress falling by approximatcly LOY from the upper
to the lower yiecld point, A typical graph of the yield

point is shown in Figs. 13a and 13b.

The main featurcs of deformation observed in
13 tensile tests were

(1) The resolved shear stress at the clastic
limit varied from 1.1 to 2.0 kg/mmZ.

(2) The upper yield point occurred after ‘
approximately 0,2 glide strain. The resolved shear
stress at the upper yield point varied from 1,2 to
2,15 kg/mm>.

(3) The stress decreased from the upper yicld
point at a rate (do/de) of ~LOO gms/mm2 until about 1%
glide strain, and then more slowly (do/de ™ 200 gms/mmz)
to the lower yield point. (The maximum relaxation
rate of the machinec was about 650 gms/mmz).

(4) The lower yield point occurrcd after

approximately 2% glide strain. The resolved shear
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stress at the lower yield point varied between
0.95 — 1.10 kg/mm°.
(5) Basy glide continued at the lower yield

point stress until 4 - 87 glide strain.

The large variations in the clastic limit and
upper yield stress arc probably due to their sensitivity
to any small changes in experimental conditions., 1In
contrast, the reproducibility of the lower yield stress
suggests that it is a more fundamental property of

the material,

The effects of added impurity on the upper
and lower yield stresscs are shown in Table 3. We
found that the three types of crystal tested gave
similar yield points, The variation in the upper yiecld
~8tress between specimens of different resistivity was
no greater than the variation betwecn different specimens
of the same rcsistivity. The lower yield stress was
very reproducible for all three types of crystal. We
conclude that the addition.of small amounts of gallium
or indium to germanium does not affect the initial

yield point,

(b) Obscrvations of slip lines and dislocation

‘density during the tensile test.

The first slip lines were obgerved between the

elastic 1limit and the upper yield point. (These initial
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slip lincs completely traversed the specimen,making

it impossible to decide by direct observation whether
surface or internal sources werc the operative ones).
Atbthe upper yield point about 5 of the surface area,
usually near the shoulder of the specimen, was covered
with slip lines. As deformation proceeded, one or
more Luders bands (See Fig.llh) spread through the
specimen. After about 17 glide strain the surface was
completely covercd with slip lines. The number of
slip lines further increased until the lower yield
point and then remained constant during the easy glide
region.

S1ip occurred mainly on one {111} systew, at
an angle of approximately u50 to the tension axis,
during the yield point and easy glide region. Some
localised secondary slip ( at ~ 80° to the tension
axis) was also observed near the shoulders in about
LO¥ of the spccimen. This localised sccondary slip
did not significantly affect the nature of the easy
glide regione.

The dislocation density of the undeformed

3, =2

specimen was about 1 x 10-em “, with the dislocations
(as revealcd by etch pits) in a random arrangement.
At the upper yleld point, the dislocation density in
the slipped region was about 1 x 1O6cm—2, with the

dislocations situated along slip lines. After 1¥
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TABLE 3
Temperature - 560°C
Strain rate — 1 x 10 tsec™*
Resolved Resolved
Crystal Specimen shear stress shear strecss
number at U.YéP. at L.YéP.

(kg /mm”) (kg /mm”)

P.H. 90 (50 @ cm) 2 1.70 1.05
3 1.60 1.10

L 1.55 1,10

H.C. 11 (50 @ cm) 1 1.20 0.95
2 1.90 1.05

L 2.15 1.05

5 2.00 1.10

7 1.90 1.00

H.C. 12 (50 @ cm) 1 1.35 1.05
P.H. 91 (0.05 Qcm) L 1.20 1.00
5 1.40 1,05

H.C. 33 (5 Qcm) 1 1.65 1.10
6 2.05 1,10
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glide strain, when the specimen was complctely covered
with slip lines, the overall dislocation density was

.
about 3 x 10°em™2, The dislocation density increased

to about 7 x 1O6c:rn-'2 (Sce Fig.1l5) at the lower yield
point and then remained constant during the easy glide

region,

11.2 Unloading and reloading effects,

Interrupting the straining during the easy glide
region caused the stress to decrease exponentially with
time from the post yield flow stfess. After 5 minutes
the stress had rclaxed to about 60Y of the post yield
flow stress. (The effect is discussed in more detail

in Section 12,4).

On reloading the specimen from the rélaxed
stress, the stress incrcased to the post yield flow
stress beforc deformation continued, If the specimen
was complctely unloaded and then reloaded, deformation
again continued at the post yicld flow strcss. We
conclude that the effect of unloading and reloading is

completely reversible,

Unloading and reloading the specimen in the
elastic region d4id not affect the nature of the yleld
pointe.

a
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11,3 The return of the yield point.

(a) The effect of annealing.,

The deformed specimens were unloaded‘in the
cagsy glide region after the lower yield point.' They
were then anneaied in vacuum at various temperatures,
furnace cooled to room temperature.and rétested at
560°C. The cffects of annealing on the post yield

flow stress are shown in Tables L and 5 and Fig,16.

It was found that :

(1) Annealing the deformed specimens at 600°C
for 70 hours had no effect on the post yileld flow
stress on retesting at 560°C.

(2) Annealing the deformed specimens at temper-
atures higher than 600°C, produced a reduction in the
post yield flow stress on retesting at 560°C. The
reduction in the post yield flow stress increased as
the annealing temperature was raised; the maximum
reduction (of about %0¥) being obtained after an

anneal of 800°C for 70 hours.

There was no immediate work hardening on re-
testing the annealed specimens. Easy glide continued
at the reduced valuc of stress for 2 - 59 glide strain, -
(3) Annealing the deformed specimens at 900°¢
for 70 hours, produced a yicld point on retesting at

560°C. The size of the yicld point increased with the
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TABLE
Post yield Anncaling Flow stress after
flow stress :
anncaling
(kg/mm2) treatment 5
(kg/mm~)
1.05 70 hrs. at 600°C 1,05
1.05 70 hrs. at 700°C 0.85 — 0,95
1,05 70 hrs. at 800 -~
850°0¢ 0.70 = 0.75
TABLE 5
. Resolved shear Resolved shear .
Annealing stress at U,Y.F. stress at L.Y.P.
t 2 2
reatment (kg/mm ) (kg /mm )
70 hrs.at o
236 hrs. at
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time of anneal.‘ After an anneal at 9OOOC for 236 hours,
the maximum yield drop on rctesting at 56000, wa.s
approximately 20% of the upper yield stress. A
typical graph at the regained yield point is shown

in Fig.16.

The features of the regained yileld point were
similar to those observed during the initial yield
point :

(1) The stress deccreased from the upper yield
point at a "fast" rate until about 0.57 glide strain,
The stress then decreased more slowly to the lower
yield point (1% glide strain).

(2) Easy glide continuecd at the lower yield

stress for 2 - 5% glide strain.

The resolved shear stresses at the upper and
lower yield points of the regained yield point were
lower than those in the initial yield point. (See

Table 5).

(b) The variation of the dislocation density

during annealing and subsequent retesting..

The dislocation density of the deformed
specimens (See Fig.l1l5) was about 7 x 1O6cm"2. The
effects of annealing on the dislocatlion density of
the specimens werc

(1) Annealing the deformed specimens at 600°C
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did not affect the dislocation densitys

(2) Annealing the deformed specimens at
temperatures above 6OOOC, caused a reduction in dis-
location density. An anneal of 70 hours at 800°C
reduced the dislocation density to 5 x 10%cm™2, (See
Fig.17). The distribution of etch pits was more
random, with only a few straight lines of etch pits
along slip lines. Anneals at 900°C for 70 and 236
hours reduced the average dislocation density to 1 x 105

and 9 x 1OL*c:m—2 (See Fig.18), respectively; the distrib-

ution of etch pits being completely random,

The effects of retesting at 560°C on the dis—

location densities of the annealed specimens were :

(1) Por specimens annealed at 600 - 85000,
easy glide continued and the dislocation density
remained constant,

(2) For spccimens anncaled at 900°C, the
dislocation density increased during the regained
yield point to about 6 x 10%cm™2 at the lower yicld
point. The dislocation density then remained constant

during the easy glide region,.

When the anncaling treatment was sufficient
to reduce the dislocation density to about 1 x 1O5cm—2,
a yield point was regained, As the dislocation density

was further reduced, the sizc of the regained yield
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point incrcased. Therefore it scems probable that the
regained yield point is a function of the dislocation

density of the specimen.

The upper and lowcr yield stresses of the
regained yield point were lower than those of the
initial yicld point. However the dislocation density
in the undeformed state (1 x 1030m—2) was lower than
the minimum density obtained by annealing (9 x 1Oucm_2).
As the dislocation density of the annecaled specimen was
reduced to this minimum valuec, the upper and lower
yield stressces tended to increase. It secms likely
that, if thce dislocation density of the anncaled
specimen could be reduced to the same level as in the
undeformed state, the upper and lower yield stresses

would be compargble,

This was confirmed by testing an undeformed
specimen, with a dislocation density similar to that
of the annealed specimens. The specimen was prepared
from a section of crystal with a higher than usual
dislocation density (~ 3 x 10ucm Y. The deformation
characteristics of this specimen were gimilar to those
of the annealed spccimens. The rcsult is shown in
Table 6.

Annealing the undeformed specimens at high

temperatures did not affect the yield point observed
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TABLE 6

Temperature -560°C Strain rate -1 x 1O_usec_1

Resolved Resolved

Crystal Specimen Dlséggzgion shear  shear
number D Y stress at stress at
(em %) U.Y.P., L.Y.P.,
(xg/mm®)  (kg/mm®)
P H 90 (502 cm) 5 3 x 10* 0.90 0.70
TABLE

Temperature - 5600C Strain rate - 1 x 1Ousec_1

Resolved Resolved

Crystal Specimen Pgiiégi?iry shear shear
number +reatmen% stress at stress at
’ .U.Y.PZ L.Y.P2
(xg/mm®)  (kg/mm°)
H C 12 (50% cm) 2 70 hrs at -
800°C 1,80 1.10
3 1 hr at o
7007C 1.50 - 1.00
H C 33 (5% cm) 3 70 hrs at }
800°C 1.50 1.10
~Indium doped -5 1 hr at o
700°C 2,10 1.05
7 70 hrs at

900°C 2.50 1.10
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on first 1oadiﬁg. The undeformed specimens were

annealed in vacuum at various temperatures, furnace

cooled to room temperature and tested at 560°C. It

was found that the upper and lower yield stresses were
similar to those obtained with specimens which had not been

annealed. The results are shown in Table 7.

The annealing did not reduce the dislocation
density of the undeformed specimens, which remained

at ~ 1 x 1030m"2.

(c¢) The effect of added impurity on_ the

annealing of the deformed specimens.

The effects of increasing the impurity levels
in deformed and annealed specimens were determined.
The specimens were deliberately contaminated with
elements knowh to have a high diffusion coefficient
in germanium,

(1) The effect of nickel.

(a) A deformed specimen, with a dislocation
6

density of 7 x 10 cm_z, was completely nickel plated
and annealed at 700°C. for 1 hour. This treatment was
sufficient for the nickel to diffuse into the specimen,
but not to significantly affect the dislocation density.
Tﬁe specimen was then furnace cooled and the surfaces
ground and chemically polished. On retesting the

specimen at 560°C, the results were :

(1) No yield point was observed,
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(2) The post yileld flow stress (1.05 kg/mm?)

was not altered,

(b) The deformed specimen was again nickel
plated and then annealed at 800°C for 70 hours. This
treatment enabled the nickel to diffuse into the
specimen and also reduced the dislocation density. Again
the specimen was furnace cooled, ground and chemically
polished., On retesting the specimen at 560°C, the
results were

(1) No yield point was observed,

(2) The post yield flow stress was reduced

to 0.9 kg/mmz. This value of flow stress
was higher than that observed for nickel-
free specimens similarly annealed and
tested (0.70 - 0.75 kg/mmz).‘The increase
in flow stress may be due to solid solution

hardening of the lattice by the nickel,

(2) The effect of interstitial gas atoms

Similar experiments, ﬁnder the same temperature
and time conditions, were performed annealing the
specimen in

(a) air,

(b) forming gas (Nitrogen + 107 hydrogen).

In all cases, no yield point was observed on

retesting and the post yield flow stress was unchanged,



90
We conclude that increasing the impurity level
in the germanium does not effect a return of the yield
point on retesting. Even under annealing conditions,
when both the impurity atoms and the dislocations are

mobile, no effective locking of dislocations occurs.

11.4 Other factors influencing the yield point phenomenon.

(a) The dislocation density of the undeformed

specimen,

We have shown previously that a higher dis-
location density in the undeformed specimen resulted in
lower values of the upper and lower yleld stresses on
testing. It was also found that a reduction in the
initial dislocation density raised the upper and lower
yield stresses on testing. Specimens of dislocation
density 5 x 1020m_2 tested at 560009 at a strain rate of
1 x ILYiEQSi failed by brittle fracture before any
appreciable plastic flow occurred. The resolved shear

2

stress at fracture variecd between 2.2 - 2,4 kg/mm“.

The details are shown in Table 8.

To avoid brittle fracture the specimens had
to be deformed at a higher testing temperature. On
deformation at 620°C, at a strain rate of 1 x 1O'usec~1,
a yield point was observed. A typical yield point is
shown in Fig.19. The main features of the yield point

observed in 8 tensile tests were @
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TABLE 8

Temperature 560°C. Strain rate 1 x lO"LLs.ec:"'l

. Resolved
Crystal Spec%men shear stress
numoer at fracture
(kg/mm?)
H ¢ 101 (50« cm) 1 2.4
2 2.3
H C 102 (502 cm) 1 2.2
TABLE 9
Temperature 620°C. Strain rate 1 x lO"'LLs.ec"l
. Resolved Resolved
Crystal Specimen shear stress shear stress
(kg/mm=) (kg/mm?)
E C 101 (5 cm) 7 1.05 0.88
H C 102 (502cm) N 1.07 0.92
5 1.10 0.94
6 - 1.08 0.94
7 1.10 0.90
8 1.28 0.96
TABLE 10
Post yield Annealing Disglocation Post yield flow
flow stress treatment density af- stress after
(kg/mm<) . : ter agneal anneal
cm™<) (kg/mme) _
0.92 70 hrs at 700°C - ¢ 0.8
0.92-0.94 70 hrs at 800°C 1 x 10 0.73 «= 0,78

Resolved Resolved
stress = stress
at U, Y, FP.at L.Y.F

0.92 100 hrs at 900°C 0.72 0.69
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(1) The resolved shear stress at the clastic
limit varied bvetween 1.0 - 1,1 kg/hm .

(2) The upper yield point occurred after about
0.2% glide strain. The resolved shear stress at the
upper yield point varied from 1.1 to 1.2 kg/mmz.

(3) The stress decreased at a "fast" rate from
the upper yield point to about 0.5 # glide strain, and
then more slowly to the lower yield point.

(4) The lower yield point occurred after about 1¥
glide strain. The resolved shear stress at the lower
vield point varied from Q.88 -~ 0.95 kg/mm2~

(5) Easy glide continued at the lower yield point
stress until 3 - 6¥ glide strain.

Details of the upper and lower yield stresses
obtained are shown in Table 9,

Deformation occurred in a similar manncer to that
described previously for specimens with an initial
density of 107em™2, (The specimens with an initial dis-
location density of 103c:m—2 will be designated Type A
specimens and those with an initial density of 5 x 10‘,2czm"2
will be designated Type B specimens). The deformation
was heterogeneous, one or more Luders bands spreading
throughout the specimen., The dislocation density at
the lower yield point was 1 x 107em™2 and remained
constant during thé easy glide region: This value of
dislocation density was higher than the corresponding

density observed in Type A crystals.

Type B specimens exhibited similar unloading and
annealing effects to those of Type A specimens, The
details of the results are shown in Table 10. We
found that :

(1) Unloading in the easy glide region followed
by immediate reloading did not affect the post yield
flow stress,.
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(2) Annealing the deformed specimens at temper-
atures above 600009 gave a reduced post yield flow stress
on retesting at 620°C. There was no immediate work-
hardening and easy glide continued at the reduced value
of stress until 2 - 5% glide strain, The reduction in
flow stress on retesting at 620°C increased as the
annealing temperature was raised.

(3) The reduction in post yield flow stress was
assoclated with a reduction in dislocation density. The
dislocation density in the deformed condition was higher
than in Type A specimens and this resulted in longer
annealing times being required to reduce the dislocation
density to a given value,

(4) Annealing the deformed specimen at 900°C gave
sufficient reduction in dislocation density for a yield
point to be regained on retesting at 620°¢C,

(b) Strain rate.
The yield point was found to depend sensitively on

the applied strain rate; reducing the applied strain
rate reduced the upper and lower yield point stresses.

(a) Type A specimensg
A typical graph of the deformation of a Type A
-1 a2t 560°C,
is shown in Fig.20. The main features of the yiecld point

specimen at a strain rate of 2 x 10" %sec

observed in L tensile tests were :

(1) The resolved shear stress at the elastic limit
varied from 0,67 - 0.80 kg/mm?.

(2) The upper yield point occurred after 0.2
glide strain, The resolved shear stress at the upper
yield point varied from 0.72 - 0,86 kg/hmz.

(3) The stress decreased from the upper yield
point at a "fast" rate to about 1Y glide strain, and
then more slowly to the lower yield point,..
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(L) The low:r yield point occurred after about
2% glide strain. The resolved shear stress at the lower
yield point varied from 0,53 - 0.63 kg/mmz.

(5) Basy glide continucd at the lower yleld stress
until 4 ~ & glide strain.,

Details of the upper and lower yield point stresses
are shown in Table 11.

In Table 12 and Fig.20 the results are compared with
those obtained using a strain rate of 1 x 10 ¥sec L,
We found that reducing the strain rate by a factor of 5 :

(1) Reduced the resolved shear stresses at the
upper and lower yield point by a factor of ~2.

(2) Did not significantly alter the ¥ glide strain
at the upper and lower yield points.

(b) Type B. specimens

Similar effects were observed with Type B specimens
on varying the strain rate. The deformation character-
istics of specimens deformed at 650°C at different strain
rates are compered in Table 13 and Fig.2l,

For Type B crystals, a reduction of.-5 in applied
gtrain rate :

(1) Reduced considerably thc resolved shear stress
at the upper and lower yield point,

(2) Did not significantly alter the ¥ glide strain
at the upper and lower yield point.

(c) Temperature.

The yield point was found to depemd sensitively
on the testing temperature; increasing the testing
temperature reduced the upper and lower yileld stresscs.

The deformation characteristics of Type A specimens
tested at the same strain rate, but at different temper-
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TABLE 11
Crvstal Speai Resolved Resolved
rysta PeCIMCL hear stress shear stress
number at U, Y.T. at L,Y.T.
2
(kg/mm?) (kg/mm”)
pH 73 (0.05gcm) 1 0.83 0.55
pH 91 (0.052cm) 2 0.72 0.53
~gallium doped 3 0.78 0.63
pH 74 (50 @ cm) 2 0. 86 0.54
TABLE 12
Temperature = 560°C
Strain ratec 2 x 10—5sec_1 1x 10””860"1

Resolved shear stress
at elastic limit (kg/mm®) 0.67 - 0.80 1.1 — 2.4

U.Y.P. ~ % glide strain 0.2 0.2
resolved shear

- stress (kg/mm2) 0.72 — 0,86 1.2 - 2.5

Inflexion -~ % glide strain ~ 1.0 ~ 1.0

resolved shear

- stress (kg/mmz) 0.5% = 0.63 0,95 - 1.10
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TABLE

Temperature = 650°¢

Strain rate o x 1007 1 x 107t
sec™t seo_l
Resolved shear stress 0.57 0.93
at the elastic 1limit
U.Y.?, - % glide strain =~ 0.2 ~ 0.2
- resolved 0.62 1.03
shear stress (kg/mmz)
Inflexion ~ 0.5 * 0.5
-~ S glide strain
L.Y.D. ~ % glide strain =~ 1.0 ~ 1.0
— resolved 0.48 0. 80

shear stress (kg/mmz)
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atures, arc shown in Table 1h.

The ceffects of incrcasing the testing temperature

from 560°C to 650°C, at a constant strain rate were

(1) To rcduce thc resolved shear stresses at the
upper and lower yield points by a factor of about 2.
(2) To reduce the §° glide strain at the upper and

lower yield point,

The previous cxperiments on Type A spceimens,
enables a comparison between Type A and Type B specimens

to be made at a given temperature (650°C).
The results arc shown in Table 15 and Fig.22«

The Typc B specimen‘(with the lower initial dis-
location density) had higher upper and lower yield
stresses., Thc higher upper yiecld stress suggests that
the initial "grown in" dislocation density is important
in the nucleation of yielding. The higher lower yield
stress can be correlated With the larger dislocation

density obtained on deformation of Type B specimcns, .

(d) Orientation.

The deformation characteristics were found to
depend on the orientation of the specimen. The results
were

(1) Single slip oricntations.

The results obtalned on deformation.of specimens

oriented for single slip (i.c. the tension axis at the
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TABLE 1
Type A Specimens
Strain rate = 1 x 10 Psec™!
o) o}
Temperature 560°C 650°C
Resolved shear stress 1.1 - 2.1 0.60
at clastic limit (kg/mm2)
U.Y,P. = % glide strain =~ 0.2 ~ 0.2
shear stress
2
(kg/mm~)
Inflexion - % glide ~ 1.0 ~ 0.5
gtrain
I-!.YQP' - /t; glide Strain ~ 2.0 ~ l.o
- resolved 0.95 —~ 1.10 0..50

shear stress
2
(kg/mm®)
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TABLE 15

Temperature 650°C

(kg/mm?)

Strain rate 1x 10"L‘Lsec":L
Crystal type A B
. . . 3 2
Dislocation density 1 x 10 5 x 10
in the undeformed
state (cm_z)
.Resolved shear stress .
at elastic limit 0,60 0.93
2
(kg/mm~)
U.Y.?. - = glide strain =~ 0.2 ~ 0,2
- resolved
shear stress 0.64L 1.03
2
(kg/mm=)
Inflexion - & glide
strain ~ 0,5 ~ 0,5
I&.Y.?o - ;;glide S‘tI’ain ~ l.o ~ 1.0
- resolved shear
stress 0.50 0.80
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centre of the unit stereographic triangle) have been
described in detail, Deformation is charactcrised by
a large yicld point, followecd by an ecasy glide rcgion.

(2) Double slip oricntations.

The deformation of a Type A specimen, oriented
along a dircction near the 3111} - §100¢ voundary,
produced marked multiple slip. Intersccting slip
lines werc observed at 360 and 380 to the tension axis.
Some furthcr slip lines at 78O to the tension axis wcre
prescent near the shoulders of the specimen,

The specimen was deformed at 560°C at a strain

1

rate of 2 x 10 ”sec™ . A grapvh of the deformation is

shown in Fig.23. The deformation characteristics were:

(1) The rcsolved shear stress at the elastic
iimit was 0.80 kg/mmz.

(2) The upper yicld point occurred after 0.3
glide strain, The resolved shear stress at the upper
yield point was 0.85 kg/mmz.

(3) The stress decreased at a uniform rate from
the upper to the lowcr yield point, no inflexion being
observed,

(4) The lower yield point occurred after 17
glide straih.‘ The resolved shear stress at the lower
yield point was 0,78 kg/me.

(5) There WasS 1O casy glide region, work-hardening
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occurring after the lower yield point.

Comparing the rcsults with those obtained on

-single slip specimens, we find :

(1) The size of the yield point was smaller.
Th@ upper yield stress was of the same order, but the
lower yield stress was higher,
(2) The nature of the yield point was differcnt:
(a) No inflexion was observed.
{(b) The lower yield point occurred after
a smaller § glide strain,
(3) No éasy glide region was observed after the

lower yield point.

(3) < 111 > oricentations.

A Type A specimen of <1ll> orientation was de-

5sec_1. On

formed at 560°C, at a strain rate of 2 x 10~
vielding pronounced multiple slip was observed. A
graph of the deformation is shown in Fig.23. The

deformation characteristics were :

(1) No yield point was observed.

(2) The resolved shcar stress at the clastic
limit was 0.90 kg/me; After the elastic limit, the
specimen work-~hardened rapidly until fracture at a

resolved shecar stress of 2.4 kg/mm2 and L glide strain
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(e) Surface,
The deformation characteristics were not sensit-
ive to the surface condition of the specimen. Specimens

with different surface conditions were tested,as follows:

(1) With a chemically polished surface.

(2) With an oxidiscd surface,

(3) With a specimen which had becn ground, but
not chemically polished. The grinding caused consider-
able sufface damage and would be expected to increase

the dislocation density at the surface of the specimens.

The deformation characteristics of the oxidised
and ground specimens were similar to those of the

chemically polished spccimens, described previously.-

We conclude that the effect of surface is not

important in the deformation process

(£f) The effeet of the cooling rate from the

annealing temperaturc.

The cooling rate from the annealing temperature
was found to affect the deformation characteristics of
the anncaled specimens. The deformation characteristics
of anncaled specimens, Whiéh were furnace cooled (5°C/
min) to room tempcrature before retesting, have been
previously described. Annealing a Type A deformed
specimen at 85OOG for 70 hours, followed by furnace

cooling to room temperature, gave the following results
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on retesting at 560°C at 1 x 10_usec_l:

(1) No yield point was observed.
(2) The post yiecld flow stress was reduced to
0.70 - 0.75 kg/mm°.

Annealing a similar spcecimen under identical
conditions, followed by air cooling to room temperature,
gave the following results on retesting at 56000 at

1x lo_usec—l :

(1) A small yicld point was observed. The

2 at

resolved shear stress decreascd from 0.80 kg/mm
the upper yield point to 0.75 kg/mm2 at the lower
yield point., The lower yield point occurred after
0.87 glide strain. No inflexion in the stress-strain
curve occurred between the upper and lower yield point.
(2) There was an abscnce of a yield point on
unloading after the lower yiecld point followed by

immediate reloading. Easy glide continued at the post

vield flow stress of 0.75 kg/mm°.

The effect of cooling ratec was not investigated
further. The yield point observed may be due to the
locking of dislocations by point defects, formed by

the rapid cooling from a high temperature.”

12. The post yield flow stress.

The post yield flow stress is defined as the

flow stress in the easy glide region after the lower
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yield point. The effects of dislocation density,
strain rate and temperature on the post yield flow

stress were determined,

12,1 The effect of dislocation density.

The effects of dislocation density on the post
yield flow stress have been previously dcscribed
(see Section 11,3a,b). The post yicld flow stress
was very sensitive to the dislocation density of the

specimen. For a Type A specimen reducing the dislocat-

6 2 2

_ - 5 -
ion density from 7 x 10 cm to b x 10”cm reduced

2 %o 700

gms/mm2 , on testing at 560°C at 1 x 10 4s6c7L,

the post yield flow stress from 1050 gms/mm

-12.2 The effect of strain rate.

The variation of post yicld flow stress with
strain rate was detcrmined in the easy glide recgilon,
The post yield flow stress was determined for a given
strain rate and then for a second faster strain rate,
Then the specimen was retested at the first strain
ratc to check that work-hardening (giving an increase
in dislocation density) had not occurred. In this way
the variation of post yield flow stress with strain
rate was determined with a constant dislocation
density specimen,
~1

The strain rate was varied from L x 10"6sec

1

to 2 x 10 0sec™t at a constant given temperature,
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The variation was also determined at differcnt constant
temperatures, Specimens of different dislocation

density were uscd :

(1) Type A spscimens

(a) Deformed specimens (e = 7 X 1O6cm_2)
(b) Annealed specimens (@ = 5 x 1O5cm—2)

(2) Type B specimens

(a) Deformed specimens (@ = 1 x 107 em™2)

(p) Annealed specimens (? =1x 1O6cm—2)

The rcsults are shown in Table 16. We found that

(1) The post yield flow stress was sensitively
dependent on the applied strain rate. An ihcrease in
the strain rate of 500 increcased the ﬁost yield flow
stress by a factor of about 2. A plot of the post
yield flow stress against the logarithm of the strain
rate gave a reasonable straight line (sce Figs.2u,25),
except for some deviations at the highest strain rate.
(It should be noted that this plot gave only a slightly
better f£it than a log. — log. plot (sce Fig.26).

(2) At a constant temperature, the slope do/d 1og!5
was independent of the dislocation density of the
specimen (Figs. 2&,25).

(3) The slope do/d lo%LE decreased as the testing

tempcrature was increased. (Figs. 21, 25) .
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TABLE 16

Type A spcecimens

Temp.Disloc—

Flow stress at a given strain ratec (sec”l)

o,y ation — 3
("C) gensity b x 10° 2 x10™2 1 x107™% 2.4x107™% 2 %1070
(cm™2) e — . .
6 kg/mm kg/mm? kg/mm kg/mm kg/mm2
560 7 x 10 - 0.73 1.00 1.20 T
560 5 x 10° - 0.58 0.75 0,90 1.20
620 5 x 10° 0.37  0.L8 0.60 0.7% 1.00
670 5 x 10° 0.32 0.4l 0.5L 0.62 0.86
F - fractured
() Type B specimens
Temp.Disloc— Flow stress at a given strain rate (sec_l)
(OC) atiop
denfgty b %2070 2 x107° 1 x107% 2.ux107H 2 x1073
(cm”©). N
kg/mm2 kg/'mm2 kg/mm2 kg/mm2 kg/mm2
560 1x 10 0.80  1.01 1,22 1,42 P
560 1 x 10° 0.63 0.83 1.0L 1.20 1.60
620 1 x 10!  0.63  0.79 1.01 1,11 1.h0
620 1 x 10° 0.50 0.65 0.78 0.90 1.16
705 1 x 107  0.35  0.47 0,59 0.69  0.86
205 1 x 10°  0.29 0.39 0.51 0.60 0.78
775 1 x 10°  o0.21 0.29 0.36 0.l2 0,52
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12.3 The effecct of temperaturc,

The variation of post yicld flow stress with
tempcrature, at a constant strain rate, was dectermined
in the casy glide region. The post yield flow stress
was detcrmined at a given temperature and then for a
second, lower temperature. Then the specimen was re-
tested at the first temperaturc to check that work-
hardening (giving an increasc in dislocation density)
had not occurred. In this way, thc variation of post
yield flow stress with temperature was detcrmined with

a constant dislocation density.

The variation of post yield flow stress with
temperature was determined at various constant strain
rates, Thec temperature was varied from 78000 to the
temperature at which brittle fracture occurred for a

given strain rates

Specimens of different dislocation density were
tested:

(1) Type A specimens.

6 ~2)

(a) Deformed specimens (e =7 x 10 cm

]

(b) Anncaled specimens (? =5 x lO5cm"2)

(2) Type B specimens

(a) Deformed specimens (e =1x lO7cm~2)

(b) Anncaled specimens (e = 1 x 1060m~2)

The results are shown in Table 17. We found that ¢
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Table l7a

Type A specimens

The cxperiments on Type A
specimens were preliminary

ones, in which the temper-
ature was varied up to
670°C.
Strain rate = 1x10 ¥sec™t
€ =5 x10°cu % e = 7xlofcm‘2
T plow TP rioy
Co) flooe ) (shress
670 0.54 670 0.62
6L6 0.57 640 0.73
637 0.55~ 632 0.7 -
0.59 0.78
620 0. 60 615 0.84
590 0.70 585 C.91
570 0.74 570 0.98
560  0.75 - 560  1.00
0.77
543 0.83 50 @ 1.15
523 0.90 515 1.25
480  F 1.4 500 F 1.9
F — brittle fracture.
Table 17c
Type B specimens
Strain Brittle fracture
rate temperature (°¢)
(soc_l) €'=lx10§ﬁ??=lxld%fz
ux10“6 LLo L60
2x1077 L60 480
1x1074 190 510
2Jm10“” 510 530
2x107° 550 560

Table 17b
Type B specimcns
Strain rate = ux10-6sec-l
e::.lx106cm~2 e = 1x10 om ™2
tomp gynyt Temp pily
(°c) stress (°C) stress
| kg/mmz kg/mm2
775 0.21 775 0.24
752 0.23 756 0.25
732 0.26 724 0.29
715 0.28 716 0,35
705 0.29 705 0.35
696 0.30 686 0.39
690 0.32 674 0,43
654 0.41 658 0.118
620 0.46 - 652 0.49
- 0,50 ,
560 0.63 640 0.58
550 0.68 620 0.62 -
. 0.68
510 0.87 610 0.63 -
0.70
500 1,00 570 0.78
480 0. 9u ~ 560 0.80
10
LLo 1.2 520 0.98 -
400 F 1,65 490 1.10 -
' 1.30
F 1.75

LLO

I - brittle fracture.
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(1) The post yield flow stress decrcascd rapidly
with increasing temperature (see Figs. 27,28). A
plot of the logarithm of stress against the reciprocal
of the temperature gave a reasonable stralight line
(seec Fig. 29).

(2) The slope do/dT depended on the dislocation
density of the specimen. At any given temperaturc, the
slope do/dT of the deformed specimen was greater than
that of the annealed specimen (Figs. 27,28).

(3) The slope do/dT for a given dislocation
density specimen was independent of the applied strain
rate.

(L4) The ductile brittle transition temperature
increascd as the applied strain rate increased. (A
comprchensive survey of the ductile brittle effect
was not made., The absolute values of ductile brittle
transition temverature obtained are approximate and
apply only to the particular experimental conditions
uscd., However their importénce ig in showing the
large effect of strain rate on the ductile brittle

transition).

12,4 The relaxed stress.

Interrupting the straining during the casy
glide region caused the stress to relax with time to
a lower value, which became approximately constant

after 5 minutes. Typilcal experimental curves of
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deflection (load) versus time arc shown in Fig.30.
The effects of strain rate, dislocation density and
temperaturc on the relaxed stress were determineds

The results were

(1) At a constant temperature and dislocation
density, the relaxed stress was independent of the
post yield flow stress; i.c. the stress always
relaxed to the same value rcecgardless of the initial
applied strain rate. Typical results are shown in
Table 18 and Fig. 32.

(2) The relaxed stress was a function of the
dislocation density of the specimen. An anncaled
spceimen always rclaxed to a lower stress than a
deformed spccimen. Typical results are shown in
Table 19 and Fig. 31.

(3) The relaxed stress decreascd as the
temperature was incrcased. Typical results are shown
in Table 20 and Fig. 31,

(4) The relaxed stress could be correlated
with the initial departure fram the elastic region on

straining. (Fig.31).

13. Work-hardening.

A comprchensive study of work-hardening was
not made. However some preliminary observations were

made on the effects of strain rate, temperature and
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TABLE 18
Strain Post c
Crystal Temp. rate ygeld flOﬁRelaxed
type o . stress
( C) (SGC_l) stro%s o
(kg/mm<) (kg/mm<)
HB t
(1x10%c72 620 1x 1074 0.78 0.26
620 b x10® 0,50  0.26
TABLE 1
Crystal Dislocat- Strain Temp. Yggig Relaxcd
type ion rate o)
Density (secnl) ("¢ flogtress stresz
(em™2) (xg/mn®)  (kg/mn”)
A 7x10% 1x 1% 560 1.05 0.70
A 5% 10° 1x10% 560 0.75 0.37
= ..
B 1x 107 4 =x10 620 0.63 0.5
‘ -6 .
B 1x 106 L x 10 620 0450 0.26

TABLE 20 (Type "B" specimens)

Temps. Relaxed stress (kg/mmz)

(°0) Annealed Deformed )
(e=1x 10%m°) (p=1x 10&n°)

620 0.26 0.54L

650 0.2L -

690 0.22 -

705 0.21 0.26

775 0.17 0.22
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orientation on stage II of the strcss strain curve.

For a spccimen oriented initially for single
slip, the start of work-hardening was correlated with
the appearance of pronounced secondary slip. As
secondary slip continued, the»spocimen work-hardecned.
The stress always incrcascd lincarly with the strain
during stage II of work-hardening., The work-hardening

cocfficient (do/de) depended on

(1) The applied strain rate.

The work hardening cocfficicnt (do/de) incrcased
with an increase in strain rate. The values are shown

in Table 21,

(2) The temperaturec.

Increasing the testing temperature reduced
the work-hardening coefficient. The values arc shown

in Table 22,

(3) The orientation of the specimen.

The work-hardening coefficicnt was very sensitive
to the orientation of the spccimen. The results are

shown in Table 23 and Fig. 23.

Stage IT was followed by a small region in which
the variation of stress with strain became parabelic
(stage III). Stage IIT was followed by the fracture
of the specimen. No stage III was observed for

speecimens of <111> orientation, for which the variation
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TABLE 21
Straiflrate ox10~D 1x10~H
(scc ™)
Stage 11
do /de 20 — 30 55 - 60
2
(gms/mm” §F € )
TABLE 22
Temgorature 560 650
(e
State II
do/de 55 - 60 4O - 45
(gm/mm® 7€)
TABRLE 23
Initial Stage I1
Orientation do/de

(gms/mm2 g )

Centre of unit
triangle - 20 - 30

single slip

Near £100% - 1111}
boundary -~ 80
double slip

< 111 >
- multiple slip

350

Temperature
560°C.

Strain rate

1 x 10—usec—l

Temperature
560°C.

Strain rate

2 x 10—5860_1
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of stress with strain remained linear until the final
fracture.
These prelimihary results suggest that the nature

of work-hardening is not the same as. in metal crystals.

1h. Experimental errors.

14.1 Resolved shear stress.

The resolved shear stress (o) is detormined

from the equation

O =P 8inX €oS N ceavaen (9.2)
A
" — applicd load.
A - cross-scctional arca.

X — angle between slip plane
and tension axis.

A — angle betwcen slip direct-
ion and tension axis,

The calculation of the resolved shear stress involved
measurements of @

(a) The applied load,

The calibratecd scale, on vihich the magnified
deflection of the beam was mcasured, could be read to
the nearest 0.5 mm. As the total deflection varied from
5 - 25 cm., the maximum error in measuring the deflect-
ion was about O.L - 2.0 <.,

The observed deflection (cm) was converted into
the applied load (kg) using the calibration graph, The

error involvced in the determination, plotting and
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reading of the calibration graph was probably small
( <17).
Hence the maximum error in the mecasurement of

the applied load was probably sbout 3 .

(b) Thc cross sectional area.

The specimens had a regular, almost square cross
section which was mcasured with a micrometer. The
maximum variation, along the length of the specimen,
in each of the two measured dimensions was about 0,05 mm.
The overall dimensions of the ceross section were about
0.25 cm x 0.25 cm. Hence the maximum crror was about
27'in a particular dimension, and about LY in the cross

~sScctional area.

(c) The orientation factor.

The anglecs X and A could be mcasured to the
nearcst %O from the stereogram plotted from a Laue back
reflection X-ray of the specimen. Measurement of the
angles betwecn the slip lines and the tension axis on
two adjacent faccs of the specimen provided a check

of these wvalues,

The angles X and A werc approximately 15°.
A typical measurement was
X = 13°

A

1
&=
&=

o}
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Hence the meximum error in sin X cos A was
small ( 177 ).
We conclude that the maximum error in the

resolvcd shear stress was about 8,

1.2 Glide strain.

The tensile strain ( at) is given by ¢
E_t = (S aa s 8 e v (9‘L")

e - extension.
L - original length.

The glide strain is given by :

£ = 1 ( /d2 -_ Sln27‘\o - COS 7\-0) R (9‘5)
Sin XO

with @ =L 4+ e XO - the initial angle
L between the slip plane
and tension axis,

ko — the initial angle

between the slip dir-
ection and tension axis.

The calculation of glide strain involved measurec-
ments of

(a) Extension.

During the tensile experiments the deflection
of the bcam was measured as a function of the carriage
position, which could be read to the nearcst ¥ division

(1 division corrcsponds to 3.5 x 10" 3mm extension).
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A graph was plotted of deflection versus carriage
position, from which the plastic extension at various
points was determined. The error involved in the
determination of a particular extension depcnded
largely on the amount of the extension. The error in-
volved in determination of the upper yield point extension
was large, whereas that in the lower yield point extension
was much smaller,
At the upper yield point

Total plastic extension =~ 10 divisions

i.e. maximum error in reading

carriage position ~ 10 Yaa

At the lower yield point

60 divisions

H

Total plastic extension
i,e, maximum error in reading

carriage position - 2%

The error in plotting and reading the deflection -

carriage position graph was probably small ( <17).

(v) Initial length.

The initial length measured was the distance
betwecen the shoulders of the specimen. This distance,
of about 2.5 cm, was measurcd with a ruler, which
could be read to 0.5 mm, Hence the maximum error

involved in the measurement was about LS.
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(¢) The orientation factor.

The angles XO and ho could be measured to the
ncarest 1° ( X, and A werc about 45°)., Hence the
maximum crror in the orientation factor in equation

(9.5) was small (L17).

e conclude that the maximum error in the glide
strain varicd from about 165 at the upper yield point

to about & at thc lower yield point.

lu.j Strain rate,

The strain rate (é) is given Dby :

Coeaaae (14.1)

Mo
1}
=

# - rate of motion of
cross head.

1l - length of specimen,
The calculation of the strain rate involved measuré—
ments of ¢

(a) The cross head motion,.

The rate of motiqn of the cross head was deter—
mined by measuring the output specd fram the gear box,
the time for a given number of revolutions of the output
shaft being determined. The error involved in measuring

the output specd was negligible,

(b) The specimen length.

The error involved in measuring the specimen

(discussed previously) was sbout LY. As the specimen
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extends, the strain rate decreases due to the increase
in length. This effect was neglected in the calculat-
ion of strain rate and would give a maximum error of
about 5.
We conclude that the maximum error in the cal-

culation of strain rate was about 97.

1h.Y4 Dislocation density.

The dislocation density was determined by micro-
scopic etch pit counts on a {1113 plane,_assuming a
1 : 1 correlation between etch plts and diélocations.
The number of etch pits in about 20 fields was counted
and the average etch pit number derived. The area of

the field was accurately measured with a graticulc.

The following errors were involved in the

determination of dislocation density

(a) The error involved in counting the etch
pits was small (27).
| (b) The density of etch pits, at "low" dislocat-
ion densities (< 5 x 105cm_2) was not very uniform,,
The etch pit number could vary by a factor of 2 in
different fields. By counting about 20 fields the
error due to fhe scatter in number was reduced. The
average number derived had a probable error of about
107, At higher densities the distribution of etch

pits was more uniform and the error smaller,
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(¢) No allowance was made for the angle between
the slip plane and the etch plane, which gives an

error in the arca of about 67,

We conclude that the maximum error in the

dislocation density measurements was about 18%.
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Iv., DISCUSSION OF RESULTS.

15, Introductidn..

The discussion of the results is presented in

three sections, as follows @

(16) The post yield flow strcess. .

In this section a physical model of the post
yield flow stress is developed from the experimental
results.

(17) The yield point phenomcnon,

An cxplanation of the yield point phenomenon
is suggested in this scction. A short discussion of

the nature of the dislocation sources is 2lso included,.

(18) Other results..

Finally the rclevance of recently published

work is considered.

16, Thc post yield flow stress.

16.1 Selection of basic model. .

From the experimental results we derived
empirical rclations between strain rate, temperature
and the post yicld flow stress. We found that a plot
of the flow stress versus the logarithm bf the strain
rate gave a slightly better fit than a logarithm -
logarithm plot. For this reason Secger's equation of

flow stress, rathcr than those of Haasen and Gilmen,
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is used as a basis from which to exzamine the cxperimental
results, In this model, derived for thermally activated
dislocation motion (see Review of Literature), flow

stress may be expressced as

e} = OG + UO + XT 1n € (16.1)

T 7
V ! Eo

OG ~ internal stress ficld

V — activation volume,
€ — strain rate,
Eo ~ constant,

16,2 Effect of strain rate,

Sccger's model requires a logarithmic strain
rote (€) dependence of Fflow stress (o). This dependence
was observed cxperimentally, a plot of O versus 1n £
giving 2 straight line (with somc minor devintions at

the highest strain rate).

From cquation (16.1), at a given tcmperature,

the slope d0/d In € is given by @

a kT
*u— — *aecaas (16.2)
d 1In € v

Hence from the slops, a value of the activation

volume (V) at a given temperaturc can be derived,

From the experimental results, we find :
(1) The slope do/d 1n & varies with the testing

temperature, the slope inercasing with decreasing
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temperature. We conclude that the activation volume
is not constant, but varies with the testing temperat-
ure. The activation volume increasces with increasing

temperature.

- In Sceger's model the activation volume, (which
is indepcndent of temperature) depends on the distance
1 between "obstoacles" along 2 dislocation. The activat-

ion volume is given by :

VvV = 1%ba (16.3)

- 2
1® d - distance through

which work is done
in cutting obstacle.

In germanium the obstacles are likely to be
the "dragging points" (probably dangling bonds) along
a dislocation. Hence the increase in activation volume
with incrcasing temperature reflects a similar increase
in the distance (1) betwecn dragging points along a
dislocation.

From the results on Type B specimens we can
cnleulate the activation volume (V) and distance (1)
between dragging points along a dislocation at various
temperaturcs. The calculations are shown in Table 22.
As the tests were all rcversible, the change in the
Gistance (1) between drngging points with temperature

must occur almost instantancously.
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TABLE 22
T 1/T m=de/dlnkE KT V = kT 1
(°x) (OKul) (dynes/cﬁﬁ (dynec cm) (cm3) m (cm)
1046 0,955 5.2x10°  1.Lux10%0 2,8x16°0 1.1x107°
996 1.0 6.1x10°  1.%7%15%3 2.2x10%° 8.8x107°
978 1.02  6.7x10°  1.35x16%3 1.7x16%° 6.8x107°
893 1.12 11.2x100  1.2%3x10%3 1,1x16%° 4.ux107°
6 =13 o, =20 -6

839 1.19 13.9x10°  1.16x10°° 0.83x10 3. 3x10
795 1.26 22.6x10°  1.09x15%3 0.5x16%° 2.0x107°

Knowing the activation volume (V) and distance

(1) between the dragging points at various temperatures,

we can derive an ceguation reprecsenting the thermal

equilibrium of the dragging points. A plot of In V

versus 1/p gives a good straight line (Fig.32). Hence

we conclude that the thermal equilibrium of the

dragging points

v

or

with ¢, ¢

= € CXp
— t

= ¢ eXp
congtants.

We can derive the

the thermal cquilibrium

The slope is ¢

is represented by @

—I%

KT Cenaeae (16.4)
= :
KT Cereaen (16.5)

activation encrgy B controlling

from the slope of thc graph.
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da In Vv _ -

mw
- -:i LI I B B (16.6)

a 1/t K

From which E = 0.L4 e.v.
~0. bl cov.

i.ee V = ¢ cxp kT
0Ll e.,v.

1 = c¢' exp kT

(2) The slopc do/d 1n € at o given temperaturc
is independent of the dislccation density of the
specimen, Hence the activation volume is independent
of the dislocation density of thc specimcen. Thercfore
dislocations in the deformed and annealed gpecimens,
at a given temperaturc, have the same distance (1)
between dragging points. This indicates that the
fundamental naturc of a dislocation is not irrcversibly

altered by high temperature annealing,.

Thereforc the strain rate results enable us to
make two important deducticns as to the nature of

the dislocations

(1) The distancc between dragging points along
a dislocation changes reversibly with changes 1in
temperature.

(2) High tempcrature annealing does not
irrecversibly alter the fundamental naturc of a disloc—

ation,
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16,3 BEffect of temperature.

From eqguation (16.1), at a constant strain rate,

the slope dc/dT is given by

g'g' = l_{ 1n ";2' (16':7)
ar v g

From the experimental results-we find that the
slope do/dT is not linear (Figs.27,28). This is
consistent with the idecas discussed in the previous
section. If the activation volume remained constant,
then the slope dac/dT would be linear, Hence the
observed result, that the slope is not lincar, confirms
the previous conclusion that the activation volume

is temperature dependent.

By measuring the tangents at various points on

the ¢ versus T curve, we can derive values of

kin g
v o

These valucs are rcguired in the calculation of

the rate determining activation energy'Uo.

16,4 Bffect of dislocation density.

A model of flow stress for germanium must
explain the reduction in flow stress on retesting,
after high temperature annealing., It seems probable
that the reduction in flow stress is associated with
the reduction in the number of the dislocations. A

reduction in dislocation density gives a reduction in
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the internal stress field (GG) due to the elastic
interaction of parallcl dislocations. Thc internal

stress ficld (GG) is given by :

(9] = oD G'Jg @4 aeaaas (1608)

o - depends on nature and
distribution of disloc-
ations.

b - Burgers vector.

G - shear modulus.

e - dislocation density.

Hence we must determine if thc intcrnal stress
field provides an appreciable contribution to the flow
stress, and its magnitude in dcformed and annealed
speceimens, Previous experiments indiente that the
clastic stress fields around dislocations in germanium
and silicon arce cxtensive, and likely to give rise to
an appreciable clastic interaction with parallel dis~

locations. Infra red?g

photographs through silicon
havc shown that the stress field extends for about
20 microns from the centre of the dislocation.

79,80,81 on dislocation doublets in low

Observations
angle grain boundaries in germanium have shown that
the minimum separation of the two dislocations is
about 10 microns.

A reduction in dislocation dcnsity (?) also

gives a positive stress increment (on) due to the
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dislocations having to move at a higher velocity (v)

to maintain the applied strain ratec (5).

Hence the change in the obscrved flow stress
(Ac) on retesting aftecr high temperature anncaling

is given by @

ho = Ao, + Ao Cetecnanna (16.9)

The magnitude of the increment in strcss (on)
required to accommodatc the change in the velocity of

the dislocations can be dectermined in two ways

(1) From the strain rate rcsults.
The strain rate (e) is given by

E = be ¥V ceieen. (6.12)
v - average dislocation
veclocity.

We have derived cxpcrimentally that

6 = B 1n £ B - constant.
Then, as € « ¥
O = B 1ln v

BA 1n

<

or L\OV CEE R A B AR ) (16',10)

Hence knowing thc change in dislocation density we

can determine Ac - from eguation (6.12) and (16.10).

(2) From the tcemperature results.

We have
0 = OG + U + KT 1n

=2 —

v v

ceeeen (16.1)

(r)cl Mo
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Clece Ac = AOG + A< Uo + kT 1n

(Y)al Me
N’

v v

|

o

honce on = A( UO + EE in E >
v v &
o)
We also know that

(1) The activation volumc (V) is the same in the

deformcd and annealcd condition.

(2) At 2 constont strain rate, dd =k 1n &
aT v €5
Honece we can cxpress on as
AOv=TdO v .
m—— LIEC N B I I I ) (16.11)
ar

We can then derive on at any temperature by measuring
the tangents to the graphs of stress versus temperature
obtained for the dcformed and annealed specimens. This
method is not very sensltive as 1t is difficult to

make accurate mcasurements of the tangents,

The magnitude of the internal stress field (04)

can also bc detecrmined in two ways

(1) From the relaxed stress

The rclaxcd stress obscrved experimentally may
provide a measurc of the internal stress field (OG)
of the specimen., The characteristics of the relaxcd

stress arec
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(1) The stress relaxes to approximately the same
value for a given spccimen regardless of the initial
strain rate.

(2) An annealed specimen with lower dislocation
density always relaxes to a lower stress than a de-—
formed spcecimen.

(3) The rclaxed stress can be correlated with

the observed elastic limit of the spccimen,

It secms likely that the rclaxed stress would be
the flow stress at an infinitely small strain rate;
i.2. being the stress to overcome the internal stress

ficld (cG).

(2) From Ac and Ao

Knowing values of Ao andAQV we can derive AGG
from equation (16.9). The internal stress field (OG)

is given by

OG- e ASE‘ ..-.-.nin‘(l6.]-j2)
A - constant,

iecCe Ao

1l

e =AbdSe

Hence knowing AGG, we can calculate A. Then we can
detecrmine the value of the internal stress field at

any given dislocation density by using equation (16.12).

Substituting expcrimental values in the various

equations, we find
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For Type B specimens in the deformecd and annealed
6

conditions at 620°C, & = L4 x 10~ sec_l, we have

2

From (1) Ac, 240 gms/mm

I

(2) Ac, ~ 300 gms/mm2

and for the deformed specimen ( @ = 1 x 107cm“2)

oy deformed = 540 gms/'mm2

for thc annealed specimen ( p = 1 x lO6cm“2)

2
9@ annealcd 170 gms/mm

The obscrved values of the rclaxed stress (G.)

at this temperaturc (620°C) were :

2
% deformea = MO gs /mm

2
O annenleqa = 260 gms/mm

The agreement of the calculated valucs of Oq
and the relaxed stress (0,) is rcasonable, as © is
difficult to detcrmine experimentally. Any temperature
fluctuations make difficult long time tests required to

test that Cn has become constant.

We conclude that :

(1) The internal stress ficld (Oé) constitutes
an important fraction of the obscrved flow stress.

(2) The internal stress field of an annealed
Specimen is much smallcr than that of a deformed specimen. .
The reduction in internai stress field, due to the

reduction in dislocation density produced by high
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temperature annealing, is larger than the positive
stress increment due to the dislocations having to
move at a higher velocity to maintain thc applied
strain rate. The net cffect is a reduction in the

observed flow stress on retesting.

16.5 The variation of the intornal stress ficld (OG)

with temperature,

The internal stress ficld (OG) is given by
GG’ = q’b G'\)-‘é easea (1608)
o - decpends on nature
and distribution of
dislocations.

b - Burgcrs vector.
G - shecar modulus.
e - dislocation density.

In metals, the internal stress ficld has only a
small variation with temperature, due to small changecs
in the elastic constants. However in germanium the
variation of the internal stress field with temperaturc
is large. Both the observed relaxcd stress and the
calculated values of O,, decrecascd markedly with

G
increasing temperature,

We have, at 773°C (2) From
For a deformed specimen (1) From o, calculation

~(G,.—:,l;;;l.o,?cm"a) -0 220gms/mm2 ZZOgm/mmz

1

- deformed,.
For an annealed specimen

(o= 1x10°cm™2)

-0 = 17Ogms/'mm2 BOgm/mm2

G annealed
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Comparing these values of with those obtained at

)
G
620°C, we find that gy hos decroased by about 605

in ~ 150°¢C.

The large variation of the internal stress field

can be due to

(1) Yossible experimental errors.

For the calculated OG to remain nearly constant ©
with temperature, thc decrease of do/d 1ln ¢ with increas-
ing temperature would have to be offsct by a divergence
of the stress-temperature graphs of the deformed and
anncaled specimens towards higher temperatures. In fact,
a convergence of the stress-temperature graﬁhé is
.observed., . The convergence of the graphs may be explained
by the annealing out of some of the dislocations in the
deformed specimens at the higher temperatures, or by
an increase. in thc number of dislocations in the annealed
specimens. However cycling the tests between various
temperatures gave reproducible values of flow stress and

gives confidence that such effects are negligible.

Moreover the steady decrease of the relaxed stress
with temperature gives a direct check as to the validity

of the calculated values of GG.

(2) Changes in shear modulus (G)

No measurcments of the appropriate shear modulus

have becen made in the range of temperature used.:
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However, studics of the variation of Young's Modulus
(E) with tcemperature indicate that the change in
elastic constant is small (~ 100 over 900°¢), although
certaln anomalies giving a large change in E have béen
82

obscrved “. It secems unlikely that any large change

in the shear modulus does occur.

(3) Changes in the nature and distribution of

the dislocations.

The term or in equation (16.8) depends on the
nature and distribution of the dislocations.

(a) The nature of the dislocations.

In metals, the tcrm o asscociatcd with a screcw
dislocation is several times larger than o associated
with an edge dislocation. We have shown that the
nature of dislocations in germanium varies with
temperature. The number of dragging points along a
dislocation changes reversibly with temperature, the
thermal equilibrium of the dragging points being

given by :

"'Ol LL CeVa

— LI
1l = ¢! ¢ o

where 1 is the distance between dragging points,

Each dragging point may have an associated
elastic distortion. Then the intcgral of the in-
dividual dragging point elastic distortions along
the whole dislocation, would contribute to the stress

field around the dislocation. Hence any change in
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the number of dragging points might affcet the stress
field around a dislocatibn and alter the clastic inter-

action between parallcl dislocations.

A test of this hypothesis is to determine the
relation between and the number of dragging points (n)
along a dislocation.« We can derive values of AOG
and A (= &b @) at various tomperaturcs. Then as G, b
are practically constant

o o A
The number of dragging points (n) is inversely pro-
portional to the activation volume (V). Hence a plot
of A versus 1/V will give the relation betwcen & and n.

The values of A and 1/V arc shown in Table 23.

TABLE 2%
T Ao, Aoy , Aoy , & Vs 1/¥5
(%) gms/mm® gms/mm“ gms/mm“ gms/mm  (em”) (em )
\ " _ 20
773 30 120 150 0.75x102 2,8x10°0 0.36x10
_ —20 20
703 50 140 190 0.95x10°2 2.2x10  0.L6x10
705 60 180 o0 1.2x1072 1.7x165°° 0.59x18°
- _ 20
620 130 21,0 370 1.9x1072 1,1x10°° 0.91x10
566 150 320 L70 2.3x1072 0.83x15°° 1.21x16°
520 200 520 720 3.6x10‘2 0.56x1620 2.0x1020

From the graph (Fig.3)we find that a plot of A

versus 1/V gives a reasonable straight line. Therefore
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we can conclude that & depends on the number of dragging

points along a dislocation.

The actual nature of the elastic distortion

around a dragging point is not yet understood.

It is a possibility that the width of the disloc-
ation may depend in some way on the number of dragging
points along a dislocation. Then changes in the number
of dragging points will affect the width of the dis-

location and hence the nature of the elastic distortion.

We conclude that the reduction of OG with increasing
temperature results from a decrease in the term or ,
which is associated with the reduction in the number of

dragging points along a dislocation line.,

(b) The distribution of dislocations.

Cycling tésts between various temperatures gavé
reproducible values of post yield flow stress. Hence
it is concluded that changes in distribution did not

occur,

16.6. The activation energy (Uo)

Knowing values of o,, the activation volume (V)

G_D
and do/ar, we can calculate values of the activation
energy (UO) from cquation (16.1). U, probably represents
the aCtiVation encrgy to move a dislocation dragging

point. We find that UO is about 2 e.v., for both deformed

and annealed specimens,
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16,7 Other factors which may affect the post. yield

. flow stress.

(a) Forest dislocations.

Two types of forest dislocations were present
in the cexpcriments

(1) Grown in dislocations ( "1030m_2) which
interscct thc active slip planes.

(2) Glide dislocations produced by the sccondary
slip which was observed near the shoulders ( at ~ 80°

to the tensile axis), in about LO), of the specimens.,

Forest dislocations may concecivably act in a
similar manner to the dragging points. To differentiate
between forcest dislocations and the dragging points
associated with the glide dislocations, we can cxpress

the flow streés as

o ' 0!

° = G rlorXini vy rMM i

1 ° t ] ot

v 7 €4 v v €,
Dislocation T'orest

dragging points dislocations

We assume that the activation cnergy (UO) to move
a dragging point is of the same order as the activation
energy (U;) to cut a forcst dislocation. Then for the
cutting of the forest dislocations to contribute a
significant fraction (say 0.1l) to the post yield flow

?
stress, thc activation volumec V must not be greater
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than 10 timcs V. Hence

1. + 101 1, ~ distance betwcen

forest dislocations.
1 - distance bcectween

dragging points.
From the expcrimental rcsults,; we find @
1 varies from 2.5 x 1070 om at 520°C
to 1x 1072 em at 773°C
fee. 1,4 1x 107% - 2.5 x 1077

Now @gp = 1 / 1. @ ¢ — density of
forest disloc—
ations.

. 8 10 -2
l.c.ep 4‘- 107 - 10 cm .

Hence for thc forest dislocations to contribute
a significant fraction to the post yicld flow stress,
the forest dislocation density must be greater than
lOacm—Z. This was highcr than the total dislocation

density observed cxperimentally. -

We conclude that the effect of the forest
dislocation on flow stress is small comparec with

the effect of the dislocation dragging points.

(v) "Debris" hardening.

Gilman has suggested that "debris" hardcning
is produccd by the intcraction of dislocations with
trails left by prceceding dislocations. However

in the prcsent experiments casy glide continued at
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indicating that any such cffect

a constant stress,
is negligible.

General conclusions.

16.8
From the discussion we can make the following

conclusions
(1) The post yield flow stress of germanium

gingle cerystals can be described by a modificd form

of Bceger's equation.
The modificed cquation is

0 = oG + U + kKT 1n g
-2 — —_—
v v oos
o)
with
(a) Oy = &b GJeE
where @ = £ (T)
(p) VvV = ¢ exp ~Q.Lh &.v,
kT
¢ — constant.

(2) The contributions to the post yield flow

gtress are
(2) The internal stress fiecld (OG) due to the

clastic interaction of parallel dislocations.

(v) The stress required to move the dragging
This term

points situated along a dislocation,
depends on the velocity at which the dislocations are

madec to move.
(3) The number of dragging points along a
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dislocation changes reversibly with temperaturec. The
thermal ecuilibrium of the distance (1) between the
dragging points is given by :

1 =c¢c' exp -Q.Ll e.v.
kT '
¢t~ constant

The reduction in number of dragging points along
a dislocation with incroasing‘temperature has the
following cffcets :

(2) The term , dependent on the naturc of the
dislocations is reduced. Hence thc internal stress
ficld is reduced,

() The stress to move a dislocation is reduced,

The total cffect is a reduction of the observed

post yield flow stress with temperaturc.

(L) High temperature annealing of a deformed
specimen rcduces the dislocation density, and hence
the magnitude of the internal stress field (GG). This
rcduction morc than offsets the positive stress
increment, duc to the dislocations having to move at
a2 higher velocity to maintain the epplied strain rate.
The net offect is o rcduction in the observed flow
stress, ‘

High temperature annenling does not change the
fundamental nature of a dislocation. The activation
energy to move a dragging point, and the number of

dragging points along a dislocation remain constant.
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(5) Forcst dislocations and "debris" hardening
effects make a negligible contribution to the post

yield flow stress.,

16.9 Other flow stress modecls,

Van Bueren has proposed an equation of flow
stress (sce Review of Literaturc) which has certain
similarities to that derived from Seeger's model, Van
Bucren's cquation, in a comparable form, may be written
as:

(\)ol'mo

v v o

A similar temperature dependent volume (V) is
proposed., However Van Bueren does not include an
internal strecss field (OG) term duc to the elastic

interaction of parallel dislocations,

The omission of an internal stress field term (OG)
leads to difficulties in trying to interpret our
obscrved results on the rcduction in flow stress on
retesting after high temperature anncalings An inter-
pretation of the rcsults in terms of a reduction in the
internal stress field, i,c. a dislocation number effect,
is not possible. Instead an interpretation of the
results in terms of Van Bucren's model suggests thdt
the reduction in flow stress is due to a reduction in

@e, the activation cnergy to move a dragging point,
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At a given temperature we have ¢

(1) The flow stress of an annealed specimen
is less than that of a deformed specimen.

(2) The activation volume (V) is the same for
an annealed and deformecd spccimen.,

(3) The slope Ao/aT = k 1n of a deformed

v

mn‘mo

0
specimen is grcater {more ncgative) than the slope

of an annealed specimen.

+

Therefore an interpretation of the results in
terms of Van Bucren's equation, suggestsvthat the re-
duction in flow stress after high temperature annealing
is duc to a reduction in 0,, the activation energy to
move 2 dragging point, and not to the change in dislocat-
ion number. However this conclusion is not consistent
with the conclusions from the strain rate results, which
have the same significance using Van Bueren's cquation.
It was shown that, at a given temperature, the number
of dragging points was the same in a deformed and
annealed specimen. Therefore a change in 6, can only
be explained by a change in the nature of the dragging
points. Howcver if this occurrcd, there is no reason
why B, the energy describing the thermal cgquilibrium
of the dragging points, should be the same in the

deformed and anncalcd specimens as was observed,
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We conclude that our theory, of the reduction in
flow stress being a dislocation number effect, provides

& more reasonable explanation,

17. The yield point phenomenon.

17.1 The effects of number and velocity of dislocations.

Johnston and Gilman showed that the yield point
in lithium fluoride can be undersfood in terms of the
number and velocity of dislocations. The propertiles
'fequired by other materials, for a similar yield -point

mechanism to be applicable, arec :

(1) A high crystalline perfection, i.c. a
significant increase in dislocation number and decreease
in dislocation velocity will occur on deformation.

(2) The stress to move a dislocation must be
sufficiently sensitive to changes in dislocation

velocity for a significant drop in stress to occur.
The properties of germanium single crystals are:

(1) A high crystalline perfection.

(2) Oonsiderableidislocation multiplication
occurs on deformation.

(3) The upper yield stress and the post yield
flow stress are sensitive functions of the strain rate.
As the strain rafe is proportional to the average
dislocation velocity, there is a similar sensitive

relation between stress and average dislocation velocity,
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Hence the properties of germanium suggest
that the yield point may be understood in terms of
the number and velocity of dislocations. A qualitat-
ive explanation of the phenomenon in terms of these

paramcters is as follows

(1) The yicld point on Ffirst loading.

The constant applied strain rate (5) is &
function of the density (@) and average velocity ()

of the dislocations

é: ebv EEREER (6.12)

At the clastic limit Yecertain”dislocations
sources start to cmit dislocaticn loops. To maintain
the applied strain rate the first glide dislocations

move at a velocity, given by
—‘; V= g/be % 4 4 &4 a e aa (17'1)

As dislocation multiplication occurs, the vclocity
of the dislocations recuired to maintain the applicd

strain rate decreascs

v o= e/bple + Ap) ......(17.2)

The stress to move a dislocation is a function
of the dislocation velocity. Hence the decrease in
veloclty is accompanicd by a decrease in stress
giving a yicld point.

We can explain certain of the experimental

obscrvations in terms of thesc ideas.
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The size of the yield point depends on the
amount of the decrease in disloca%ion velocity, i.e.
on the differencc between the dislocation density in
the undeformed state and at the lower yield point.
Hence a Type B specimen exhibits a larger yield point

than a Type A specimen.

Annealing the undeformed spceimen at 9OOOC, does
not affect the yield point on testing, as the dislocat-

ion density is not altered.

(2) Reloading and anncaling cffccts,

(a) On reloading the spccimen after the lower
yiecld point, dislocation multiplication does not occur
and a yicld point is not observed.

(b) On retesting annealed specimens of dislocat-—

5

ion density > 1 x 10 cﬁz disglocation multiplication
does not occur and a yicld peint is not observed.-

(¢c) However on retesting annealed specimens of
5 2

dislocation density < 1 x 107cm <, dislocation
multiplication does occur and a yisld point 1is obsecrved.
The size of the yield point devpends on the increase

in dislocation density. Hence the size of the yicld
point increascs as the dislocation density of the
annealed specimen is further rcduced.

Ve conclude that at dislocntion densities greater
5 2

than 1 x 10”cm © sufficient dislocations arc present
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for deformation to proceed at a constant stress. At
densitics less than 1 x 1053m*2, the small dislocation
density demands = "high" dislocation veclocity to
maintain the applied strain rate. Henee dislocation

multiplication occurs and a yicld point is observed.

The size of the regainced yicld point is much
smaller than the initial yield point. This is ox-
plained by the smaller increase in dislocation density
and change in vcloceity on deformation., It was shown
that an undeformed specimen, of similar density to

an annealed spcecimen, gave a similar yield point,

The discussion of the post yield flow stress
leads t0 a fuller understanding of the nature of the
yield point. The stress at any timc during the yield

point is determined by two opposing effects. Thcse are:

(1) The increase in dislocation number results
in a decrease in the dislocation veloeity required fo
maintain the applied strain rate, As the stress to
move a dislocation is a function of the dislocation
velocity, a drop in stress occurs,

(2) The increasc in disloecation number increases

the magnitude of the internal stress field (OG).

The incrcease in the internal stress field (OG)

is not likely to be significant until the dislocation

density is of the order 106cm_2, i.e. when slip has
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occurred over the whole spccimen (0.5 - 1.0 7 glide
strain).

Hence the initial "fast" decrecase of stress from
the upper yicld point is due to the change in dislocat-
ion velocity (on). After a certain strain the increase
in the internal stress ficld (AoG) becomes significant
and the stress decereages 2t o slower rate to the lower
yicld point.

We can calculate valucs of on and AOG for various
specimens and predict the approximatc magnitude of the
yicld points. The following arc some cxamples of

this evaluation :

(1) Type A specimen at 560°C.

() Determination of Lo,

3 =2
€ undeformea = 1 x 107cm
Cr.v.7 = 77X 106cm—'2

At constant e
A v =AP
fe. A ¥ = 7 x 107

— o
As v e g

from the graph of 6 versus 1ln € we obtain 3
2
Ac, ~ = 1360 gms/mm

This valuc is only approximate as it involves extra-

polation of the curve to higher strain rates,
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(b) Determination of Acy

At 07 strain OG = 0
At L.Y.T. 6y = 700 gms/’mm2 (from
relaxed stress)
L. ho, = + 700 gms/mmz.

G
The change in the observed stress during the yield
point is given by :

Ao

i}

AGG + on

oo Ao  ~ = 660 gms/mm2

This comparcs with the experimentally observed

decrcase of

550 - 1000 gms/mm-.

(2) Type B specimens at 620°C.

(a) Dctermination of AC+

2 -2
¢ undeformed 5x 107 om

1 x 107 cm'"2

it

Cr.v.:.

Mo

At constant
A'-\-f = Ae
2 X 10u

<t
1l

i. e. A

Mme

ASVc’f

we obtain

Me

from ¢ versus 1n

Ao, ~ - 1080 gms/mmg.
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(b) Determination of Aog

At O strain og = 0
L.Y.T, o = 540 gms/mm2 (from relaxed
stress and
calculation)
i.cs bog = 540 gms/mm2 |

The change in the observed stress (Ac) during
the yield point is given by
Ao = bo 4y + Ao,
. - 2
s Ao~ 540 gms/mm°.
This comparcs with the cxpcrimentally observéd dcecrease
of :
2
150 - 320 gms/mm".

(3) Type A specimen (in anncalcd condition) at

560°0.

(a) Determination of Ao,

- 9 x 10%em™2

5. =2
€ r.v.r. 6 x 107cm

€ annecaled

il

At constant é
A; =3 Ae
v

L
P
@
»
g
<1
1

from ¢ versus ln & we obtain

Ao ~ = 270 gms/mmz.
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(b) Determination of Aoy

1

o ) .
O¢ annesled 81y gms/mm (from calculation

184 gms/'mm2 and observation

OG I’QY- ;\Q
of relaxcd stress)

L]

s Aoy~ 100 gms/mm2
The decrcase in the observed stress (Ac) during

the yicld point is given by

Ao = AOG + on

. 2
S Ao~ 170 gms/mm”.
This comparcs with the experimentally observed decrease

of : Lo - 160 gms/mm2.

The agrccment of ﬁhe calculated and observed
decreases in stress is reasonable, as the calculations
are only approximate, their importance is in demon-
strating that the large yicld point observed experi-
mentally can be quantitatively satisfied by a theory

dependent on the number and velocity of dislocations.

We conclude that the number and velocity theory
provides a2 reasonable quantitative explanation of the

yield point in germanium.

17.2 The effects of impurity.

The best argumcent in favour of the number and
velocity of dislocations theory of the yield point
phenomenon in germanium is the positive one that it

provides a satisfactory cxplanation of the experimental



151
results. However ccertain of the gualitative arguments
against an explanation in terms of the impurity locking

theory arc included for completencss.,

Certain fenturcs of the deformation behaviour
arc consistent with the effects of the impurity locking

of diglocations., Thesc are

(1) The yield point observed during the first
loading.

(2) The absence of a yield point on immediate
recloading.

(3) The return of a yield point after a suitable

annealing trcecatment.

However there are certalin differenccs between
the obscrved results and the yield point cffects in

¢tal crystals. Thesge are

(1) In metals where the dislocations are locked
by impurity atoms, ylelding is an abrupt process.
When the dislocations arc relcased from the impurity
atoms, the stress decreases rapidly to the lower yield
point., Onc or more Luders bands then spread through

the speecimen at the lower yield point stress,

The yield point in germanium is a "slow" procecss.
The stress decreases from the upper yield point at less
than the maximum relaxation rate of the machine, with

Luders bands spreading through the specimen after the
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‘upper yield point. About 1 - 2" glide strain (depend-—
ing on experimental conditions) occurs betwcen the
uppcr‘and lower yield point. Easy glide continues
after the lower yield point at a constant dislocation

densitye.

(2) In mectal erystals, the yield point is
rcecgained after strain ageing has allowed the impurity

atoms to re-lock the dislocations.

In germanium crystals, even onesdiliberately
contaminated with impurity, the yield point is only
regained after the dislocation density of the specimen

5,,—2

has been reduced to less than 1 x 10”cm ~, Hence the
return of the yield point appears to depend on the
dislocation density of the spccimen and not on a strain

ageing process.,

There are various impurity elements which may
act as disloecation locks in germanium, However none
of the possible clements complctely satisfy the

obscrved cxperimental conditions.

(1) Gallium and indium.

(a) The addition of gallium or indium in small
amounts to intrinsic germanium docs not significantly
affect the yield point. This suggests that, if gallium
or indium werc the locking impurity, sufficicnt is
already present in the intrinsic germanium to lock all

the dislocations.
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(b) Annealing the undeformed spccimens at 900°¢
did not affeect the naturc of the yield point. This
suggests that thce condensation tcemperature of the
locking impurity is in cxcess of 900°C (the melting
point is 937°¢). Hence the binding encrgy between the
dislocation and the impurity atom is likely to be
large ( > 2 e.v.) The intcraction between a dislocat-
ion and a gnllium or indium atom would be expected
to be elastic; i.c. the binding cnergy would be
small ( * 0.5 e.v.) and the condensation tempcrature
"10‘1\7" .

Therefore it sccems unlikely that gallium or

indium atoms act as dislocation locks.

(2) Copper and nickcl,

(a) The interaction between 2 dislocatlon and
a coppcr or nickel atom ﬁould be cxpected to be elastic,
with a small binding encrgy and low condensation
teﬁperature.

(b) Copper and nickel both diffuse rapidly in
deformed germanium. Shortcr annealing times (of order

1 hr. at 700°C) than those obscrved should cffect a

return of the yield point.

Henee it .scems unlikely that copper or nickel

atoms act as dislocation locks.

(3) Oxygen.

(a) The interaction between a dislocation and
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an oxygen atom may bc chemical, with a large binding
encrgy and high condensation temperature. However
whether the atoms would remain condensed at 90000 is
doubtful. This would indicate that a yield point

could be obtained on testing at this temperature, In
fact a yield peint has not been obscrved experimentally

above 800°0C.

(b) Annealing a deformed or annealed specimen
in air at temperaturecs below 9OOOG docs not effect a
return of the yield point. This treatment is likely
to increcase the oxygen concentration in the specimen
and hence, if oxygen atoms act as dislocation locks,

should facilitate a return of the yield point.

(c) The diffusion coefficient of oxygen in
germanium has not been accurately determined. However
diffusion coefficient measurements of oxygen83 in
silicon, suggest that shorter annealing times than
thosc obscrved would effect a return of the yield
point. It was found that for silicon, an anncal at
800°C (i.c. T/Tm = 0.56) for 2 hours would allow
sufficicnt oxygen diffusion to re-lock dislocations. .
The equivalent annealing temperature in germanium
(i.e, T/Tm = 0.56) is about 530°C. Obviously the
“aiffusion coefficient of oxygen in silicon, and oxygen

"in germanium, will not be exactly thc same. However,

due to the similarity in structure, it seems unlikely
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that the diffusion coefficients would be completely
unrelated, It scems 1ikely that, say 2 - 100 hrs at
500 — 600°C, would allow sufficient oxygen diffusion
to re-lock dislocations. In fact a minimum annealing
trcatment of 90 houfs at 900°C (T/Tm = 0.96) was

requircd to rcgain the yield point.

We conclude that, although oxygen is the most
possiblc dislocation lock, it scems unlikely that it
docs fulfil this function,

Therefore, considering

(1) The abscnece of a suitable impurity to act
as a dislocation lock,

(2) The "slow" naturc of the yield point,

(3) The sensitivity of +the regaincd yield
point to dislocation number,
we conclude that an explanation of the yield point
phenomena in terms of the impurity locking theory

is not satisfactory.

1l7.3%3 Dislocation sources.

It was not possible by dircct observation of
slip lines to determine whether grown in, fresh (i.e. .
newly created) or surface dislocations were the
operative dislocation sources. However, certain
cxperimecntal observations allow an indirect assess—

ment of the nature of the sources to be made. The

observations were
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(1) The upper yield stress increased as the
grown in dislocation density decrcased,.
(2) The upper yield stress was independcnt of

the surface condition of the specimen,

From these observations, we conclude :

(1) Surface sources arc not important,

(2) Fresh disloecations are unlikely to provide
many sources. (If fresh dislocations acted as sources
and the grown in dislocations only provided a network
of pinning points, then the stress to operate a source
(o0 =G b/ 1) would dccreasc as the distance between
the pinning points incrcased., Hence the upper yield
stress would be expected to decrease as the grown in
dislocation density decrcased, In fact the reverse
condition was obscrved experimentally).

(3) @rown in disloecations provide most of the

opcrative dislcocation sources.

It scems likely that on loading the specimen
suitably oricnted grown in dislocations can act as
sources and cmit dislocations. The number of suitably
oriented dislocations will depend directly on the grown
in dislocation density. Hence the greater the grown
in dislocation density thce smaller is likely to be the

upper yield stress.
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18, - Other results.

Concurrently with the present research, ratel and
his co-workers have becn publishing abstracts of their
continuing rescarch. Some of their results are as
follows:

(1) The upper yield strcss of germanium single
crystals, deformed in tension betwecen 500 - 7OOOC, is
ralsed by a factor of 2 on lowering the initlal density
from 10° to 0 cm 2,

(2) The ductile brittle transition temperature
1s raiscd on decremsing the specimen dislocation density.

(3) There is a substantial pre yield strain.

(4) A yield point 1is not recgained by reloading
or annealing aftcr the lower yield point.

(5) Dissolved gascs or contamination have 1little

effect on the yield point,.

Points (1), (3) and (5) arc in agrecment with
our own obscrvations. The inability to regain a yield
point by annealing was probably due to an insufficient

annealing trcatment,

rntel measured average dislocation velocitics

under various strcss pulses, by the Stein 2and Low

mcthod. He comparcd thesc velocitics with those cal-
culated from measurements of the dislocation density
and strain rate and concluded that all thce dislocations

in o sample being deformed are not mobile. However
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dctails of the work are not available and a critical

discussion is not possible.

Recently I'ntel has suggested that the yicld point
phenomenon in silicon is not an impurity locking effect.
Again no cdetails are available and a critical diséussion
is not possible,

8l

During the writing of this thesis, Alcxander
has published the rcsulté mentioned in the discussion
of Van Bueren's model (scec Review of Literature).
Alcxander studied the effect of strain rate and tcmper—
ature on the flow stress in stages I, IT and ITII of
the stress—strain curve. He did not study in detail
the yield point ~nd also did not determine the effect
of dislocation density on the flow stress, From his
results hec obtained a similar basic empirical equation

of flow strcss to that derived by ourselves, i.c. @

3

o~ 1n & exp (1L/T)
Alcxander's plots of stress against temperature show
a similar cexponential form. Howcver the variation of
flow stress with strain rate was only dctcrmined at
three strain rates and is not very conclusive. The
results were discussed in terms of the flow stress

modecls of Haasen and Van Bueren,

Two points of difference betwecen Alexander's

rcsults and our own arec
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(1) Alexander found that the stress incrcased
slightly with strain dﬁring the casy glide region.

We found that the stress remained constant during this
rcgion., However the difference may be due to a
diffecrence in orientation. Alcxander's specimens were
not oricnted so nearly to a dircction at the centre of
the unit triangle as our own.

(2) Alexandcer obscrved that the slope dc/de
¢uring stage II is indepcndent of temperature. This
is contrary to our obscrvation that the slope does
vary with temperature. It docs not also seem compatible
with our observations that thc post yicld flow stress

is tempceraturce dependent.
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FIGURE la Normal diamond structure (after Schockley).



FIGURE 1b

lez

60° aislocation (after Schockley).



FIGURE 2. Screw dislocation (after Hornstra)
(a) Simplest form.
(b) Alternative form with double bonds
a - axis b - Burgers vector.



FIGURE Edge dislocation (after Hornstra)
%a) Simplest form. .
(b) Alternative form without dangling
bonds.,

a = axis, b -~ DBurgers vector.
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FIGURE 4. Schematic drawing of edge of the extra
' half plane of three dislocations with the
same Burgers vector ¢ 110» (After Hornstra).



FIGURE 5.

Diagram of the wire saw,

991
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FIGURE 6 The principle of the four probe method.
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FIGURE 7 Schematic arrangement of tensile machine,
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Schematic arrangement of furnace,

FIGURE 8
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FIGURE 9 Details of deflection measurement.
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FIGURE 10 Arrangement of optical system.

(1) Convex lens. (2) Plane mirror on rhomb.
(3) Plane nirror. (4) Plane mirror.
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PIGURE 11 Calibration of bean deflection.



173

: NE N:(\I‘

FIGURE 12. ©Specimen - chuck arrangenent.
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FIGURE l3a. Experimental graph of deflection (load)
versus carriage position (extension),

Type A specimen6 strain rate 1 x 10~%sec.™d
temperature 560%C.
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FIGURE 13b Derived graph of resolved shear stress
versus glide strain. 1
Type A specimené strain rate 1 x 10 'sec.
tenperature 560-C.
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FIGURE 16. Type A specimens, strain rate 1 x lO-4sec~l, Temperature 560°C.
(1) First loading. 0 (2) Effect of unloading,reloading,
(3) Testing after anneal at 600 C for 70 hrs. (4) Testing after anneal at 700°C.

for 70 hrs,
(5) Testing after anneal at 800°C for 70 hrs. (&) Testing after anneal at 900°C,

for 236 hrs.
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FIGURE 19, Type B specinmen, strain rate 1 x 10—4860—1

temnperature 620°¢,
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FIGURE 20 (1) Type A specimen, strain rate 1 x 10"t

Tenperature 560°C.. 5
(2) Type A specimen, strain rate 2 x 10 “sec
Tenperature 560°C,
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FIGURE 21 (1) Type B specimen, strain rate 1 x 10‘4se51

Tenperature 650°C, 5
(2) Type B specimen, strain rate 2 x 10 “sec
Temnperature 650°¢C,
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PIGURE 22. (1) Type B specimen. Strain rate 1 x 10" *se3t

Temperature 65000. -4 -1
(2) Type 4 specimen. Strain rate 1 x 10 sec
Temperature 650°C,
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FIGURE 23, The effect of orientation.

Type A specimens, strain rate 1 x lo_usec—l, temperature 560°C

(1) Orientation near 111

110 boundary

(2)

<111> orientation..
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FIGURE 2L. Type A specimens.,
(1) Deformed specimen at 560°C, (2) Annealed specimen at 560°C.

(3) Annealed specimen at 620°C, (L4) Annealed specimen at 670°C.
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FIGURE 25 Type B specimens.,
(1) Deformed specimen at 56020. (2) Annealed specimen at 560°C.
(3) Deformed specimen at 620°C, (44}) Annealed specimen at 620°C.

(5) Deformed specimen at 705°C. (6) Annealed specimen at 705°C.
(7) Annealed specimen at 775°C.
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FIGURE 26 Type B specimens.

at 560°C, (2) Annealed specimens at 560°C.
at 620°C, (L) Annealed specimens at 620°C.
at 705°C.. (6) Annealed specimens at 705°C.

at 77590.‘
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FIGURE 27 Type A specimens,

(1) Deformed specimens at 1 x 10

(2) Annealed specimens at 1 x 10_1‘L
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FIGURE 28 Type B specimens 1;

(1) Deformed specimens at L x 10'"6660 .

(2) Annealed specimens at 4 x 10~ sec .,
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FIGURE 30 The relaxation of deflection {(load) with time,
(1) Deformed specimen. (2) Annealed specimen,.
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FIGURE 31 Relaxed stress effects.

Type B annealed specimen, Eﬁmpezﬁture
strain rate 1 x 10 'sec .
Type B annealed specimen, temperature
strain rate 2 x 10 “sec .
Type B annealed specimen, temperature
strain rate 1 x 10-Usec—1
Type B deformed specimen, temperature
strain rate 1 x 10~UYsec-1.
Type A deformed specimen, tempergture
strain rate 1 x 107%sec™ .

620°c,

620°0C,
620°¢.
620°c.

560°C.
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